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ABSTRACT

Metals play a crucial role in medicine as a part of therapeutic or diagnostic preparations. However, in the
majority of cases, their properties cannot be utilized entirely in free ionic form. Organic molecules capable
of chelation are used to open the full potential of the metal. The molecules are called chelators and are the
core theme of this thesis. The most important function of these molecules is the chelation and coordination
of the metal, but chelators can provide other important functionalities. This work, therefore, focuses on the

design, synthesis, and application of such polyfunctional chelators and is divided into two parts:
DO3A-Hyp

This part of the thesis deals with chelators that can be used as amino acids to incorporate lanthanides into
peptides. The developed chelators provide a short and rigid connection of the metal to the peptide chain.
Tripeptides containing two units of such chelators with a central amino acid bearing a CF3; group were
synthesized to demonstrate the capability of DO3A-Hyp building blocks. Two paramagnetic metals were
combined within this tripeptide, and it was shown that such a rigid and locked system could be used for
combining their magnetic susceptibility tensors. These magnetic susceptibility tensors were used for
manipulation of the ""F NMR shift of the CF5 reporter group. The combination of two different
paramagnetic lanthanides resulted in four clearly distinguishable signals readable by '"F NMR
spectroscopy. A system constructed from such a platform and four paramagnetic metals (Dy, Ho, Tb, Tm)
was used for 16-bit encoding and decoding of information. To further explore the potential, parallel reading

of information by '’F MRI was performed.
PET/MRI bimodal contrast agents

The second part of the thesis explores the area of under-investigated low molecular weight bimodal
PET/MRI contrast agents. A suitable structural motif was designed, synthesized, and radiolabeled to prove
the concept of a bimodal PET/MRI contrast agent. Cooperation with the Werner Siemens Imaging Center
in Germany was set up to probe the properties and perspectives of prepared compounds. Within this
cooperation, radiolabeling conditions were optimized and developed for radiolabeling on an automated
radiosynthesis module. Two contrast agents were prepared. First, based on the DO3A motif, was prepared
to serve as a perfusion agent. The second, structurally related to DO2A, was synthesized to serve as a
lactate-responsive contrast agent. Properties such as kinetic inertness, relaxivity, and cytotoxicity were
determined for these compounds in vitro. The perfusion PET/MRI contrast agent was synthesized, and
phantoms thus prepared were measured simultaneously in a combined PET/MRI scanner to prove the

capability for the intended use. As the last step, in vivo experiments were performed on mice, resulting in



data that confidently confirmed the suitability of this molecule as a perfusion bimodal PET/MRI contrast

agent.



ABSTRAKT CESKY

Slouceniny kovli maji v medicin€¢ zasadni roli jako soucast 1é¢ebnych nebo diagnostickych piipravka. V
naprosté veétsing ptipada vSak jejich vlastnosti nelze zcela vyuzit v jejich volné iontové formé. K vyuziti
jejich plného potencialu se pouzivaji organické molekuly schopné jejich zabudovani. Tyto molekuly se
nazyvaji chelatory a jsou hlavnim tématem této disertacni prace. Jejich nejdiilezitéjsi funkci je samoziejme
chelatace, koordinace kovu, ale chelatory mohou poskytovat i dal$i uzite¢né funkce. Z tohoto diivodu se
prace zabyva navrhem, syntézou a pouZzitim polyfunkénich chelatorti. Pfedkladana prace se sklada ze dvou

casti:
DO3A-Hyp

Prvni ¢ést prace se zabyva chelatory, které Ize pouzit jako aminokyseliny pro inkorporaci lanthanoidt do
peptidii. Tyto chelatory zajist'uji kratké a rigidni zabudovani lanthanoidi do peptidového fetézce. Pro
demonstraci schopnosti pfipravenych stavebnich blokl byly syntetizovany tripeptidy obsahujici dva
chelatory s centralni aminokyselinou nesouci CF3 skupinu. V tripeptidu byly nasledné¢ kombinovany dva
paramagnetické kovy a bylo ukazano, ze takovyto rigidni systém poskytujici blizké ptipojeni 1ze pouzit pro
kombinaci tenzorti magnetické susceptibility pfitomnych paramagnetickych kovi. Tenzory magnetické
susceptibility byly nasledné pouzity pro manipulaci s '"F NMR posunem reportérové CF; skupiny.
Vysledkem kombinace dvou riznych paramagnetickych lanthanoidd byl vznik ¢tyfi jasné rozliSitelnych
signalf, Citelnych za pouziti '’F NMR spektroskopie. Systém sestrojeny na takovéto platformé v kombinaci
se Ctyfmi paramagnetickymi kovy (Dy, Ho, Tb, Tm) byl pouzit pro kédovani a dekddovani informace. Pro

dal§i zkoumani potencialu bylo provedeno paralelni éteni informace pomoci '°F MRI.
Bimodalni PET/MRI kontrastni latky

Druha ¢ast prace zkouma oblast malo prozkoumanych nizkomolekularnich bimodalnich kontrastnich latek
pro PET/MRI. Byl navrzen, syntetizovan a radioaktivné znacen vhodny strukturni motiv, ktery potvrdil
funk¢nost jakozto bimodalni kontrastni latka pro PET/MRI. Byla navazana spoluprace s Werner Siemens
Imaging Center v Némecku za uc€elem prozkoumani vlastnosti a potencialnich pouziti pfipravenych
sloucenin. V ramci této spoluprace byly optimalizovany a vyvinuty podminky pro radioaktivni znaceni.
Podminky byly také optimalizovany pro syntézu téchto latek za pouziti automatizovaného modulu pro
radiosyntézu. Byly pfipraveny dvé kontrastni latky, z nichZ jedna na bazi motivu DO3A byla pfipravena
pro pouziti jako perfuzni kontrastni latka. Druhd, strukturn€ piibuznd s DO2A, byla syntetizovana, aby
slouzila jako kontrastni latka rozpoznavajici laktat. U téchto sloucenin byly in vifro zméteny vlastnosti,

jako jsou kineticka inertnost, relaxivita a cytotoxicita. Byla syntetizovana perfuzni PET/MRI kontrastni



latka a z ni pfipravené fantomy byly zobrazeny v hybridnim PET/MRI skeneru. V poslednim kroku byly
s touto latkou provedeny in vivo experimenty na mysich, které potvrdili vhodnost pouziti této molekuly

jako perfuzni bimodalni kontrastni latky pro PET/MRI.
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Me methyl

MeOH methanol
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MRI magnetic resonance imaging
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PSMA prostate-specific membrane antigen

PTFE polytetrafluoroethylene
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QMA quaternary methyl ammonium

RT room temperature

SPECT single-photon emission computed tomography
SPIOs superparamagnetic iron-oxide nanoparticles
TBAF tetra-n-butylammonium fluoride

TBAOTf tetrabutylammonium trifluoromethanesulfonate
+-BuOH tert-Butyl alcohol
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TCFH Chloro-N, N, N, N'-tetramethylformamidinium hexafluorophosphate

TEA triethylamine

TFA trifluoroacetic acid
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THF tetrahydrofuran
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1 INTRODUCTION

1.1 Metals in medicine

Forty-four years have passed since the registration of the first FDA-approved metal-based drug, cisplatin,
an inorganic compound with antitumor activity.® Since then, a number of other preparations have been
approved. We can divide them into two main categories: metal-based drugs for therapeutic applications and

metal-based drugs for diagnostic purposes (Figure 1).

etoksin i

R Diasosti
N

Figure 1: Different classes of clinically used metal-based drugs.

The above-mentioned cisplatin (Figure 2) represents the therapeutic group. Its antitumor activity is based
on its ability to crosslink DNA bases and inhibit replication. In this category, we can also find other
compounds based on platinum: Carboplatin and Oxaliplatin. Therapeutics based on antimony like
meglumine antimoniate (Figure 2) are prescribed as the first choice for leishmaniasis (a parasitic disease).
It is assumed that their therapeutic effect originates from the reaction between thiol-containing
trypanothione, an unusual form of glutathione vital for parasites.? For vascular-targeted photodynamic
(VTP) therapy in patients who have low-risk prostate cancer, palladium-based padeliporfin branded as
TOOKAD is used. In this therapy, a low-power near-infrared laser is used to activate the photosensitizer
(TOOKAD) that starts the production of oxygen radicals. These radicals destroy the blood vessels and cause
necrosis in the tumor. * Sodium nitroprusside (Figure 2), branded as Nitropress, is used to lower blood
pressure by releasing nitric oxide after reaction with thiol groups.* Auranofin, a gold salt of triethyl
phosphine and (3.,4,5-Triacetyloxy-6-sulfanyloxan-2-yl)methyl, branded as Ridaura, is used for the
treatment of arthritis but is no longer a first-line treatment option due to the better medicines currently on
the market. The way how auranofin acts is by the generation of reactive oxygen species and upregulation

of the enzyme heme oxygenase-1.
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Figure 2: Selected examples of drugs based on stable metals. Cisplatin, meglumine antimoniate, and sodium nitroprusside.

Examples of metal-based therapeutics mentioned so far benefit from stable isotopes of the metals. However,
radioactive isotopes of metals are tremendously important in therapeutic and diagnostic medicine. The
radio-therapeutics utilize unstable metal isotopes that emit high-energy particles that damage the DNA
molecules of cancer cells and efficiently kill them. Generally, in this type of therapy, the radionuclide is
delivered to the tumor by targeted molecules (targeting vectors). A significant advantage of this approach
is the precision of the treatment, where the negative effect on healthy tissue is minimized.® This precision
attack is facilitated by the targeting vector selected against the specific type of cancer or by a physiological
factor distinguishing the tumor from the healthy tissue. This type of treatment is called targeted

radiotherapy.

Figure 3: Targeted radiotherapy. The therapeutic radionuclide is connected to a targeting vector, in this case, an antibody. B
Recognition of the target by the antibody radionuclide conjugate. C High energy particle emitted from the radionuclide damage

the DNA of the cancer cell, leading to cell death and the destruction of the tumor.
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The targeting vector is usually a biomolecule such as a peptide or an antibody, and the mechanism of action
is depicted in Figure 3. FDA-approved metal-based radiopharmaceuticals for therapy are a or B emitters.
In the case of P~ emitters, the particle which is emitted and does the damage is an electron. These
radiopharmaceuticals are based on the radionuclides *°Y and '""Lu. Yttrium-90 is utilized as a conjugate
with the rituximab antibody, available under the brand name Zevalin. Zevalin was the first antibody
conjugate approved for radioimmunotherapy to treat blood cancer and non-Hodgkin’s lymphoma.” Another
case where the *°Y is utilized is in the form of microspheres for the treatment of hepatocellular carcinoma
that can’t be surgically removed.® Lutetium-177 dotatate, Lutathera, the first FDA-approved
radiopharmaceutical for peptide receptor radionuclide therapy, was approved in 2018. This
radiopharmaceutical is composed of a targeting peptide and a chelate of the B~ emitter '"’Lu. This peptide
specifically binds to somatostatin receptors of gastroenteropancreatic neuroendocrine tumors.® The most
recent example of an approved radiopharmaceutical for therapy is Pluvicto, which is indicated for patients

with PSMA-positive prostate cancer. It is a peptide-based bioconjugate that also carries '"’Lu (Figure 4).
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Figure 4: Structure of Pluvicto, a radiopharmaceutical for targeted radiotherapy that consists of !7’Lu chelate conjugated to the

targeting peptide.

Precise diagnosis is crucial for the utilization of modern treatment approaches discussed above. This precise
diagnosis can be achieved with the help of imaging techniques that rely on radiation sources. The source
can be localized outside the patient’s body, such as in the cases of X-ray and CT (computed tomography),
or inside the patient. Positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) are techniques dependent on the latter. The radioactive sources that emit particles
that are detected are called tracers. Because most of the periodic table of elements are metals, most
appropriate radionuclides can also be found within metal elements. Metal radionuclides are essential as
radiation sources in medical tracers. In SPECT imaging, the tracer must possess a radioactive metal that
emits y ray(s), while in PET imaging, the emitted particle is B" (positron). The most abundant group of
FDA-approved diagnostic metal-based radiopharmaceuticals are drugs based on the y-emitter *"Tc. This
is mainly due to the development of the **Mo/**"T¢ generator in 1960, which accelerated research with this

radionuclide by increasing its availability.'° There are currently seventeen radiopharmaceuticals with ™ Tc
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approved by the FDA.** This radionuclide's use cases include *™Tc bicisate for stroke localization, *™Tc
tilmanocept for localization lymph node drainage of primary tumors, *Tc sestamibi as a cardiac perfusion
agent, **"Tc pyrophosphate for bone imaging, and **"Tc Mertiatide for renal imaging. Another FDA-
approved radiopharmaceutical for SPECT is gallium citrate. This drug contains the radioisotope “’Ga and

is used for imaging infection and inflammation.*?

The other imaging technique using radioactive metals for imaging is positron emission tomography. Tracers
for this technique emit a positron (B") which, after collision with an electron, annihilates and produces two
photons that travel in opposite directions (180° apart). The metal radionuclide used for the preparation of
the PET tracers is gallium-68 for imaging somatostatin receptor-positive neuroendocrine tumors as **Ga
dotatate and ®®Ga dotatoc. The latest addition to FDA-approved **Ga radiopharmaceuticals with its
application for imaging PSMA-positive cancers is ®*Ga gozetotide. The last metal radionuclide used in PET,
approved by the FDA is copper-64. This radionuclide is utilized in **Cu dotatate for imaging of
somatostatin receptor-positive neuroendocrine tumors. It is worth noting that other metal radionuclides are

also in development.

As in the case of therapeutic drugs based on stable metal isotopes, we can also find a group of substances
that use stable metal isotopes for diagnostic purposes. This type of metal-based pharmaceuticals is called
contrast agents (CA). They are employed in MRI (magnetic resonance imaging), where they act as an
indirect source of contrast by manipulating the MR signal of surrounding water molecules. The majority of
the CAs used in MRI are built around gadolinium, a lanthanide with strongly paramagnetic properties. The
paramagnetic element generates its own magnetic field when exposed to the external magnetic field because
of its unpaired electrons. Due to the coordination of water molecules to gadolinium, the gadolinium chelate
can interact with water molecules in its vicinity, resulting in an observable contrast. However, gadolinium
in its free ionic form is toxic, therefore alternatives to gadolinium for MRI contrast enhancement are being
sought. This resulted in the approval of the first (and so far, the only) manganese MRI CA, Mangafodipir,
branded as Teslascan. However, it was withdrawn from the market in 2012. A final example of metal-based
contrast agents used in MRI is iron oxide nanoparticles. Nevertheless, nanoparticles are not in the scope of

this thesis, and further information about this topic can be found elsewhere.™
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Figure 5: Metals used in FDA-approved pharmaceuticals are highlighted in the periodic table. The table highlights metals in

complex compounds, not in a form of salts.

1.2 Lanthanides

The Lanthanides, fifteen elements from lanthanum to lutetium, are the largest subgroup of the periodic
table. Together with Sc and Y, they are also called rare-earth elements. Lanthanide ions are most stable in
an oxidation state of +3, but some exceptions can be found in oxidation states of +2 or +4. The lanthanides
exhibit a large ionic radius, and this ionic radius is steadily decreasing across the series from the lanthanum
to the lutetium. This phenomenon is called lanthanide contraction.'* The difference in the size of the Ln*"
ionic radii between La (121.6 pm) and Lu (103.2 pm) is just = 18 %, considering that there are thirteen
elements between them.' The electronic configuration of the most stable +3 oxidation state is [Xe]4f" (n =
0-14). The 4f shell is concealed inside the ion, so the f electrons are not participating in the bonding. The
coordination number tells us how many atoms, ions, or molecules are bound to the central atom in the
coordination compound. For lanthanides, the coordination numbers are between 3 and 12, with 8 being the
most common. ** Lanthanide ions prefer to form coordination compounds with O, N, and S donors in the
order O>N>S, and the most prevalent donor in aqueous solutions is the oxygen atom.'” The hard character
of the lanthanide ion drives the preference for oxygen donors with a high electrostatic component. The
chemical similarity of lanthanides lies in their charge, ionic radii, and the inaccessibility of the f-orbital
electrons for chemical bonding. These similarities make the separation of the lanthanides difficult and

laborious. From the lanthanide series, only La* and Lu®* are diamagnetic due to their electronic
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configuration, 4f° and 4f', respectively, and 'Sy ground levels. Other lanthanide ions possess magnetic
moments whose strength is not only dependent on the number of unpaired electrons but also on the orbital

contribution.

The unique properties of the lanthanides are utilized in many areas, such as in electronics, in magnets, and
in displays. The lanthanides are also used in organic chemistry, especially for the reduction of functional
groups and the formation of carbon-carbon bonds.*® *® Based on the low solubility of the lanthanides, it has
been assumed that their functional presence in living organisms is unlikely. However, in an Italian volcanic
mud pot, an acidophilic methanotrophic microbe was found. This bacterium, Methylacidiphilum
fumariolicum, gets its energy by the oxidation of methane to methanol with a methanol dehydrogenase
enzyme. Remarkably, this enzyme utilizes the lanthanides as the cofactor. Therefore, this bacterium is
highly dependent on the presence of rare earth metals.?® In the case of higher organisms, e.g., humans, the
biogenic utilization of the lanthanides is unknown. More importantly, due to their comparable ionic radii
with Ca**, trivalent lanthanides can bind to the same sites as Ca®" on biological molecules, which is likely

the cause of their toxicity.

1.3 Chelators

The majority of the metals in medicine are used not in their free ionic form but as coordination compounds
or as chelates. A chelate is a coordination compound formed from a central metal ion and a ligand
containing multiple donor atoms. For a chelate to form, the ligand must be bound to the metal ion at two or
more points. In the case of lanthanides, the formation of a coordination compound is driven mainly by
entropy. In the aqueous solution, the lanthanide cation and the ligand are solvated by the molecules of water.
When the ligand is present, its donor atoms start to create the bonds with the lanthanide ion and, for this
reason, the water molecules are dissociated. This process will cause the entropy of the system to rise. Due

to the rise of entropy, complexation is preferred.™

A fruitful interplay between inorganic and organic chemistry can be seen in the case of contrast agents for
magnetic resonance imaging. The gadolinium provides the enhancement of the contrast by shortening the
relaxation time of neighboring water protons. However, the properties of gadolinium cannot be utilized in
its unchelated form due to its toxicity. /n vivo, unchelated gadolinium forms complexes with endogenous
species like amino acids, phospholipids, and others. For example, the LDso of chelated Gd*" is 100 times
lower than that of free Gd** when injected into rodents.?* The metal has to be complexed for safe in vivo
use by the organic chelator. Interestingly, the molecule of the chelator without the metal is almost as toxic

as the unchelated metal itself, since it possesses approximately the same values of LDso.?? At this point, the
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combination of the two provides an important benefit. The resulting metal chelate has very low toxicity and

makes a useful MRI contrast agent.

A chelator is an organic molecule that consists of electron-donating atoms and functional groups that form
coordinating bonds with an electron-accepting metal to form a chelate. The number of directly bound atoms
to the metal ion of the chelate is called the coordination number. Importantly, chelators not only provide
thermodynamic stability and kinetic inertness to suppress the leaching of free gadolinium, but also facilitate
chelate biodistribution and renal excretion.?® Various measurements can be made to assess the stability of
the chelate. Thermodynamic stability describes the equilibrium state of the chelate, which is the ratio
between the chelated and unchelated gadolinium. However, this constant does not tell us anything about
the rate of the process. Thermodynamic stability is measured at a high pH (11) because there are no
competing protons that could protonate the ligand and therefore destabilize the chelate. The conditional
stability constant can be measured at a selected pH value. However, it is often measured at pH 7.4, where
it provides relevant information on the stability of the chelate under physiological conditions. Both
thermodynamic stability constants are predictive of the affinity of gadolinium for its ligand. The kinetic
inertness provides information about the rate of dissociation, or the half-life of the chelate dissociation.
Information about the value of kinetic inertness is relevant in situations where the system is far from
reaching equilibrium, which is exactly the case of the in vivo environment. * The higher the values of the
stability constant and kinetic inertness are, the less susceptible the gadolinium chelate is to leaching.
Chelators that are clinically used for gadolinium chelation can be divided into two main types, linear and
macrocyclic amino polycarboxylates. These types differ greatly in their in vivo stability, with macrocyclic
chelators being superior to linear.?” Based on this, only macrocyclic chelators with a cyclen (1,4,7,10-tetra-

azacyclododecane) motif were prepared and investigated in this work.

1.3.1 Synthesis of chelators
The general procedure for the preparation of the macrocyclic chelators starts with the synthesis of the
polyaza macrocycle. For example, the cyclen can be synthesized by cyclisation?® or by the tetramerization

of N-benzyl aziridine, which is used in the industrial scale synthesis 2’ as depicted in Figure 6.

Ts.- + Ts, /—\ ,Ts /A Bn_ /—\ .Bn N7

N\ Ts
NNa TsO N DME N N H,S0, NH HN Pd/C, H, N N TsOH N
A Lo ) = P D . B
"N NNa TsO NN NH HN NN
Ts" /" Ts Ts" / Ts p— Bn” “—/ Bn

Figure 6: Schemes of cyclen synthesis. A Synthesis of cyclen by cyclisation. B Tetramerization synthesis used for industrial

scale synthesis.
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This work deals solely with lanthanide macrocyclic chelates. Complexes of lanthanides prefer coordination
number 8 and donors with oxygen as discussed in Chapter 1.2. The macrocycle structure must be extended
to provide enough donor atoms and to keep the molecule sufficiently kinetically inert. This is done by the
addition of the pendant arms. The pendant arms are side chains that possess donor atoms that coordinate to
the metal ion. Selected examples of ways the pendant arms can be incorporated in the macrocycle are shown
in Figure 7. The pendant arm can be introduced by Mannich reaction (Figure 7A), epoxide opening (Figure
7B), nucleophilic substitution of the leaving group (LG) by the cyclen nitrogen. Commonly used leaving
groups are halogens (Cl, Br, I) or sulfonic esters (OMs, OTs, OTf) (Figure 7C). A pendant arm can also be
added by Michael addition to an unsaturated acceptor (Figure 7D).

OH

QA[mN] \@ ~

o NH N
A a (o) ®
NH HN — / NH HN
— (CH;0), NH HNj
/—, tBuoOC.__LG NH HN ZcootBu /T
NH HN \ NH HN
c (, J ©
tBuooc"h_ N N

COOt-Bu

Figure 7: An illustration of different approaches for the connection of pendant arms to cyclen. A The addition of an aromatic
pendant arm by the reaction of cyclen with phenol in paraformaldehyde. B Epoxide opening by cyclen furnishes a hydroxy product.

C Nucleophilic substitution of LG (leaving group) by cyclen nitrogen. D Michaels' addition to unsaturated compounds.

Acetate is the most significant pendant arm in chelators designed for lanthanides. Several methods have
been developed for the synthesis of chelators possessing protected acetate pendant arms in specific positions
(Figure 8A). A chelator with three protected acetates, rBu3-DO3A, can be prepared by adding 3.3
equivalents of fert-butyl bromoacetate in dimethylacetamide to a suspension of 1 equivalent of cyclen and
3.3 equivalents of sodium acetate in dimethylacetamide, while maintaining a reaction temperature of -20
°C. The selectivity of the alkylation in this case is determined by the choice of solvent, with the product
precipitating out of the reaction mixture as the HBr salt. ® Variant of /Bu,-DO2A where fert-butyl protected
acetates are on opposite nitrogens of the cyclen is synthesized in a multistep process (Figure 8§B). In the
first step, Cbz (benzyl carbamate) protection of two opposite nitrogens is done by the addition of 2
equivalents of Cbz-Cl (benzyl chloroformate) in chloroform without base. Selectivity is caused by the
protonation of two opposite macrocyclic nitrogens, leading to their electrostatic repulsion. In the second
step, tert-butyl acetates are introduced on the vacant nitrogens of cyclen. The last step is the deprotection
of the Cbz group by catalytic hydrogenation.?® The cyclen can be selectively alkylated into 1,4 position

with tert-butyl acetates by reaction with 2 equivalents of fert-butyl bromoacetate in chloroform while using
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10 equivalents of triethylamine as a base (Figure 8C). The regioselectivity is provided by selective

protonation of the macrocycle that prevents further alkylation.*’
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Figure 8: An illustration of synthetic pathways leading to alkylated cyclen in selected positions. A Preparation of /Bus-DO3A. %

B Preparation of 1,7-Bu-DO2A.%° C Preparation of 1,4-zBu2-D02A.30

An illustrative example of further steps from the protected chelator (1Bus-DO3A) that lead to the final
complex is shown in Figure 9. The free nitrogen of cyclen can be alkylated by the selected pendant arm due
to the fact that the carboxylates are protected by fert-butyls. The next step is the deprotection of tert-butyls
from acetates to furnish chelator. The last step is the complexation of the metal ion while maintaining the

pH.
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Figure 9: An example of a simple synthesis of a complex. In the first step, the free nitrogen of the macrocycle is alkylated, the
other nitrogens carry acetates protected by tert-butyls. In the next step, TFA is used to deprotect the acetates to give the deprotected

chelator. The last step is the complexation of metal by chelator in the buffer.
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1.4 Imaging in medicine

In the introduction, it was described how important the place of metal-based drugs in medicine is. The two
main application areas for these classes of pharmaceuticals are therapy and diagnostics. Based on the scope
of this thesis, only diagnostic pharmaceuticals and related imaging techniques will be discussed. The
undisputable benefits of imaging techniques have been mainly in helping with prevention, diagnosis, and
monitoring treatment progress of human injuries and diseases through non-invasive approach. Currently,
there are a variety of imaging techniques to choose from. The most clinically used techniques are X-ray,
CT (computed tomography), ultrasound, MRI, and PET. For each one of them, the signal acquisition
originates from different phenomena and therefore is suitable for different purposes. The oldest technique,
X-ray, uses high energy electromagnetic radiation (20 keV to 150 keV) from an external radiation source,
a cathode-ray tube. This radiation penetrates objects and is absorbed in varying degree, depending on their
composition. CT, which uses the same source and type of radiation as X-ray, is widely available technique.
In this case, the radiation is delivered and analyzed from multiple angles to rapidly obtain a 3D image after
computer processing.?! Ultrasound is used medicinally mainly as diagnostic sonography that uses sound
waves with very high frequencies (3 to 10 MHz) to create images of the internal body structures.®> Magnetic
resonance imaging (MRI) uses magnetic field (most commonly 1.5 or 3T) and radiofrequency pulse to
direct the spins of hydrogen atoms in water molecules. The return of the spins to their base state is
recognized as the MRI signal. This technique is a 3D non-invasive, non-ionizing technique that provides
deep tissue penetration with great resolution as small as 1 mm. This technique is particularly useful for the
soft tissue because of its high water content. PET, on the other hand, needs an unnatural source of signal in

the form of a tracer with an incorporated radionuclide that emits positrons.

For all the imaging techniques mentioned, contrast agents are available. However, only contrast agents for
MRI and PET will be discussed within the scope of this thesis. A contrast agent, by its name, is a substance
that causes contrast between the areas of tissue being examined. This contrast can be observed as differences
in the intensity of the observed image of tissue. However, contrast agents for PET and MRI provide this
effect on a very different basis. In the case of PET, the contrast agent (tracer) is essential to obtain an image
because a positron emitting source is not naturally present in human body. In MRI, the image is the result
of a water molecule signal. It can therefore be obtained without a contrast agent. However, the contrast
agent helps to improve the contrast. Additionally, in comparison between MRI and PET, there is a
remarkable difference in the required dose of contrast agent for each technique. Based on the PET's
excellent sensitivity, just nano to picomolar®® concentrations of PET tracers are required to obtain the image.
A very low amount of a substance means a safe (non-toxic) concentration even for substances that would

be dangerous in higher concentrations. As a result, they can be used as tracers after proper labelling with a
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suitable radionuclide.3* For MRI image enhancement, the dose ranges from 0.1 to 0.3 mmol kg™'.** This

implies that 10° to 10® more contrast agent is needed for MRI than for PET.

1.4.1 Positron emission tomography

In positron emission tomography, the signal is provided by the radioactive contrast agent. This contrast
agent possesses a radionuclide that emits positron, and when this positron collides with an electron, an
annihilation event occurs. The annihilation produces two photons in direction of exactly 180 ° to each other.
These photons are later nearly simultaneously detected in the circular detector ring. There is a difference in
time of detection of these photons, and from this difference it is possible to determine information about
the location of the annihilation event (Figure 10).3* The advantages of PET are the great sensitivity of

detection and the possibility to quantify the contrast agent by detection of individual decay events.
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Figure 10: The principle of image acquisition from positron emission tomography. First, the positron is emitted by a positron-
emitting nucleus. Upon collision with an electron, two photons are released and detected. Illustration re-drawn from Huettel et al.

2009.%7

Unlike techniques such as CT or MRI, PET can be used to predict the development of pathologies due to
its functional imaging capability. For example, tracers in immuno-PET can alert us to the onset of a

pathological event before it manifests on the structural and anatomical level.*®

We can divide the radionuclides used in the PET tracers into two groups. Light organic radionuclides and
heavier metal radionuclides. Both groups require a different approach for their incorporation into the PET

tracers. For the first group of lighter elements, the radionuclide is usually incorporated covalently into the
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structure of the final tracer. We can find in this group the most commonly used PET radioisotopes: '*F, ''C,

*N, and 'O (Table 1). These isotopes are produced in cyclotrons.

Table 1: Selected clinically used PET radionuclides and their characteristics.

Nuclide Half-life Decay mode (%) Ep+ max [keV]
18 109.6 min B+ (97) EC (3) 635

¢ 20.4 min B+ (99.8) EC (0.2) 960

BN 9.96 min B+ (100) 1190

50 2.03 min B+ (99.9) EC (0.1) 1720

The most clinically used radionuclide is 'F in the form of ['*F] FDG (fluorodeoxyglucose) shown in Figure
11A. ['®F] FDG is the best known and most widely utilized tracer for PET as oncology diagnostic.® ['*F]
FDG provides information about targeted tissue energy metabolism. This information is especially
important in oncology because energy consumption of cancerous tissue is higher than the healthy one
(Figure 11B, C). ['®F] FDG was first synthesized in 1968 by Dr. Josef Pacak et al. at the Department of
Organic Chemistry, Charles University, in Czechoslovakia.”® ['*F] F-DOPA is another important tracer
used to study the dopaminergic system, which is especially important in the context of Parkinson’s disease.
# Tracers with ''C radionuclide are utilized in the visualization of benzodiazepine receptors®, to image
D2/D3 receptors*® and to discriminate between low and high grade gliomas.** ['*°N] ammonia is used for
the evaluation of coronary artery disease*> and ['?O]H,0 is used for quantification of the ischemic burden

after traumatic brain injury.*®
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Figure 11: A Structure of ['8F] FDG. B PET scan utilizing ['8F] FDG in a patient diagnosed with lung cancer. Arrows indicate the
newly discovered tumor in lower lung lobe. C PET scan using ['®F] FDG in a patient diagnosed with malignant melanoma.
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The second group consists of the metal-based PET tracers. Selected radionuclides used in these tracers and
their properties are listed in Table 2.* For this group of tracers, the incorporation of radionuclide is done
by complexation of the metal ion as a last step of the synthesis. Generally, this approach is more convenient,
especially when tracers are composed of targeting biomolecules, e.g., antibodies. Of these radionuclides,
only ®*Ga and **Cu are employed in FDA-approved radiopharmaceuticals. ®*Ga became a recent favorite
choice for labelling in the case of ®*Ga-PSMA for prostate cancer diagnosis.*® Production of ®*Ga is
performed by the ®*Ge/*®*Ga generator. This generator permits straightforward production of this isotope,
thereby increasing the availability of *Ga.>® Other ®*Ga-based radiopharmaceuticals used in current clinical
practice are ®*Ga-DOTA-TOC for visualizing tumors that possess somatostatin receptors® or ®*Ga-DOTA-

TATE for assessment of neuroendocrine tumours.>?

Table 2: Metal-based radionuclides used in PET tracers.

Nuclide Half-life Decay mode (%) Ep+max [keV]
%Ga 67.8 min B+ (88.9) EC (11.1) 1899
%Cu 12.7 hours B+ (17.5) EC (43.5) B- 653
(38.5)
87r 78.4 hours B+ (22.7) EC (76.2) 902
soy 14.7 hours B+ (31.9) EC (68.1) 1221
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1.4.2 Magnetic resonance imaging

In Figure 12 an illustration of MRI scanner is shown. The scanner consists of a magnet that delivers the
external magnetic field Bo. The strength of the field for clinically used scanners is typically 1.5 or 3T.
Radiofrequency coils are used to deliver energy to the protons and also to receive their signals. MRI
scanners have three opposite pairs of gradient coils in the x, y, and z-axis. These coils are used to encode

the MRI signal in 3D space for its localization.

MRI Scanner Cutaway
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Patient Coil

Radio frequency
Coil

Patient Table

Magnet
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Figure 12: Scheme of an MRI scanner with descriptions of the individual parts. Illustration adapted from ref.>?

MRI uses the nuclear magnetic resonance technique. Hydrogens belong to the group of atoms whose nuclei
have non-zero nuclear spin (Figure 13A). The advantage of protons for the MRI technique is not based only
on their magnetic properties but also on their high abundance in the human body. Without a magnetic field
applied, these nuclear spins have a random arrangement, and the net magnetic moment is zero (Figure 13B).
After an external magnetic field (Bo) is applied, these spins align with the direction of the applied magnetic
field. These spins then rotate around their z-axis at a frequency called Larmor frequency (Figure 13C). The
Larmor frequency w=y*By is directly proportional to the strength of the applied magnetic field and y
(gyromagnetic ratio). The Larmor frequency of the protons is 42.58 MHz per tesla. When an external
magnetic field is applied, these spins align with this external magnetic field in two directions. The two
directions have different energy levels. Spins aligned with the external magnetic field have lower energy,

while spins oriented in the opposite direction have higher energy. Both energy levels are almost equally
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populated, but slightly higher number of proton spins is aligned with the external magnetic field in the
lower energy level (Figure 13C, D). The population ratio between the two levels is approximately 100,000
to 100,006. When the magnetization of all the protons in a magnetic field is combined, we get an overall
magnetization vector (shown as the green arrow in Figure 13E). This magnetization has the same direction
as the external magnetic field because of the small excess of spins that are oriented in the same direction.
This magnetization is called longitudinal. Unfortunately, this magnetization can’t be detected due to its

same orientation as the external magnetic field By.
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Figure 13: A MRI technique utilizes spins of water protons. B Without an external magnetic field, the spins are randomly oriented,
and the net magnetic moment is zero. C When an external magnetic field Bo is applied, the spins align parallel and antiparallel to
it. However, a small excess of parallel spins aligns with the direction of Bo. D For easier visualization of the magnetization, the
spins are grouped and the large excess of their population at both energy levels is not shown for simplicity. E Due to the small

excess of spins aligned in direction with the external magnetic field, longitudinal magnetization is produced (green arrow).

Now, when the spins are aligned with the magnetic field (with a tiny excess of spins oriented in its
direction), it is necessary to deliver energy in a form of radiofrequency pulse (Figure 14A). For this purpose,
a radiofrequency coil is used, and the frequency value corresponds to the Larmor frequency of the protons.
This radiofrequency pulse tips the vector of net magnetization from the longitudinal orientation to the
transversal plane (Figure 14B). We call this vector of magnetization transverse magnetization. Transverse
magnetization rotates perpendicular to the external magnetic field By and therefore induces voltage in

radiofrequency coils that is detected as FID (free induction decay).
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Figure 14: A Longitudinal magnetization is produced by the excess small fraction of spins that precess in the external magnetic
field. B A radiofrequency pulse (RFP) is applied to tip the net magnetization vector from the longitudinal plane to the transversal

plane. C The precessing transverse magnetization induces a voltage in radiofrequency coil.

After the end of the radiofrequency pulse energy input, the spins phase out. They do not continue to precess
with the same phase. This phenomenon is called spin-spin or 7> relaxation (Figure 15A). When higher-
energy spins return to a lower-energy state, we call this event spin-lattice or 7} relaxation. During this event,
the previously absorbed energy is transferred to the surrounding tissue in the form of heat, and the original
longitudinal magnetization is restored (Figure 15B). Fast 7' relaxation allows faster scan repetition and thus
faster signal accumulation, which results in a brighter image. The maximum signal intensity of tissue is
determined by the density of protons in the tissue. Endogenous molecules, peptides, lipids, and sugars affect
the 71 and 7> relaxation times of surrounding water molecules. Due to the differences in 7' and 7> relaxation
rates across the tissue types, they can be distinguished. This is why MRI has excellent resolution according
to tissue type. To localize the imaged area, a gradient coil is used to select a slice in the z plane. The x and
y axis gradient coils are later used to uniquely encode each voxel of the x and y plane in this slice z. Each
of the signals possesses a unique phase and frequency that can be localized in 3D space. T} and 7> values
can be modulated with exogenous agents such as MRI contrast agents. These agents modulate the relaxation
times of surrounding water molecules. This modulation can later be observed as a brighter image for 7}

contrast agents or a darker image for 75 contrast agents.
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Figure 15: A When the RFP is no longer applied, the proton spins start to precess out of phase. This process is called 7> relaxation.
During this process, transverse magnetization is lost. B 71 relaxation occurs when the spins on the higher energy level return to the
lower energy level. During this process, longitudinal magnetization is restored. Both the 71 and 7> relaxation processes occur

simultaneously.

1.4.2.1 Advanced MRI techniques

Functional MRI is used to image neuronal activity. Neuronal activity is associated with the consumption of
energy. During this process, sugar and oxygen are used. Oxygen is delivered in the form of oxyhemoglobin
that is transformed to the deoxyhemoglobin. Oxyhemoglobin is diamagnetic, while deoxyhemoglobin is

slightly paramagnetic. Due to this, different regions with increased brain activity can be distinguished.>*

Diffusion-weighted MRI is used to distinguish between the types of tissue by their different water
diffusivity. Transport of water at the cellular level is done by diffusion. If water molecules are inside cells
or other restricted spaces, their random diffusion is altered. This alteration is specific to every tissue. For
example, in some tissues, the diffusion is isotropic. That means without any preferred direction. We can
observe this phenomenon in the case of the cerebral spinal fluid. On the other hand, if the tissue has an
ordered structure, as in the case of the white matter, the diffusion of the water molecules is anisotropic.
Based on these differences, we can distinguish not only healthy tissue, but also changes resulting from
pathological events can be observed. In the case of neurodegeneration and demyelination, increased

diffusivity can be observed due to changes in the morphology of the affected tissue.>
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Perfusion-weighted MRI measures the volume of blood perfusing a mass of tissue over a unit of time. It is
utilized to determine cerebral perfusion and potential pathologies. Perfusion-weighted MRI is used in
patients suffering from the stroke for differentiation between normal tissue, under-perfused tissue, and the
stroke core.>® Dynamic contrast enhancement (DCE-MRI) is type a of perfusion-weighted MRI technique.
During this technique, 7' contrast agent is injected. This contrast agent is distributed by the blood stream
to the tissues where it changes the 7 longitudinal relaxation time. This process is measured with the
dynamic 7T)-weighted imaging technique. After the measurement, the data can be analyzed quantitatively
or semi-quantitatively. Quantitative analysis provides information about the dynamics of blood flow

through tissue.>

Chemical exchange saturation transfer (CEST) MRI uses radiofrequency pulse to saturate exchangeable
protons on endogenous or exogenous agents. This saturation is afterwards transferred to nearby water
protons by chemical exchange and results in a decrease of the MRI water signal. By the application of

saturation at a specific frequency, agents with exchangeable protons are detected. 2

1.4.2.2 MRI contrast agents

An overview of the MRI contrast agents with the way their signal is detected is shown in Figure 16. Signal
can be detected directly or indirectly. Direct detection means that the MRI signal of the contrast agent’s
atoms is measured directly. This group includes contrast agents that contain '°F fluorine atoms,
hyperpolarized '*Xenon gas, or molecules with hyperpolarized '*C carbon. Hyperpolarization is a
technique by which the population of spins occupying the lower energy level can be increased. This can be
performed in a high magnetic field and at a low temperature. This process of hyperpolarization increases

t.5 Contrast agents that contain '>C can be spectroscopically detected

the MRI signal of the contrast agen
without being hyperpolarized, but the intensity of the signal is low. Also, 'H spectroscopy can be employed
to directly detect metabolites or other particular molecules. In the case of indirect detection, the signal of
water protons is measured. Contrast agents in this group change the relaxation times 77 and 7> of water
protons in their proximity. We can observe this change as a change in the shade of the image. The 7; contrast
agents brighten the contrast area. This effect is produced by gadolinium, manganese, and iron (II)
complexes. 7> contrast agents darken the contrasted area, a representative of this class are SPIOs

(Superparamagnetic iron oxides). The types of contrast agents that are addressed in this thesis are

highlighted in Figure 16 in green.
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Figure 16: The schematic overview of contrast agents used in MRI with highlighted topics that are addressed in this thesis. Contrast
enhancement can be obtained directly by detecting the contrast agent or indirectly by detecting the water proton signal that has
been modified by the contrast agent. The fluorine isotope '°F is measured directly from contrast agents carrying these nuclei. '*Xe
gas and *C can also be detected directly. However, it is advantageous to use them in hyperpolarized form to increase the signal.

Metabolites or other molecules can also be detected by 'H spectroscopy.

In MRI, gadolinium chelate-based contrast agents are used to provide contrast enhancement. Gadolinium-
based contrast agents (GBCA) are widely used in MRI examinations. They are used in more than 30% of
cases. Figure 17 shows the chemical structure of the "gold standard" GBCA, Gd-DOTA (Gadolinium (III)
1,4,7,10-tetraazacyclodododecane-1,4,7,10-tetraacetate).

Figure 17: The chemical structure of Gd-DOTA, a macrocyclic gadolinium chelate with four acetate pendant arms.

1.4.2.3  Concept of relaxivity

All the commercially available 71 MRI contrast agents are based on gadolinium. The most populated class
of MRI contrast agents are the extracellular fluid (ECF) contrast agents. These agents are able to identify
cases where an increase in blood flow, higher vascularization, or disrupted blood-brain barrier is present.®°
The importance of gadolinium for contrast enhancement in MRI arises from its electronic configuration
with seven unpaired electrons. Seven unpaired electrons is the highest possible number, which gives the
metal its powerful paramagnetic properties. This paramagnetic property allows these GBCAs to provide

contrast enhancement by shortening the 7' relaxation time of nearby water protons. Gadolinium in the

chelate performs this process by relaxing the protons of bound water molecules. When a water molecule is
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relaxed, it is replaced by another from the surroundings, and the process repeats. Since the human body is
made up of 60% water, this approach is very effective.®* More specifically, during 7} relaxation, the higher
energy proton spins return to a lower energy state, as described in Chapter 1.4.2. In this process the excess
energy is transferred to its surroundings, especially to the water molecules. Gadolinium facilitates this
energy transfer process by dipole-dipole interaction, thus shortening the relaxation time 77.%% The
longitudinal magnetization is restored faster, more scans can be performed, and thus the image appears
brighter. The capability of a contrast agent to affect the relaxation times of water protons is called relaxivity.
Factors which affect the relaxivity are: the number of bound water molecules to the gadolinium ion (g),
rotational motion of the chelate (zr) and exchange rate of the bound water molecule with the bulk water of
the complex (kex), as is depicted in Chapter 1.4.2.3.%% Relaxivity (i) can be determined from Equation 1,
where (1/T7°) is the tissue's natural rate of relaxation, (1/7}) is the relaxation when a contrast agent is present,
and [CA] is the concentration of the contrast agent. Both longitudinal #; (i = 1) and transversal ri; (i = 2)

can be determined by applying this equation.

Figure 18: Schematic depiction of properties that affect relaxivity of 71 gadolinium contrast agents, (kex) corresponds to water
exchange rate, (g) is the number of bound water molecules to gadolinium, and (zr) is rotational motion correlation time.

1
= F + Tl[CA],l =12

1

23| =

Equation 1: Equation that can be used for the determination of relaxivity value.
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Indirect enhancement of the MRI signal utilizes two types of contrast agents, 7; and 7>. The 7T’ contrast
agents reduce the longitudinal 7 relaxation rate, and the mechanism of this process is described above. An
agent that reduces 71 also reduces 75, however, 7> can be modulated in other ways as well. The 75 relaxation
can be changed by the creation of a local inhomogeneous magnetic field different to external By by a 7,
contrast agent. The Larmor frequency in this local magnetic field created by the 7> contrast agent is changed.
If the Larmor frequency of the precession is different from the characteristic Larmor frequency for protons,
the signal is suppressed, and the contrasted area appears dark. In Figure 19, examples of both types of
contrast enhancement are shown. In the left picture (Figure 19A) a Ti-weighted MRI image of a patient
with a brain tumor is shown. The tumor is brightened after injection of the 7 contrast agent (Figure 19B).
An example of how an increased concentration of a gadolinium based 7 contrast agent increases the
brightness of an image is shown in Figure 19C. Right image shows the effect of 7> contrast agent, SPIOs.
T, weighted image of mouse tumorous mammary glands (Figure 19D). After the introduction of the 7>
contrast agent the area with the tumor became dark (Figure 19E). Contrary to the example with the T}
contrast agent (Figure 19C) in this case, with the increasing concentration of 75 contrast agent, the image

becomes darker (Figure 19F).

¢’ l‘.-’. e

000

Increasing [Gd]
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Figure 19: Examples of contrast provided by 71 and 7> contrast agents. A 71 weighted MRI image of a brain tumor patient. B After
the GBCA administration, the tumor is highlighted. C The image appears brighter with increasing 71 contrast agent concentration.
D 7> weighted image of mammary glands tumors in mice. E After administration of the 7> contrast agent, the area of accumulation
appears darker. F By increasing the concentration of 7> contrast agent, the 7> weighted image appears darker. This figure was

reproduced from ref.5?
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1.4.2.4  Responsive MRI contrast agents

trelaxivity
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Figure 20: Schematic representations of two types of responsive contrast agents with a description of their responsiveness
mechanisms. A The contrast agent starts with two coordinated water molecules (¢ = 2) and a certain value of the rotational motion
correlation time (zr), which results in a moderate relaxivity value shown here by the green arrow. B Coordinated water molecules
can be replaced by coordination of the analyte, resulting in a decrease in relaxivity. C The contrast agent may bind to a larger

biomolecule, leading to slower rotational motion (higher tr) and, consequently, an increase in relaxivity.

Another class of MRI contrast agents are responsive contrast agents. These contrast agents are structurally
tuned for the recognition of the selected stimuli (pH, small molecules, metals, redox events, etc.) by a
change in relaxivity. As was described in Chapter 1.4.2.3, relaxivity is influenced by several parameters.
These parameters include the number of coordinated water (¢) molecules, rotational motion correlation
time (tr), and the exchange rate between the coordinated water and the bulk (surrounding) water (k.x). Any
change to these parameters can affect the relaxivity and hence the intensity of the resulting MRI signal.
Two basic principles of responsive contrast agents are shown in Figure 20. In this illustrative case, the
contrast agent has two water molecules bound to the gadolinium ion (¢ = 2). The number of bound water
molecules is directly proportional to the relaxivity of the contrast agent, here depicted as a green arrow
(Figure 20A). Water molecules can be replaced by an analyte to which the contrast agent is responsive.
This loss of water leads to a decrease in the relaxivity, observed in MRI image as a decrease in signal
intensity (Figure 20B). Relaxivity also depends on the rotational correlation time of contrast agent (zr). This
effect can be utilized when the contrast agent is tuned for binding to biomolecules. After the binding to the
biomolecule, the rotational motion of the contrast agent slows significantly (zr increses). This leads to an

increase in relaxivity and we can observe a stronger signal in MRI (Figure 20C). The responsiveness can
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be tuned for metal ions pH 889 enzymes %7, redox events’>’3, neurotransmitters®®, and other analytes.
For example, in the presence of lactate, two water molecules bound to Gd-DO3A can be substituted by
lactate.”® This loss of water leads to a decrease in the relaxivity that can be detected as signal loss (Figure

21).
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Figure 21: Two molecules of water bound to Gd-DO3A are replaced by the lactate anion. This loss of water molecules leads to a

decrease in relaxivity.

Metals are involved in many essential biological processes, and around 300 enzymes require zinc for
functioning. One of the current challenges in the development of responsive agents is therefore the design
and preparation of zinc-responsive contrast agents. An interesting case of a zinc responsive contrast agent
that combines two different responsivity principles is shown in Figure 22. Recognition of zinc is facilitated
by another chelator selected specifically for this metal. In this case, the BPEN (N, N-bis-(2-pyridyl-
methyl)ethylene diamine). After chelation of the Zn*", the relaxivity increases only slightly. However, the
resulting molecule can bind to serum albumin. Due to this binding, rotational motion is slowed and
relaxivity is significantly increased.®” Recently, Gaoji Wang and Goran Angelovksi published work, where
a Zn*" responsive probe was developed with a remarkable 400% increase in relaxivity in the presence of

Zn2+ 75
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Figure 22: Demonstration of the function of the Zn(II) responsive MRI agent GADOTA-diBPEN. Initially, BPEN moieties chelate

the Zn(II) ions, leading to slightly increased relaxivity. However, this chelation allows binding to serum albumin. After binding,

the relaxivity is increased substantially due to slowing of the rotational motion of the contrast agent.

38



1.4.3 Hybrid imaging technique PET/MRI

PET/MRI is hybrid imaging technique that combines positron emission tomography and magnetic
resonance imaging. Combining both techniques into a single machine has several advantages. The patients
don’t have to undergo two separate examinations, which is time-saving and the stress associated with the
examinations is reduced. Imaging in general causes a lot of stress and discomfort to pediatric patients due
to the need to lie still and not move in the confined space of the scanner. For this reason, this hybrid
technique presents an option, how pediatric patients can be spared multiple sedations or anaesthesia.”®
Another advantage of PET/MRI stems from the complementarity of both techniques. Information about

tissue structure is obtained from MRI and quantitative and functional information is obtained from PET.

Magnet cryostat
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Figure 23: An illustration of a PET/MRI scanner with a description of its parts. The simultaneous acquisition of images from both

modalities is enabled by the incorporation of the PET detector into the MRI scanner. Figure redrawn from ref. 77

PET/MRI combines the excellent soft tissue resolution, the use of a wide range of MR techniques with the
functional information of molecular imaging and the excellent sensitivity provided by PET. The PET/MRI
system offers several advantages over the more commonly used hybrid PET/CT system. Most importantly,
a lower radiation burden is being delivered to the patient, and higher information value from the

examinations is gained. In a comparative study, it was discovered that using PET/MRI instead of PET/CT
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reduced radiation dose by 79.6%. Additionally, PET/MRI provided additional information in 26.3% of
cases.”® There are multiple cases where PET/MRI use is advantageous to PET/CT.” In the staging of
primary nasopharyngeal cancer, where ['*F]-FDG PET/MRI provides better information about lymph node

metastases and in mapping of tumor extensions®®. PET/MRI was superior to PET/CT in the detection of

82,83

bone metastases of breast cancer patient®! and for the determination of recurrence of prostate cancer.

Figure 24: Whole body PET/MRI imaging in a patient with lung cancer. A Image from MRI with detailed morphological and
tissue information. B MRI image superimposed with PET signal, combining the advantages of both modalities. C PET tracer signal

obtained from tumors and metastases. Figure reproduced from ref.®*

The hybrid PET/MRI technique offers new opportunities for contrast enhancement. This technique offers
versatility in the choice of contrast agents. Based on the principle of PET, the tracer for this modality must
always be present. However, contrast enhancement in the case of MRI is optional, so PET/MRI imaging
can be performed without the use of an MRI contrast agent or using contrast agents for both MRI and PET.
This is commonly done as PET/MRI examinations regularly utilize GBCAs for MRI contrast
enhancement.®> 8- 78 Although there are recent studies that try to avoid GBCAs use due to gadolinium
toxicity, especially when PET/MRI scans are performed in pediatric patients.®® Based on a 2016 survey for
PET/MRI centers, the main areas of interest are oncology, cardiology, and neurology. For all of these areas,
the most utilized tracer is ['*F] FDG. Other frequently used tracers with their areas of specialization are

shown in
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Table 3. &

Table 3: The most frequently used PET tracers in PET/MRI examinations by the area of their specialization. Table reproduced

from ref.%’
Application of the tracer Cardiology Neurology Oncology
1 ["*F] FDG ["*F] FDG ["*F] FDG
2 ['*°N] NH; Other Other
3 Other ["*F] FET PSMA ligands

The introduction of PET/MRI scanners into clinical practice has created the opportunity to create bimodal
PET/MRI contrast agents. A probe of this type would be able to simultaneously provide contrast from both
modalities and, for example, allow quantification of MRI relaxivity by PET, which is not possible from
MRI signal alone. The higher temporal and spatial resolution that these probes offer could lead to new
applications.®® Dual PET/MRI contrast agents can be divided into two main groups, small molecule agents

and nanoparticle-based agents.

1.4.3.1 Superparamagnetic iron oxides (SP10s) PET/MRI bimodal contrast agents

For the purpose of this thesis, SPIO nanoparticles will be mentioned only briefly. Further information about
SPIO based PET/MRI bimodal contrast agents can be found in reviews. 8 8° Superparamagnetic iron oxides
consist of iron oxide nanoparticles, which after exposure to an external magnetic field form their own
magnetic field.?® As already mentioned in Chapter 1.4.2.2, SPIOs mainly exhibit the 7> effect, and therefore
negative contrast is observed, resulting in a darkened area. These nanoparticles are coated with polymers
for better dispersibility and use in PET/MRI (Figure 25A, B, C). Polymers suitable for the coating are for
example, polyethylene glycol (PEG) %2 and dextran®®. This coating is chemically modified in a way that
radionuclides can be incorporated directly. For example, by radiometal complexation after ligand
incorporation into to the SPIOs*~%3 (Figure 25) or alternatively by radiocation surface adsorption, which is
done by heat induced radiolabelling.”** The remarkable advantage of nanoparticles is that they can be
easily prepared and modified. However, this type of contrast agent has several disadvantages that should
be pointed out. One is less than ideal clearance from the bloodstream, as they are excreted through the liver
into the intestine due to their size. Moreover, they also accumulate in the spleen and kidneys. The size and
surface modification of SPIOs can’t be precisely controlled. That means the preparation procedure is not
likely to furnish similar well-defined species when repeated, in contrast to well-defined small molecular

probes. Another disadvantage is the negative 7> contrast in MRI provided by such nanoparticles.
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Figure 25: An illustration of how dual-modality SPIOs are prepared. A SPIO nanoparticles are coated (coating is shown as a blue
layer). B These coated nanoparticles are modified with an aza-macrocylic ligand and a targeting vector such as a peptide or

antibody. C Nanoparticles are radiolabeled with the radionuclide complexation in the last step.

1.4.3.2  Low molecular PET/MRI bimodal contrast agents

Currently, only a handful of low molecular bimodal PET/MRI CAs examples is available, mainly due to
the challenges that must be met in the preparation of such bimodal contrast agents. The combination of PET
and MRI modalities poses the challenge of how to prepare a contrast agent where the MRI component needs
to be in 10°-107 excess to the PET component. In the case of low molecular PET/MRI bimodal contrast
agents, this dilemma is solved by the preparation of a mixture of a radioactive (hot) tracer with its non-
radioactive (cold) equivalent in very large excess, as shown in Figure 26. The following examples illustrate

the efforts that have been carried out so far.

24 A A A A A A1
A A A AL A A A1
24 A A A A A A1
COLb W A A A AL A A1
HOT 24 A A A A A A1
A A A AL LA AL

Figure 26: Simplified illustration of a mixture of the hot (radioactive) and the cold (non-radioactive) variants of PET/MRI bimodal
tracer with a focus on the huge excess of the MRI part in comparison to the PET part. Chemically, they will both behave exactly

the same way because they differ only in the choice of the isotope.
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The earliest example was presented by Frullano et al. who synthesized a pH responsive PET/MRI contrast
agent by decorating Gd-DOTA-4AmP with radiolabelled ['*F] Fluoroethylazide using CuAAC (copper(I)-
catalyzed alkyne-azide cycloaddition (Figure 27). Due to the different levels of concentration needed for
PET and MRI, a non-radioactive variant bearing '°F instead of '®F was also synthesized. Phantom
measurements were performed and images from both modalities were obtained. Total radiosynthesis time,
from radiolabeling of azido-fragment to click reaction, took 4 hours and radiochemical yield was 0.6%
(product activity of 10.2 kBq starting from 1.80 GBq).”® The total radiosynthesis time and radiochemical
yield demonstrate how difficult it is to perform the task of preparation of the bimodal PET/MRI low

molecular contrast agent.
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Figure 27: The structure of the bimodal PET/MRI contrast agent published in the pioneering work of Frullano et al. %

Another approach to achieving the bimodal PET/MRI contrast agent is by combining the radioactive metal
as a PET signal source and paramagnetic metal for the MRI contrast. The first published case from Uppal
et al. was realized by exchanging a fraction of gadolinium ions for **Cu in the fibrin targeted probe EP-
2104R (Figure 28). A bimodal probe prepared in this way was used in the animal studies on the rats with a
thrombus. These studies showed that the detection of the bimodal probe in the thrombus was possible.®’
This approach, although with positive results, has its limitations. The structural motif of DOTA chelator is
not ideal for the chelation of the **Cu due to the low kinetic inertness of the Cu-DOTA chelate. This
inadequacy can lead to in vivo **Cu leaching.®® It happened in the case of this work, where the authors
observed the deposition of **Cu in the liver, spleen, intestine, and stomach. In addition, their synthetic
approach based on uncontrolled decomplexation followed by radiolabeling may lead to products with
varying numbers of radiometals in varying positions, which may result in different pharmacokinetics of

these products and thus different behavior.
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Figure 28: Fibrin targeted MRI probe EP2104R, which was used for PET/MRI probe preparation by fractional exchange of Gd

for %*Cu.

Notni et al. published work in which they prepared a bimodal PET/MRI probe using a gallium selective
TRAP chelator (3,3",3"-((1,4,7-triazonane- 1,4, 7-triyltris(methylene))tris(hydroxyphosphoryl))-
tripropanoic acid) (Figure 29). The TRAP chelator served as a core for binding three DOTA units. Firstly,
the chelator scaffold was fully complexed with gadolinium ions and then treated with DTPA (2-[bis({2-
[bis(carboxymethyl)amino]ethyl} )amino]acetic acid) to remove the gadolinium from the central TRAP
chelator. The partially chelated product thus prepared was subsequently complexed with the ®*Ga and
combined with the non-radioactive variant (containing natural non-radioactive Ga) of the probe ina 2.5x107
excess of the cold probe to the hot one. This blend was later injected into mice, and the signals from MRI
and PET were simultaneously acquired.*® The combination of ®*Ga and Gd was utilized as well in the work

of Kumar et al. where a dendrimeric bimodal PET/MRI probe was prepared.'®
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Figure 29: Structure of the bimodal PET/MRI contrast agent prepared by Notni et al. The contrast agent consists of a selective
Ga(IIT) TRAP moiety with three gadolinium chelates connected by pendant arms.*

Due to the concerns about gadolinium deposition and toxicity, research has been intensified in the area of
manganese-based MRI contrast agents. The most recent example of the low-molecular bimodal PET/MRI
probe followed this trend by using a structure with multiple manganese chelation sites built around a
benzene core (Figure 30). The core in this structure was functionalized by three trans-CDTA ligands (trans-
1,2-Diaminocyclohexane-N,N,N’,N -tetraacetic acid) by the CuAAC reaction. These ligands were
introduced to provide Mn(II) chelation. Three sites for manganese chelation were introduced to improve
the relaxivity of the probe since the relaxivity of Mn(Il) is lower than that of Gd(II). The final deprotected
ligand with three trans-CDTA units was isotopically labelled by paramagnetic Mn spiked with positron
emitting radionuclide **Mn. By this way, a potential bimodal PET/MRI probe was prepared.*®* However,
this approach has limitations in the stability of the [Mn(CDTA)] complexes. Authors describe the complex
to have good serum stability, however in their previous work, [[***Mn]Mn(CDTA)]* was prepared and
incubated in human blood serum and subsequently analyzed. Intact radiocomplex analysis was then

performed and a significant level of dechelation was found. *°?
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Figure 30: Structure of labelled 328Mn/55Mn PET/MRI bimodal probe synthesized by Brandt et al.1%*

The main features of PET/MRI bimodal contrast agents based on low molecular species or nanoparticles

are summarized in Table 4.

Table 4: Comparison of low molecular and nanoparticle-based PET/MRI contrast agents. Table adapted from. °

Visual effect
in MRI
Preparation
Size
Clearance
Targeting
Advantages

Drawbacks
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Low molecular complexes

Brightening

Multistep synthesis

<1 nm

Kidney (if r<5.5 nm)

Intercellular and intracellular

Precise control of contrast agent
properties.

Known pharmacokinetics, clearance,
possible bio-responsive characteristics,
more possibilities in targeting.
Limited control over the MRI/PET
contrast source ratio desired for good
performance of both modalities.

Difficult synthetic accessibility.

SPIO particles
Darkening

Rapid, can be chelator free

20-140 nm

By liver into intestine

Intercellular, vascular system

Easy preparation and modification.
Great potential in parallel drug delivery

and theragnostic functions.

Limited permeability due to the size.
Low reproducibility of preparation.
Non-ideal excretion from the system.

Darkening effect may limit detection.



2 OBJECTIVES OF THIS WORK

The general objective of this thesis is to design, develop, and utilize novel multifunctional chelators. This

thesis consists of two parts covering the following topics with specific objectives.

1) DO3A-Hyp building block:
a) Preparation of building block based on a chelator and an amino acid, suitable for short and
rigid incorporation of lanthanides into the peptide backbone.
b) Synthesis of variously protected variants of the DO3A-Hyp building block that would
allow metal chelates to be incorporated directly or via post-synthetic complexation.
¢) Exploring the properties of the DO3A-Hyp building block.
2) PET/MRI bimodal probe:
a) Finding the right structural design for the preparation of low molecular bimodal PET/MRI
probes.
b) Design and optimization of radiolabeling conditions.
c) Determination of physicochemical properties of designed molecules in vitro.

d) Performance of in vivo experiments on mice.
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3 RESULTS AND DISCUSSION

3.1 Building block DO3A-Hyp

3.1.1 Author contribution

The author synthesized and purified all the compounds that are the content of this part of the thesis. The
author performed most of the spectroscopic measurements of the intermediates and their evaluation,
however the final molecules were measured and evaluated by Dr. Martin Dra¢insky or Dr. Tomas David.
The crystallographic data were obtained thanks to the work of Dr. Ivana Cisafova. ICP-MS analyses were
performed by Mgr. Stanislava Mat&jkovd and HRMS by MS department of IOCB. '°F MRI experiments
were performed by Dr. Daniel Jirdk and Martin Vit. Ondfej Socha performed the z-resolved 'F NMR
experiment. Illustrations reproduced from the article (Paramagnetic encoding of molecules)'® are the work

of Dr. Tomas David.

3.1.2 Introduction

Pluvicto, a drug developed for the treatment of PSMA-positive prostate cancer, was approved by the FDA
in 2022. This drug is used in targeted radiotherapy treatment for the delivery of the radioactive cargo into
the cancer cells. Radioactive cargo refers to radionuclide that emits high energy beta particles that
subsequently damage cancer cells' DNA, leading to their death. Pluvicto uses metal, beta emitter '"’Lu, as
the radionuclide. However, the radioactive metal must be chelated with a chelator to utilize its properties.
The chelating function is not the only function that the chelator must offer. As shown in Figure 31, such a
chelator must possess a suitable functional group for connection to the targeting vector. In the case of

Pluvicto, the connection is enabled by a simple amide bond, which is shown in green in the picture.
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Figure 31: Pluvicto, a radiopharmaceutical used for targeted radiotherapy, consists of a radiometal chelate connected by an

amide bond to a targeting peptidomimetic.
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Lutathera is another FDA-approved drug used for targeted radiotherapy, which utilizes chelate connected
to a targeting peptide. In the case of the mentioned radiopharmaceuticals, it is apparent that the current
practice is to attach the chelate by a very simple amide bond to the N-end of the targeting molecule. This
simple amide bond although sufficient for its purpose, limits the synthetic possibilities for the synthesis of
more elaborate peptides bearing a metal chelate. Building blocks that would allow the chelate to be rigidly
placed into any position in the peptide (for example, in the middle) would open the way to new types of
compounds with unique properties. However, there is a limited number of building blocks that allow this,
and those that are known suffer from disadvantages that limit their use. One example of such a building
block that allows incorporation of a metal into the peptide is the DOTA-lysine (DOTA-K) motif shown in
Figure 32, where the metal chelate is connected by a long and flexible lysine side chain to the peptide
sequence. This attachment via lysine side chain, however, can lead to reduced rigidity and thus to the
presence of several structural isomers, which is undesirable. Protected variants of DOTA-phenylalanine
(DOTA-F, Figure 32) and DOTA-K were, for example, employed in the preparation of Gal-80 binding
peptides by solid phase peptide synthesis.®* Another amino acid/chelator is DOTAIla (Figure 32), which
bears an alanine arm that provides a rigid and close attachment of gadolinium to the peptide backbone. This
chelator has been used in the synthesis of linear and cyclic peptide contrast agents, but it should be noted
that the alanine pendant arm is prone to elimination, limiting the usability of this building block.'® A
successful example of the use of whole metal chelates as amino acids in the peptide synthesis is the work
that dealt with the synthesis of short peptide tags based on DOTA-K terbium and lutetium chelates for mass
spectroscopy.'® The mentioned building blocks allow the incorporation of metals into the peptide chain
with certain compromises, and in almost all cases, their use is limited to the incorporation of only one type

of metal into the chain.

In an alternative approach to peptide synthesis, different types of metals have been successfully combined
into a single molecule. Usually, several different reactions are used to assemble the individual metal-bearing
blocks. For this reason, the combinatorial possibilities of these systems are limited, as ideally, one type of
reaction should be sufficient to integrate the building blocks with the selected metal. One of the works
reported the synthesis of a branched tetrapeptide ligand, which was sequentially metaled to furnish
heterometallic lanthanide complexes that exhibited ratiometric luminescence.'®” Other examples include

triheterometallic'®®

and tetraheterometallic'® lanthanide-containing architectures built from whole chelates.
The construction of luminescent nanocoded compounds is an example of work, where functionalized
lanthanide cryptates (Cryptand-K, Figure 32) were developed and used for the direct incorporation of

metals using solid-phase peptide synthesis. *°
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The presented cases show that there is currently no synthetic tool that allows the incorporation of multiple
types of metals into any position in the peptide chain without accepting compromises such as reduced
rigidity or decreased chemical stability. A building block that would simultaneously provide increased

rigidity and the ability to chain several metals into one spatially well-defined molecule is missing.
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Figure 32: Chemical structures of chelators used for incorporation of the lanthanides into the peptides: DOTA-K, DOTA-F,
Cryptand-K, and DOTAIa. Figure reproduced from ref.!%

3.1.3 Definition of a problem

The main aim of this part of the thesis is to design and synthesize the building blocks that would fulfill
several requirements: a) The building block must provide rigid and close connection of the metal to the
peptide backbone. b) It must allow the incorporation of multiple types of metals into a single molecule. ¢)
It must limit the number of the possible structural isomers. d) It must be sufficiently kinetically inert.
Currently used building blocks (DOTA-K, DOTA-F, Cryptand-K, and DOTAIla) fulfil these
requirements only partially. DOTA-K, DOTA-F, and Cryptand-K use long and flexible linker for
connection to the peptide backbone. This results in low rigidity and leads to the existence of multiple
structural conformations. In the case of DOTAIla, the requirement for a short and rigid connection to the
peptide backbone is met, but the pendant arm bearing the amino acid moiety is prone to elimination from
the building block. Another disadvantage is that DOTAla cannot be incorporated into a peptide that already
carries metal. Therefore, it is not possible to place multiple different metals in a single molecule in a

controlled manner with this building block.

3.1.4 Molecular design

The DO3A-Hyp shown in Figure 33 was designed to meet the discussed requirements. This structure
consists of two main parts. The first part serves as a chelator and the second part serves as an amino acid.
For integration of the metal, the DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid) motif was
selected as a chelator part. As was discussed in the introductory Chapter 1.3, macrocyclic chelates are
superior to linear, and acetates are pendant arms that form the strongest chelates with lanthanides. In order
to give the desired building block more functions, a pendant arm fulfilling the function of an amino acid

was added to the building block. It was decided that the introduction of proline was advantageous due to
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its cyclic nature and the resulting rigidity. However, if only a proline pendant arm would be attached, the
kinetic inertness requirement would not be met because this pendant arm could not coordinate to the metal
center. For that reason, it was decided to include the hydroxyproline moiety. The hydroxyproline hydroxyl
group could coordinate with the metal center of the chelate, thus helping to stabilize it. Also, L-
hydroxyproline is a readily available natural amino acid possessing a chiral center. Incorporation of such a
chiral center would introduce chirality to the final building block. This chirality would decrease the number
of possible structural isomers. The hydroxyproline pendant arm would also introduce the desired rigidity
to the building block. The hydroxyproline pendant arm allows several combinations of chiral centers, i.e.,

diastereomers or enantiomers. These we collectively refer to as the DO3A4-Hyp family.
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Figure 33: The structural design of the DO3A-Hyp building block presented in this work. This building block consists of an amino
acid part and a chelator part. This was the initially planned structure, but the actual prepared molecule differs unexpectedly from

this one for reasons that will be explained in Chapter 3.1.5.2.

A retrosynthetic analysis was done to plan the steps leading to the DO3A-Hyp building block (Figure 34A).
It was planned to keep the acetate pendant arms of the macrocycle protected with protecting group (PG)
until the last step. The same was planned for the amine and carboxylic acid moiety of the Hyp pendant arm
(Figure 34B). Cleavage of the three C-N bonds leads to the formation of the key hydroxyamino precursor
(Figure 34C). And finally, the cleavage of the C-N bond between the Hyp moiety and the macrocycle leads
to key precursors, one of which is a commercially available cyclen and epoxide that had to be synthesized

(Figure 34D).
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Figure 34: Retrosynthetic analysis of a building block from the DO3A-Hyp family, not yet considering stereochemistry. This was
the initially planned structure, but the actual prepared molecule differs unexpectedly from this one for reasons that will be explained

in Chapter 3.1.5.2. PG = protective group.

3.1.5 Synthesis

3.1.5.1 Synthesis of epoxide

Chirally pure, cheap and readily available L-hydroxyproline was selected as starting material for synthesis
of desired epoxides (Figure 35). Firstly, the secondary amine of proline was protected by benzyl carbamate
(Cbz) to furnish Cbz-4-hydroxyroline. The synthetic sequence continued with the protection of carboxylic
acid by benzyl ester formation. The amine and carboxyl functional groups of proline had to be protected so
that they would not participate in the next steps of the synthesis. e.g., the introduction of pendant arms to
the aza-macrocycle by alkylation. Protection of amine with Cbz and the formation of benzyl ester from the
carboxylic acid is advantageous for several reasons. Both protecting groups can be deprotected by catalytic
hydrogenation in one step, and this type of protection is orthogonal to the acid-labile /Bu protection of
acetates. The next step was the conversion of hydroxyl to a better leaving group. For this purpose,
Mitsunobu conditions were employed to obtain iodide 2. To obtain the olefin 4 , iodide 2 was transformed
to selenide 3 and oxidative conditions were implemented to furnish exclusively one regioisomer of olefine
4."! The one-pot, three-step synthetic sequence from 1 to 4 was optimized to deliver an overall yield of
84%. Oxidation with m-CPBA at elevated temperature provided final epoxides with yields of 53% for trans
5 (IR,25,55) and 21% for cis 5% (15,25,5R) epoxide. These epoxides were easily separated by column
chromatography thanks to their diastereomeric nature. The presented work deals only with epoxide 5 but it
should be noted that epoxide 5* can be used for the synthesis of other building block isomers from the

DO3A-Hyp family.
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Figure 35: Synthesis of epoxide intermediates 5 and 5*. Conditions: (i) Cbz-Cl, NaHCO3, H2O/toluene, RT; (ii) BnBr, TEA, THF;
(iii) PPhs, THF, 0 °C followed by DIAD, Mel, 0 °C — RT; (iv) (PhSe)2, EtOH, NaBHa, 0 °C — RT; (vv) H202, THF, 0 °C — RT;

(vi) mCPBA, CHCl3, 85 °C. Intermediates in brackets were not isolated. Figure reproduced from ref.!%

3.1.5.2 Epoxide opening

The epoxide opening was a crucial step for the synthesis of the final DO3A-Hyp building block since the
epoxide brings the features of amino acid and rigidity. More importantly, this reaction allows the two parts
of the molecule to be joined together (the macrocycle and the amino acid). A number of experiments were
performed to find the right conditions for the reaction in order to proceed. Initially, epoxide 5 was attempted
to be opened with cyclen in the presence of various Lewis acids: Sc(OTf);, Zn(OTf),, Cu(OTf), and
Ca(OTf),. The plan was to use the Lewis acid to polarize the C-O bond of the epoxide and thus facilitate
the opening. However, none of the conditions tested provided the desired product. The next conditions that
were tested were those utilizing microwave irradiation. Cyclen and 5 were mixed in dry ethanol and reacted
using microwave irradiation. Finally, the desired product 6 was observed, but a side product resulting from
benzyl carboxylate transesterification by ethyl was present as well. To suppress the formation of
transesterification products, reactions using different solvents were tested. Tert-butanol proved to be the
best choice as no transesterification products were observed when using this solvent. The synthesis utilizing
microwave irradiation is not suitable for larger-scale synthesis. Therefore, the reaction conditions were
optimized for conventional synthesis up to 12 grams of 5. The yield was typically around 50% due to the

side reaction where the 5 degrades to a byproduct, as is shown in Figure 36.
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Figure 36: Opening of the epoxide S in tert-butanol at 105°C. The reaction provides intermediate 6 and a byproduct of elimination.
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By opening the epoxide 5 with the free base of cyclen, the intermediates 6 and 6* were obtained (Figure
36). Here, the actual synthesis started to differ from the originally planned retrosynthesis shown in the
Figure 34. It should be noted that racemization occurred during this step, which gave the isomers 6
(2R,3S5,4S5) and 6* (2S,3R,4S) in the 9:1 ratio in favor of the sterically less hindered 6 (2R,3S,4S). The
proposed mechanism of the epoxide opening step is shown in Figure 37. The mechanism starts with
deprotonation of the epoxide 5 at the alpha position of benzyl carboxylate. In the next step, the carbonyl
group is restored, leading to the opening of epoxide and the formation of a double bond. This double bond
is then attacked by cyclen, and a negative charge is stabilized on the oxygen leading to 7'S (transition state)
and 7S*. The final step is the restoration of carbonyl group and protonation in alpha position. Of all the
probable isomers of the products, only two, 6 and 6* are sterically favored. However, this mechanism
could not be proposed before the elucidation of crystal structures discussed in the following Chapter,

3.1.5.3, which revealed the true 3D structure of the molecules.
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Figure 37: Proposed mechanism of epoxide opening. The crucial steps include deprotonation of epoxide in the benzyl carboxylate
alpha position and Michael addition of cyclen to the resulting a, B unsaturated Michael acceptor. 28, 3S, 45 and 2R, 3R, 4S isomers

are not observed, probably due to steric hindrance between substituents on the proline ring. Figure reproduced from ref.!%

3.1.5.3 Synthesis of DO3A-Hyp building blocks

After the successful epoxide opening step that furnished intermediates 6 and 6%, it was possible to proceed
to the synthesis of the series of DO3A-Hyp building blocks. It was crucial to incorporate a variety of
protective groups into specific positions in this series. In all cases, the carboxylate pendant arms of the
macrocycle had to be protected from interfering during the amide coupling. For this protection, tert-butyl
esters were selected as protective groups labile to TFA, while methyl esters were selected for basic

deprotection. This complementarity of protective groups was necessary for the controlled synthesis of more
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complex molecules. These molecules should consist of two DO3A-hyp building blocks, and the different
protection strategies should enable the combination of different metals in specific positions within such
molecules. The intermediates 6 and 6* were modified in the desired manner to furnish the final chelators
L! and L2, Bu;L!, rBusL?, Fmoc-L!, and Ac-Fmoc-Me;L!' (Figure 38). Synthesis of L!, L% fBusL!,
Bu;L?2, and Fmoc-L! building block started with alkylation of 6 or 6* with zert-butyl bromoacetate. The
protection of acetate by the formation of fert-butyl esters was chosen because of the non-reactivity of this
protecting group in subsequent synthetic steps, such as peptide bond formation. Catalytic hydrogenation
using H,, and Pd/C was used to deprotect the carboxyl and amino groups of the Hyp pendant arm in one
step to yield the building blocks fBusL! and rBusL2. These building blocks were used as a primary scaffold
for the synthesis of tripeptides TP1 and TP2, discussed in the following sections. Further deprotection of
Bu;L! and rBusL? with TFA yielded the building blocks L' and L2. These fully deprotected building blocks
can be used for the preparation of [M(L!)] and [M(L?)] chelates. In these chelates, the coordination of
acetate pendant arms of the macrocycle to metal ions serves as a protective group. This results in their non-
reactivity during the peptide coupling, so only the carboxylate from the Hyp pendant arm is activated during
the synthetic step. Building block fBusL! was also used for the synthesis of Fmoc protected building block
Fmoc-L!. To furnish this building block, ZBusL! was alkylated with Fmoc-Cl and subsequently deprotected
with TFA. Fmoc-L' was designed as a building block suitable for the preparation of [M(Fmoc-L")]
chelates. The Fmoc protecting group is a well-established protecting group used regularly in peptide
synthesis. The [M(L')], [M(L?), and [M(Fmoc-L')] building blocks were synthesized to allow the
incorporation of whole metal chelates into the peptide chain. Ac-Fmoc-Me;L! was employed when it was
advantageous to incorporate the metal in later stages of synthesis. The synthesis of Ac-Fmoc-Me;L! began
by alkylation of precursor 6 with methyl bromoacetate, which introduced methyl ester protected acetates
into the building block. Methyl esters of carboxylic acids are labile to basic conditions and can thus be
orthogonally deprotected in the presence of acid-labile protective groups of fBusL!, fBusL? or they can
survive the acidic conditions used for the deprotection of tert-butyl esters. Protection of hydroxyl on the
proline ring was crucial because elimination of this moiety and the appearance of olefin was observed
during peptide synthesis when the DO3A-Hyp building block was preactivated. The last two steps of Ac-
Fmoc-Me;L! synthesis were catalytic hydrogenation and the introduction of the Fmoc protective group.
The acetyl protection of the hydroxyl of Ac-Fmoc-Me;L! could be easily removed simultaneously with

methyl ester and Fmoc protective groups in basic conditions.
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Figure 38: Synthetic scheme for building blocks L!, L? and their protected variants. Conditions: (i) Cbz-Cl, NaHCO3, H2O/toluene,
RT; (ii) BnBr, TEA, THF; (iii) PPhs, THF, 0 °C followed by DIAD, Mel, 0 °C — RT; (iv) (PhSe)2, EtOH, NaBH4, 0 °C — RT;
(vv) H202, THF, 0 °C — RT; (vi) mCPBA, CHCl3, 85 °C; (vii) cyclen, t-BuOH, 105 °C; (viii) -BuO2CCH2Br, K2COs, MeCN;
(ix) H2, Pd@C, AcOH, MeOH; (x) TFA; (xi) FmocCl, aq. borate/NaOH buffer (pH 9.0), MeCN; (xii) MeO2CCH:2Br, K>COs3,
MeCN; (xiii) Ac20, TEA, DMAP, MeCN. Intermediates in brackets were not isolated. Figure reproduced from ref.!%3

The configuration of L' and L? stereocenters was examined with NMR at the beginning. However,
conclusive results were not obtained from these measurements. Since X-ray crystallography is a robust and
reliable method for the elucidation of molecular structures, it was decided to use it for the elucidation of
configurations on L! and L? stereocenters. For this reason, crystals of [Dy(L")] and [Dy(L?)] were prepared
and subjected to X-ray crystallography. X-ray crystallography surprisingly revealed that the structures of
[Dy(L")] and [Dy(L?)] were different from what was originally expected from the retrosynthetic design in
Figure 34. This discovery was followed by a subsequent search for a mechanism (discussed above in Figure
37) that would explain the obtained structures. Elucidated structures of [Dy(L")] and [Dy(L?)] are shown
in Figure 39. In both cases, the Hyp moiety is coordinated to dysprosium by carboxylate, and the hydroxyl

of this moiety is uncoordinated.
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Figure 39: Crystal structures of [Dy(L')] and [Dy(L?)]. In both structures, the proline ring is coordinated to metal center by
carboxylate. A Stereo configuration on [Dy(L")] proline ring is 2R,3S,4S. B Stereo configuration on [Dy(L?)] proline ring is
2S,3R.4S. [Dy(L")] chelate occupies AMMA square antiprismatic (SA) conformation while [Dy(L?)] occupies A3388 twisted square

antiprismatic (TSA) conformation. Figure reproduced from ref.!%

3.1.5.4 Tripeptides TP1, TP2

The building blocks presented in this work allow the preparation of compounds in which multiple different
lanthanide ions can be placed at specific positions in the peptide chain in a controlled manner. Thanks to
the amino acid nature of these building blocks, a modular approach to the synthesis can be implemented. It
is possible to synthesize bimetallic tripeptides this way. To demonstrate the synthetic capabilities of the
presented building blocks, TP1 and TP2 tripeptides were synthesized. The building blocks from the DO3A-
Hyp family provide a short and rigid connection of metals M! and M? in M'M2-TP1 and M'M>-TP2
compounds. The main synthetic pathways to obtain these compounds are shown in Figure 40. Synthetic
route A uses the fBusL! as a basic building block to synthesize intermediate I. For this reaction, the amino
acid Fmoc-Phe{p-CF3}-OH was pre-activated with the coupling reagent PyAOP ((7-azabenzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate)) in DMSO and in the presence of DIPEA. The
PyAOP coupling reagent was selected as the best performing from the screening of other coupling reagents,
HATU, COMU, HCTU, DMMTM, EEDQ, and TCFH. Screening of coupling reagents was necessary
because the DO3A-Hyp building blocks are proline-based and bulky, and therefore reactions do not proceed
as readily as with commonly used building blocks. The PyAOP coupling reagent was successfully
employed in all peptide couplings within this work. The intermediate I was provided after Fmoc was
deprotected. At this stage, it was necessary to add a second building block that would allow incorporation
of the second metal ion. For controlled synthesis of such bimetallic complexes, it was necessary to introduce
building blocks that would be orthogonally protected to the fBusL!. For this purpose, the base-labile

protected Ac-Fmoc-MesL! building block was introduced. The reaction of intermediate I with the building
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block Ac-Fmoc-Me;sL!, followed by TFA deprotection, produced intermediate II. In this intermediate, one
position was available for complexation of metal ion M2 The metal ion was complexed and, following
basic deprotection, furnished the mono-metalated intermediate M?-TP1. This intermediate already has one
position filled with metal ion M2, but the other position is accessible for controlled incorporation of metal
M. The route A was successfully used to synthesize a tripeptide consisting of two rigidly connected metals
to the central amino acid Phe{p-CF3}. Fully deprotected TP1 with two vacant positions for complexation
was synthesized by following the synthetic path described in route B. This route started similarly to route
A, but instead of the first complexation step, the intermediate II was fully deprotected. Route C, leading to
M!M2-TP2 compounds, follows the same synthetic steps as route A with the difference that fBusL? is
employed as a starting building block instead of fBusL!. This building block is streochemically distinct
from fBusL! and was used to investigate how this structural change would affect properties in M'M2-TP2
in comparison to M'M2-TP1.
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Figure 40: Main synthetic ways to M'M2-TP1 and M'M2-TP2 compounds. A Primary synthetic route to M'M?-TP1 utilizing
subsequential complexation steps. B The synthetic route for TP1 used in the preparation of statistical mixtures. C Primary synthetic
route to M!M2-TP2 utilizing subsequential complexation steps. Conditions: (i) Fmoc-Phe {p-CF3}-OH, PyAOP, DIPEA, DMSO
followed by DBU, DMF; (ii) Ac-Fmoc-MesL!, PyAOP, DIPEA, DMSO followed by TFA; (iii) M*Cl3, aq. MOPS/NaOH (pH 7.0)
followed by LiOH, H20, MeOH; (iv) M!Cls, ag. MOPS/NaOH (pH 7.0); (v) LiOH, H20, MeOH; (vi) M!Cls, M?Cl3, aq.
MOPS/NaOH (pH 7.0). Figure reproduced from ref.!%

Building blocks [M(L")] and [M(Fmoc-L')] were designed and synthesized for direct incorporation of
whole metal chelates into the peptide chain. To probe and demonstrate the capability of this approach,
synthesis of HoDy-TP1 and DyHo-TP1 was performed (Figure 41). Dysprosium or holmium complexes
of [M(L")] and [M(Fmoc-L")] were prepared and used to build the desired molecules with Phe{p-CF3}-
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OBn as a central amino acid. Firstly, the reaction between [M(Fmoc-L")] and Phe{p-CF3}-OBn was done
at an elevated temperature. This reaction provided intermediate M'-IV, which, after deprotection of
carboxylic acid by catalytic hydrogenation, furnished intermediate M'-V. The intermediate was then
reacted with another metal chelate building block [M?(L')]. This reaction provided the Fmoc protected
intermediate Fmoc-M'M?-TP1. After deprotection, the final M"M?-TP1 compounds were obtained. To our
best knowledge, this is the only example where whole chelates were used as an amino acid for the
construction of such a rigid bimetallic system. Nevertheless, it should be noted that this synthetic route

provided the desired products at a lower yield than the synthetic route A (Figure 40).
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Figure 41: Synthesis of DyHo-TP1 and HoDy-TP1 using whole metal chelates. Conditions: (i) M'Cl3, aqg. MOPS/NaOH (pH 7.0);
(i) H-Phe{p-CF3}-OBn, PyAOP, DIPEA, DMSO, 80 °C; (iii) H2, Pd@C, MeOH; (iv) [M?%(L")], PyAOP, DIPEA, DMSO; (v)
DBU, DMF. Figure reproduced from ref.!%

The explanation of the surprising reactivity of the metal chelates [M(Fmoc-L')] and [M(L")] during amide
bond formation could be in the change of their coordination environment. The expected mechanism is
described by the example [M(L")] (Figure 42). It is presumed that the chelate [M(L')] adopts in solution
structure where the Hyp pendant arm is coordinated to the metal ion by carboxylate (Figure 42A). The
coordination environment of the metal chelate has to change in order to let the amide coupling reaction

proceed (Figure 42B). The amide bond formation is allowed because of the transient coordination of the
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hydroxyl, which opens the way to the carboxylate modification. (Figure 42C). After the reaction, the

coordination environment returns to a more thermodynamically stable state. (Figure 42D).
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Figure 42: The proposed mechanism of [M(L!)] coordination state change that allows peptide coupling. A In solution, the Hyp
pendant arm is presumably coordinated by a carboxylic moiety. B In order for the peptide coupling to occur, the equilibrium must
shift to favor coordination via the hydroxyl moiety. C Amide coupling is allowed in this state of coordination. D The equilibrium

returns to coordination via the carbonyl moiety. Figure reproduced from ref.!%

3.1.6 Control compounds

M'M2-TP3 tripeptides composed of two DOTA-K terminal units and Phe {p-CF3} central amino acid were
synthesized to verify the importance of rigidity in the design of the presented DO3A-Hyp building blocks.
DOTA-K was selected as a suitable building block for this purpose as it contains a long flexible chain. This
building block has very similar properties (kinetic inertness, possibility of connecting multiple units in the
peptide sequence). DOTA-K is also a good example of the state of the art, as it has been previously used
in multiple examples for the incorporation of lanthanides into peptides. The synthetic sequence leading to

M'M2-TP3 tripeptides is shown in Figure 43.
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Figure 43: Synthesis of control tripeptides M'M2-TP3 based on DOTA-K. A Synthesis of building block Fmoc-MesDOTA-K. B
Synthesis of building block Phe{p-CF3}-tBusDOTA-K. C Synthesis of M'M2-TP3 tripeptides. Conditions: (i) tert-butyl (4-
nitrophenyl) carbonate, DCM; (ii)) MeO2CCH:Br, K2COs3, MeCN; (iii) TFA; (iv) -BuO2CCH:Br, K2COs3;, MeCN; (v) H-
Lys(Fmoc)-OH, PyAOP, DIPEA, DMSO; (vi) LiOH, MeOH, H2O; (vii) DBU, DMF; (viii) Fmoc-Phe{p-CF3}-OH, PyAOP,
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Intermediates in brackets were not isolated. Figure reproduced from ref.'%
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3.1.7 Use case — Paramagnetically encoded molecules

A use case was investigated to demonstrate the unique properties of DO3A-Hyp building blocks. These
building blocks allow the synthesis of complex molecules with closely and rigidly embedded metal chelates
in the peptide backbone. A building block that would allow such precise control of the position of multiple
metals in a single molecule has not yet been synthesized. And as it turns out, this feature can be
advantageously used to create molecules, where the order of metals represents a form of information.
Information that can be read spectroscopically. This attribute opens the possibility of using these molecules
as molecular barcodes or probes for magnetic resonance imaging. Presented here are TP1, TP2 systems
based on L! and L? building blocks that allow the combination of two paramagnetic metals, M! and M2,
Because these metals are paramagnetic, they exhibit magnetic susceptibility tensors that can be combined
due to the precise incorporation of the metals enabled by controlled synthesis. These magnetic susceptibility
tensors can then be used to manipulate the '’F NMR shift of the CF; reporter group, which is located on the
middle amino acid so that it can sense the magnetic tensors from both metals (Figure 40). This approach
can therefore yield a unique signal for each metal combination observable in '’F NMR. Because of the
mentioned properties, these molecules can be used to store information that can only be read by NMR. We
have termed this information storage paramagnetic encoding. To investigate this idea of paramagnetic
encoding, the previously synthesized tripeptides TP1 and TP2 were used. The main synthetic routes to

obtain these paramagnetically encoded molecules were discussed in Section 3.1.5.4 Tripeptides TP1, TP2.

The possibilities of paramagnetic encoding of molecules were initially investigated on the M'M2-TP1
compound library. The TP1 tripeptide was used for rapid and efficient screening of a large number of M!
and M? combinations. This system allows the preparation of statistical mixtures of binuclear complexes by
mixing TP1 with an equimolar mixture of aqueous solutions of selected metals. Twenty-one statistical
mixtures of these binuclear complexes were prepared and subsequently subjected to '°F NMR spectroscopy.
In all cases, four clearly distinguishable peaks in the '"F NMR spectra were observed (Figure 44A and
Figure 45). These results confirm that a system such as TP1 provides a rigid, well-defined metal ion
incorporation and thus even structural isomers such as HoDy-TP1 and DyHo-TP1 can be clearly
distinguished (Figure 44A). All the Dy/Ho-TP1 combinations were synthesized to assign each of the four
individual combinations (Figure 44B). The combination of dysprosium and holmium was chosen due to
their matching intensity and spacing of the individual peaks. Interestingly, the assignment of individual
combinations revealed that the most distant peaks correspond to the structural isomers of HoDy-TP1 and
DyHo-TP1. While this combination would be illegible by other instruments such as MS or luminescence
spectroscopy, paramagnetic encoding provides two clearly identifiable signals. To see whether the presence

of stereochemically different L? would result in distinct signals, Dy/Ho combinations of TP2 were
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synthesized. Indeed, '’F NMR spectroscopy of Dy/Ho-TP2 molecules revealed four unique signals that
utterly differed from the signals of Ho/Dy-TP1 (Figure 44C). The control experiment if paramagnetic
encoding is possible with other building blocks such as DOTA-K has been investigated. Tripeptide TP3
consisting of two terminal DOTA-K units bridged by Phe{p-CF3} amino acid residue was synthesized.
Dy/Ho combinations of this tripeptide were prepared in the same manner as previous examples. '’F NMR
spectroscopy of these control compounds revealed that signals are overlapping and split, possibly as a result
of conformation averaging (Figure 44D). A high number of conformations is allowed by the excessively
flexible lysine linker in the DOTA-K building block. This experiment proved that such flexible molecular

scaffolds cannot be effectively used for the synthesis of paramagnetically encoded molecules.
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can be observed in all of the '°F NMR spectra except the Dy/Tm example. Figure reproduced from ref.!%
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3.1.7.1 Paramagnetic encoding by multiplexing

Multiplexing is a method of information encoding by preparing mixtures that can be read as codes. These

mixtures are prepared by the combination of elements. If two elements a and b are used, three unique codes

are generated: a, b, and ab. This is the case of mass spectroscopy and luminescence, where the positions

of elements cannot be distinguished (Figure 46A). A different situation occurs when the two elements are
combined via paramagnetic encoding, where positional isomers are distinguishable. Therefore, from two
elements a and b, four combinations ab, bb, aa, and ba can be prepared. These combinations will now be
called codons and will be referred to with capital letters: A, B, C, and D. However, without controlled
synthesis, it would be impossible to prepare the codons and the result would only be 3 codes: a, b, and ab.
Controlled synthesis means control over the precise placement of those elements in the molecule. These
codons can be further combined into unique codes where the presence of a codon corresponds to a value of
1 and its absence corresponds to a value of 0. Fifteen unique codes are produced by a combination of four
A, B, C, and D codons (Figure 46B). This principle was demonstrated with Dy/Ho combinations in TP1.
TP1 acts, in this case, as a platform that is capable of recognizing permutations HoDy, DyDy, HoHo and
DyHo. These four permutations can be later combined into 15 unique combinations readable by '""F NMR
spectroscopy (Figure 46C). Paramagnetic encoding brings the capability of combining two elements in a
codon where their positions are crucial. Four elements in the same codon size (i.e. codon composed of two
elements) result in 65535 unique combinations, which equals to 16-bit coding. In principle, the codon could
be extended by one DO3A-Hyp unit. If this codon of size three would be used with four elements, 1.84x10"
unique codes could be theoretically generated (Figure 46D). The presented approach, multiplexing (mixing
of molecules), was used as a technically convenient solution for the preparation of the codes. However, in
theory, it would also be possible to connect individual codons into one single longer chain. This sequence
of codons could be used for the creation of codes that would carry the same information as codes created
by multiplexing, and thus the entire code could be contained in a single molecule. The DO3A-Hyp building
blocks presented in this work make this synthetically feasible.
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Figure 46: Encoding of information by multiplexing. A When read with mass spectroscopy or luminescence, the combination of
two elements a and b yields only three codes. B Paramagnetic encoding allows two elements to be combined into four
distinguishable codons. These four codons can be combined into 15 unique codes. C An example of multiplexing in the TP1
platform using Ho/Dy permutations. Four codons are multiplexed to produce fifteen unique codes readable by 'F NMR
spectroscopy. D A comparison of paramagnetic encoding to other methods, as well as their capabilities. Figure reproduced from

ref.103

3.1.7.2  Examples of practical information encoding and reading

To prove the capability of paramagnetic encoding in actual encoding and reading of information,
Tb/Dy/Ho/Yb combinations in the TP1 platform were prepared. All the sixteen combinations were
individually synthesized by the route described in Figure 41 A. Divergent combinatorial synthesis was used
to prepare these combinations. First, four molecules M?-TP1 were synthesized, each with one different
metal in the first position, and then four more from each by filling the second position, furnishing the M"M?-
TP1 combinations. Thus, a total of 16 compounds had to be synthesized, purified, and characterized. Both
the preparative HPLC purification and the LC-MS analyses of these molecules showed that they behaved
in a very similar way. This is interesting because it means that positional isomers are very difficult to
distinguish by methods other than NMR. The combinations hence prepared were sufficient for the encoding

of information in a 16-bit system, 16 combinations = 16 bits. The American Standard Code for Information
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Interchange (ASCII) uses a 7-bit system to encode characters. Therefore, it was possible to encode two
characters with the prepared 16 combinations. The encoding of two characters was, however, insufficient
for practical use. Nevertheless, if a multilayer sample could be prepared, the practical usability of this
approach would increase. For this purpose, a sample consisting of readable layers with encoded information
separated by CCly layers was prepared in a capillary. It should be pointed out that this step required
extensive experimentation to achieve the desired effect. The glass capillary thus prepared was sealed with
wax and inserted into the NMR tube containing DO for signal lock (Figure 47A). Two-dimensional Z-
resolved 'F NMR spectroscopy of five layers with encoded information separated by CCly was performed.
TFA was present in each one of the layers as a reference (Figure 47B). It was necessary to link the signals
from the Z-resolved spectrum back to the original combinations of elements for decoding of the
information. Firstly, it was necessary to reference all the signals due to the BMS (bulk magnetic
susceptibility) effect for each layer separately. After this step, it was possible to assign all the signals to the
corresponding combinations (Figure 47C). The presence or absence of a signal corresponded to a 0 or 1
value. All read values were plotted as shown in Figure 47D. A simplification was made since the DyDy-
TP1 and YbTb-TP1 signals were close to each other and their assignment could be difficult. Each character
written in the ASCII code starts with the value 0, so the DyDy-TP1 combination was chosen as the start of
the encoding to simplify the final decoding of the layers. This means that DyDy-TP1 will never be used,
thus eliminating the problem of proximity between DyDy-TP1 and YbTb-TP1 signals. Layers had to be
divided into two sections, each consisting of 7 bits (Figure 47E). Final decoding of the values provided
characters: L, a, n, t, h, a, n, 1, d, and e (Figure 47F, G). This experiment proved that paramagnetic encoding
is capable of information encoding that can be later read and decoded. The encoded word can be used, for

example, as a password, which proves the practical applicability of the presented approach.
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Figure 47: The use case of encoding and reading of information. A Multilayer NMR sample with encoded information in aqueous
mixtures separated by CCls layers prepared in capillary. This sample was sealed with wax and immersed in an NMR tube filled
with D20. B 2D Z-resolved '’F NMR spectroscopy revealed signals in all the five layers with TFA as a reference. C The signals
had to be referenced due to the BMS effect. The referenced signals were then plotted to determine composition of each layer. D
The presence or absence of each compound corresponds to a 0 or 1 value plotted in the table. E DyDy-TP1 was selected as the

beginning of the ASCII coding because of the close proximity of DyDy-TP1 and YbTb-TP1 signals. F Decoding of ASCII

characters encoded in each layer. G The decoding provided the word Lanthanide. Figure reproduced from ref.!%

The presented molecules TP1, TP2 and TP3 possess the trifluoromethyl reporter group and can therefore
be visualized using '°F MRI. MRI allows reading the signal in 3D space and can thus read multiple samples

at once. To demonstrate the parallel reading of paramagnetically encoded information, a 5x7-well plate
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sample was prepared. Selected wells of the plate were filled with solutions containing either one
combination of Ho/Dy elements in the TP1 molecule or a mixture of several of these molecules, while the
rest of the wells were filled with H>O. Each of the individual Ho/Dy-TP1 combinations was prepared in
MOPS buffer with a concentration of 0.36 mM in the well (Figure 48A). The overall '’F MRI spectrum of
the well plate sample shows four distinguishable peaks with intensities corresponding to the representation
of each combination. All the Ho/Dy combinations of TP1 can be clearly assigned (Figure 48B). Using a
chemical shift imaging (CSI) pulse sequence, the selected TP1 combination is visualized. The frequency
of a particular molecule can be selected to display the image that has been drawn into the sample by that
molecule. The letter "C" is read from the well plate when the frequency of HoDy-TP1 is selectively
displayed (Figure 48C). The other letters are read by following the frequency axis of the CSI spectrum,
revealing the final word "CODE" (Figure 48C-F). This is another way paramagnetic encoding of molecules
can be used to encode information. Furthermore, the presented molecular system provides a platform for

the synthesis of fluorine contrast agents with tunable shift.
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corresponding arrow. C-F CSI sequence pulse was used to read the encoded word “CODE”. Figure reproduced from ref.!%?
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3.1.7.3 Conclusion

Within this project, a family of DO3A-Hyp building blocks was designed and synthesized. The reason for
synthesizing these building blocks was the unavailability of molecules that would function as amino acids
while providing a short and rigid metal attachment to the peptide chain. By appropriate choice of
combinations of structural motifs, such properties were achieved in the building blocks presented here.
These blocks combine the chelating properties of DO3A with connectivity brought by the pendant arm
derived from the amino acid hydroxyproline. This amino acid moiety merges the versatility of peptide
combinatorial synthesis with rigid attachment to the vicinity of the peptide chain. Because the controlled
introduction of lanthanides into specific positions requires suitably protected building blocks, these building
blocks had to be precisely decorated with suitable protective groups. The presented building blocks form a
toolbox that offers incorporation of metals into the peptides in several possible ways. The building blocks
were designed in a way that it is possible to incorporate the lanthanides by subsequential complexation or
they can be directly incorporated as whole metal chelates. This diversity in approaches is a result of the
orthogonality in protective groups that these building blocks possess. Tripeptides containing two such
building blocks were synthesized to demonstrate the capabilities of the presented molecules and the need
for their precise molecular design. The paramagnetic binuclear complexes of M!M2-TP1 and M'M-TP2
were used to probe and demonstrate the potential of the presented system. It was demonstrated that the
building blocks allow the combination of magnetic susceptibility tensors of paramagnetic metals in M'M?-
TP1/TP2 tripeptides. The combination of magnetic tensors would not be possible without full control over
the position of the metal in the peptide sequence and without a short and rigid connection of the metal to
the peptide backbone. The magnetic susceptibility tensors were used to manipulate the chemical shift of the
CF; reporter group of these tripeptides, which was observed by '’F NMR spectroscopy. It was shown that
the different stereochemical environments between cases of TP1 and TP2 play a major role in how the
magnetic tensors combine, leading to very diverse '°F NMR signals. Control experiments were done with
the TP3 system, which is based on DOTA-K, to find out if this block produces the same effect. DOTA-K
was found to be unsuitable because the individual signals were split and overlapping due to flexibility of
this molecule. The M'MZ2-TP1 system was also used in practical examples for the encoding and decoding
of information. The information was encoded within a 16-bit system created from Ho/Dy/Th/Tm-TP1
compounds. To decode the information, 2D Z-resolved "’F NMR spectroscopy was used to decipher the
encoded word "Lanthanide". An experiment for parallel information reading was performed on an MRI
scanner to add another practical example of encoding and decoding information using paramagnetic
encoding. In this experiment, Ho/Dy-TP1 combinations in the well plate were used to encode the
information. A CSI pulse sequence was then used to read the encoded four-letter word "CODE". Tripeptide,

TP1, is the first molecular prototype on which the new principle of information storage in molecules and
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their mixtures has been demonstrated, including practical examples. However, the synthetic potential of
DO3A-Hyp is much greater and, in principle, allows more complex molecular constructs to be developed.
There are some limitations that still need to be overcome. For example, the fact that synthesis does not
proceed well in the solid phase, and it would be beneficial to solve this issue. Other isomers that can be
prepared but have not yet been explored could be a possible route to solving this problem. It is envisaged
that the building blocks from the DO3A-Hyp family will find their applications in other fields as well, such

as in the synthesis of therapeutics, diagnostics, and theragnostics.
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3.2 PET/MRI

3.2.1 Author contribution

The author proposed the idea of dual modality PET/MRI bimodal contrast agent, which is presented in this
thesis. The author designed, synthesized, and purified all the compounds that are the content of this part of
the thesis. The author performed measurements for determination of kinetic inertness and relaxivity. The
author performed most of the spectroscopic measurements of the intermediates and their evaluation,
however, the final molecules were measured, and some evaluated by Dr. Martin Dradinsky. ICP-MS
analyses were performed by Mgr. Stanislava Matéjkova and HRMS by MS department of IOCB. The pilot
radiolabeling experiments were done by Dr. Jan Ralis. Radiolabeling experiments were conducted by the
author at WSIC in collaboration with Dr. Jonathan Meyer Cotton. /n vitro and in vivo PET/MRI experiments
were done by Remy Chiaffarelli. Ramona Stremme performed radiosynthesis of a tracer for an in vivo
PET/MRI experiment. Cytotoxicity studies were performed by Remy Chiaffarelli and Dr. Sabrina

Hoffmann.

3.2.2 Introduction

The PET/MRI hybrid technique combines the benefits of both modalities, including MRI's excellent soft
tissue resolution and PET's exceptional sensitivity. Both modalities can benefit from contrast enhancement
provided by contrast agents, where in the case of MRI the enhancement is optional but in the case of PET
it is indispensable. In PET/MRI clinical practice, contrast enhancement is acquired by co-administration of
a mixture composed of GBCA for MRI enhancement and a PET tracer. A combination of MRI contrast
agents that possess different mechanisms of action than PET tracer can provide beneficial information since
two distinct processes can be monitored at the same time. However, there are currently no bimodal
PET/MRI contrast agents in clinical use. Having both modalities in one molecule could be particularly
beneficial for in vivo quantification of the MRI contrast agent. The quantification could play a major role
in the case of responsive MRI contrast agents that can detect various molecular stimuli, but it is impossible
to quantify the observed process because the precise concentration in the tissue is not known. This project
aims at the design and development of a new family of bimodal PET/MRI contrast agents which could open

the door for novel applications of the PET/MRI technique.

As already discussed in Chapter 1.4.3.2, one complication with the preparation of PET/MRI bimodal
contrast agents is that MRI requires for contrast enhancement 10°-10° higher molar amount of contrast agent
than PET. According to this, the MRI contrast component has to be in large excess. This can be done by
mixing a large excess of the non-radioactive (cold) version of the PET/MRI bimodal probe with a fraction

of the hot PET/MRI bimodal probe. The molecules have to be the same, with the only difference in the
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isotopes of nuclei. But the question is how to combine sources of contrast for both MRI and PET in one
molecule while meeting the conditions described above. Several approaches have been tried, such as a
combination of two different metals, gadolinium as an MRI component and a radiometal such as copper-
64 (Figure 28) ¥ or gallium-68 (Figure 29). * Another approach explored the concept of connecting a

fragment bearing radionuclide by click reaction to the metal chelate (Figure 27).%

3.2.2.1 Definition of some terms
It is useful to explain a few terms that are commonly used in the radiochemical practice. Definition of the

terms will be cited from the International Consensus Radiochemistry Nomenclature Guidelines.*?

Radiochemical yield is the amount of activity in the product expressed as the percentage (%) of related
starting activity utilized in the considered process (e.g., synthesis, separation, etc.). The quantity of both
must relate to the same radionuclide and be decay corrected to the same point in time before the calculation

is made.
Molar activity is the measured activity per mole of compound; measured in Bg/mol (GBg/umol).

Specific activity is the measured activity per gram of compound; measured in Bq/g (GBq/ug).

3.2.3 Design considerations

The majority of the clinically used MRI contrast agents are based on gadolinium, and despite the concerns
about toxicity, this type of contrast agents has stood the test of time. Therefore, it was decided that the
bimodal PET/MRI contrast agent would consist of gadolinium chelate. Next, it was necessary to select a
suitable PET radionuclide. Considering the advantages like broad clinical use, widespread production, and
low cost, "*F was selected. Because it is advantageous to incorporate the radionuclide in the last step of
synthesis, it was decided to follow the most straightforward approach of direct radiolabeling of gadolinium
chelate. On account of this, a chelator with suitable properties had to be designed. The chelator had to
provide sufficiently high kinetic inertness of the chelate and it had to allow the incorporation of '*F in the
last step of synthesis. From our previous studies, it is known that the pyridine pendant arm provides

comparable kinetic inertness to acetate with the advantage of possible pyridine ring functionalization.

Nucleophilic heteroaromatic substitution (NAS) on pyridine is facilitated by the presence of nitrogen in the
aromatic system in comparison with a homoaromatic system consisting exclusively of carbon atoms
(benzene). In the case of homoaromatic systems, the NAS has to be facilitated by a combination of a good
leaving group and a strong electron withdrawing moiety. Nitrogen is more electronegative than carbon, and
for that reason, the heteroaromatic system is more electron deficient, thus more electrophilic. This effect is

increased with additional electron withdrawing groups on the pyridine ring. For example, the substituent
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effect in NAS with 2-fluoropyridine was investigated, general scheme of reaction is shown in Figure 49. It
was found that, except for fluorine in position 5 (Table 5, Entry 2) all the electron-withdrawing substituents
increased the substitution rate. When the pyridine ring was substituted with a trifluoromethyl moiety, the

reaction rate increased 3100 fold. **3

@ Et(;erila (J\

Figure 49: General reaction scheme of investigation of substituent effect on NAS with substituted 2-fluropyridines. 3

Table 5: Substitution rates on 2-fluoropyridine with substituents in different positions. 13

Entry Substituent X kel

1 6-EtO 0.078
2 5-F 0.67
3 H 1

4 6-F 56

5 4-F 86

6 3-F 50

7 4-Cl 69

8 3-Cl 75

9 5-CF; 3100

The radio-fluorination on the pyridine ring has been investigated for the synthesis of several pyridine-based
PET tracers, e.g. the nicotinic acetylcholine receptor ligand ['*F] F-A-85380.1* The most common way to
incorporate '*F to pyridine ring is by nucleophilic aromatic substitution. Pyridine with a leaving group in
position 2 was used for the investigation, which leaving group provides the highest radiochemical yield
(Figure 50). Labelling was done by ['*F] KF/Ka,, in DMSO at varying temperatures and reaction times as
shown in Table 6. This study demonstrated that nitro and trimethylammonium leaving groups are

superior to halides in radio-fluorination using '*F.

| XN ["8FIKF /K225 @
—_—
—
N/ X DMSO N 18F
temperature
time

Figure 50: '8F radio-labelling study on pyridine with different leaving groups (X) in position 2. 1
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Table 6: Study of the effect of a leaving group for the '®F radiolabelling of pyridine at position 2. 15

Radiochemical yield (%)

Temperature Substituent Time of reaction (min)
X 5 10 20
Cl, Br, I 0 0 0
120°C NO» 11 76 82
N'Me; 81 87 91
Cl 1 3 23
Br 1 16 25
150°C I 0 0 1
NO> 52 85 92
N"Me; 89 89 90
Cl 11 28 57
Br 56 60 87
180°C I 2 5 19
NO» 77 88 89
N'Me;s 88 91 92

Another study showed the importance of the position of the nitro leaving group on the pyridine in
radiochemical labelling. It was demonstrated that the best results were delivered when the leaving group

was in ortho or para position while meta position was almost non-reactive.'*®

NO 18
(\/\ 2 [FKFKze L
| /J DMSO J
N temperature

time

Figure 51: Investigation of the effect of nitro group position on radiochemical yield in '8F labelling. 16

Table 7: Investigation of the effect of nitro group position on radiochemical yield in '®F labelling. 116

Heating 145°C

Reaction time (min) 0.5 2 5 10 15
ortho 16 60 64 66 38
meta 0 0 0 1 1
para 15 47 52 60 43
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Interestingly, in specific cases, the fluorine atom can undergo isotopic exchange between the isotopes '°F
and '*F. This approach has been employed in the preparation of several PET tracers. Wagner et al. used
fluorine isotopic exchange for the preparation of the 6-['*F]fluoro-L-DOPA that is used in neurologic and
oncologic PET. First, the protected precursor with an electro withdrawing group (formyl) in para position
to fluorine was labelled by "F in isotopic exchange. The labelled precursor was then converted into 6-
['*F]fluoro-L-DOPA through Baeyer-Villiger oxidation with mCPBA followed by HBr hydrolysis (Figure
52).1

\// . wp .

o}
o} 18 o}
! Y i i N i, il ., _NH,
e Phdl g
COOH
o i o
BnO o] \ BnO o) \ OH
NS NS
o o 6-18F-fluoro-L.-DOPA

Figure 52: Radiosynthesis of 6-['*F]fluoro-L-DOPA by fluorine isotopic exchange. i) TBA'SF/TBAHCO3, DMF, 110°C, 8
minutes. ii) mCPBA, CHCl3, 60°C, 20 min. iii) HBr (47%), 150°C, 30 min. ¥’

Another example is the radiosynthesis of 4-['*F]fluoro-L-tryptophan by Weiss et al. Similarly. As in case
of 6-['*F]fluoro-L-DOPA, an electron withdrawing formyl group was introduced to facilitate the
radiolabeling. The "*F <—> F isotopic exchange was performed on the protected precursor, which

subsequently underwent reductive decarbonylation and hydrolysis as shown in Figure 53.18
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Figure 53: Radiosynthesis of 4-['*F]fluoro-L-tryptophan by fluorine isotopic exchange. i) TBA'SF, DMF, 80°C, 15 minutes. ii)

Wilkinson’s catalyst, benzonitrile, microwave heating 100W, 2 min. iii) HCI, 150°C, 30 min. 18

Interesting work was published by Brugarolas et al. **° In this work, 3-['*F]fluoro-4-aminopyridine was
synthesized by direct radiolabeling of the pyridine-N-oxide precursor. This 3-['*F]fluoro-4-aminopyridine
is being investigated as a PET tracer for imaging of demyelination. During the labelling experiments, it was
found that the tracer can be synthesized by '*F <— "’F isotopic exchange. The isotopic exchange proceeded
rapidly and at a moderate temperature (15 minutes at 25°C in DMSO). This result was achieved due to the

presence of two electron withdrawing moieties on the pyridine core, a nitro group, and an N-oxide. By
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oxidation of the pyridine nitrogen to N-oxide, the aromatic ring became electron deficient, which facilitated
the reaction at position 3. After the labelling, the precursor was catalytically hydrogenated to give the

desired PET tracer as shown in Figure 54.1°

0 0
N i N ii N
AN AN AN
F 18F 18F
NO, NO, NH,

3-[*8F]fluoro-4-aminopyridine

Figure 54: Radiosynthesis of 3-['8F]fluoro-4-aminopyridine by fluorine isotopic exchange. i) TBA'®F, DMSO, 25°C, 15 minutes.
ii) Hz (1 atm) Pd/C, MeOH, 25°C, 15 min. 11°

Based on all the presented work, a design in which a cyclen-based macrocyclic chelator is provided with a
single pyridine pendant arm and acetates was selected for the PET/MRI contrast agents family. This
pyridine pendant arm contains a nitro group at ortho or at para position for nucleophilic substitution, where
it is most reactive. To explore the possibility of introducing '*F by isotopic exchange, another series of
molecules carrying pyridine with fluorine in the para position were synthesized. The macrocycle was
further substituted with two (1,7-DO2A-variant) or three acetates (DO3A variant). The DO3A variant was
designed with the intention of serving as perfusion contrast agent, while the DO2A variant was designed to
serve as lactate responsive contrast agent. The mechanism of responsiveness is described in Chapter 1.4.2.4.

General structures of the designed chelators are depicted in Figure 55.

X

X
\ ) )
g% -

O«f—'\{,‘\\ N
oA e 0{ivt#xfo
A A\/N"Gg“w\_
L{.'/N © K/\N'/ o
éje X = NO,, F H
o)

Figure 55: General structures of precursors for the synthesis of PET/MRI bimodal contrast agents.
3.2.4 Results and discussion

3.2.4.1 Synthesis of precursors

For the synthesis of designed chelators, the synthetic route starting from /Bu protected 1,7-DO2A and
DO3A was selected. Precursors, 1,7-tBu-DO2A and tBu-DO3A, were synthesized according to the
procedures described in Chapter 1.3. Suitable alkylating agents had to be prepared to incorporate the

pyridine pendant arm into the macrocycle. Three ways were used for the synthesis of alkylation agents.
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Conversion of substituted picolinic acid to methyl ester, followed by the reduction and transformation of
the hydroxyl moiety to leaving group (Figure 56A). In most cases, the hydroxyl was transformed to
chloride, but in cases where the boiling point of the alkylating agent was an issue, transformation to
mesylate was done. The most straightforward approach, radical bromination, had the main disadvantage of
generating a considerable amount of double brominated side product that lowered the final yield (Figure
56B). The Boekelheide reaction was used, in which oxygen from the N-oxide of pyridine is transferred to
methyl in position 2 on pyridine during rearrangement (Figure 56C). This approach turned out to be very
effective in the case of 2-hydroxymethyl-4-nitropyridine synthesis, where this reaction worked nicely even
on a gram scale.

X
A ( NaBHn ( . soch f/‘
P
MeOH rt. CH Clz rt N

Cl

= NBS, AIBN S
B[] L
N X CCly, 90°C N X

X X X X X
mCPBA TFAA Na,CO; SOCl,
C == _—— = _—— == —_— == _— =
| P CHCla, r.t. |+/ CH,Cly, rt. ‘ P 0. _CFs Hz0, rt. | _ OH r.t., CH,Cl,, DMF ‘ _ cl
N N N \n/ N N
|
o 0
X=NO,, F

Figure 56: Synthetic routes used for the preparation of the alkylating agents. A Reduction of picolinic methyl ester to

hydroxymethyl with subsequent transformation to chloride. B Radical bromination of methylpyridine. C The Boekelheide reaction.
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After obtaining the alkylating reagents, these reagents were used to alkylate the Bu-protected chelators.
The TFA deprotection of /Bu protecting groups from acetates yielded the desired chelators, which were

later complexed with gadolinium in buffered solution (Figure 57).
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Figure 57: Synthetic routes leading to precursors of PET/MRI bimodal contrast agents. i) tBuDO3A*HBr, K2CO3, MeCN ii) 1,7-
tBuDO2A, K2CO3, MeCN iii) 1) TFA 2) GdCls, MOPS buffer (0.5M, pH=7).

The substituents on the pyridine pendant arm were selected for specific reasons, which are discussed in the
following text (Figure 58). Nitro derivatives were selected as precursors for nucleophilic aromatic
substitution by '8F- to furnish the desired PET/MRI bimodal contrast agents [GA(**FL')] and [Gd(**FL?)]
shown in Figure 58. The advantage of employing these precursors carrying the nitro leaving group on the
pyridine pendant arm is an option to test the labelling conditions with cold "’F~. As was discussed in the
introduction, pyridines with a leaving group in ortho or para position are suitable substrates for nucleophilic
aromatic substitution. A different case occurs with the pyridine pendant arms bearing fluorine atom. These
molecules [GA(FL')] and [Gd(FL?)] were designed and synthesized to serve not only as cold standards for
target radioactive '*F counterparts, but to have two other important roles. The first role is as the source of
the MRI signal. As was discussed in introduction, the MRI source must be in 10°to 10° molar excess to
PET source in bimodal PET/MRI contrast agent. This requirement can be met by mixing of large excess of
tracer’s cold variant with hot PET/MRI bimodal contrast agent, and [Gd(FL'")] and [Gd(FL?)] were
designed and synthesized for exactly this purpose.
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[Gd(FLY)] [Gd(*8FLY)) [Gd(8FL2)] [Gd(FL2)]

Figure 58: Structures of PET/MRI bimodal contrast agents [GA(**FL")], [Gd('*FL?)] and their non-radioactive counterparts
[GA(FL)], [GA(FL?)]

Second, [GA(FL")] and [GA(FL?)] could be in principle used as substrates for '*F <— "F isotope exchange
to obtain the PET/MRI contrast agents. This approach has been implemented in several syntheses of PET
tracers, as was discussed in the introduction. However, this approach has never been tried in the case of
metal chelates. If this approach succeeds, it will address several issues. Mainly, the preparation of the
bimodal PET/MRI tracer would be simplified because the starting material for synthesis would be a
chemically identical product, only with a different fluorine isotope. Another advantage would be the
minimization of by-products resulting from substitution of the leaving group. However, the main drawback

of this method is that the reaction conditions cannot be tested with non-radioactive material.

3.2.4.2 Finding suitable reaction conditions for the preparation of [(Gd)'* FL']

Initially, a series of gadolinium chelates with pyridine pendant arms substituted with a nitro group in the
ortho or para position was prepared. Nucleophilic aromatic substitutions with non-radioactive '°F~ on the
pyridine ring were performed on this series, as shown in Figure 59 and Table 8. This series served as a
platform that allowed testing of radiolabeling conditions without working with radioactivity for the
selection of the best candidate for subsequent radiolabeling experiments. Tetrabutylammonium fluoride
(TBAF) as a 1M solution in THF was used to introduce fluorine into the pyridine. The reactions were
carried out in a nonpolar aprotic solvent, DMSO, to promote the nucleophilic aromatic substitution.
Interestingly, only in the case of 4-nitropyridine, the reaction took place, and therefore this structural motif

was selected for further experiments.
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TBAF

DMSO, temperature

e}

Figure 59: Screening for suitable structural design for nucleophilic aromatic substitution on the pyridine ring.

Table 8: Screening for suitable structural design for nucleophilic aromatic substitution on the pyridine ring.

Temperature Conversion
Q) (%)
50 0
50 67
75 99

In the next step, a series of lanthanide complexes of ligand NO,L! was prepared, namely: La, Pr, Eu, Tb,

Ho, Tm, and Lu, as shown in Figure 60. These lanthanides were selected to partially cover the lanthanide

series. The purpose was to determine whether there was any dependence between the rate of the fluorination

reaction and its yield on the chelated metal. The series was purified by preparative HPLC using formic acid

as an additive in the mobile phase. Purified complexes were subsequently subjected to fluorine introduction

tests using TBAF in DMSO at 50°C and conversion was analyzed by LC-MS after 30 and 60 minutes as

shown in Figure 61.
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Figure 60: Preparation of a series of [Ln(NO:L")] Ln=La, Pr, Eu, Gd, Tb, Ho, Tm, and Lu complexes to determine their effect on

the fluorination reaction, with the structure of the main hydroxy by-product formed during the fluorination reaction shown in

brackets.
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Figure 61: The graphs depict the percentual composition of reaction mixtures after fluorination with TBAF (3 eq., ¢ =45 nM) in

DMSO at 50°C after 30 and 60 minutes on [Ln(NO2L")] (1 eq., ¢ = 15 mM), where Ln=La, Pr, Eu, Gd, Tb, Ho, Tm, Lu.

From the obtained data, it is apparent that the success of the fluorination reaction has a trend within the
lanthanide series. The reaction proceeds most rapidly with metal complexes from the beginning of the
lanthanide series, i.e., those with a larger ionic radius. In the cases of La, Pr, and Eu, the conversion took
place quantitatively after 30 minutes. The changing ionic radius of the metal through the series is the
probable cause of this effect. At the beginning of the lanthanide series, the radius is largest, and that can
result in increased exposure of the nitro substituted pyridine pendant arm. However, isomerism of the
complexes or loss of coordinated water could be reasons for the observed effect as well. It should be noted
that in all cases, the reaction by-product that possessed the hydroxy pyridine pendant arm (Figure 60) was

also present in a low percentage of the reaction mixture.

3.2.4.3 8F radiolabelling of [GA(NO,L")]

In cooperation with the Nuclear Physics Institute of the CAS (Dr. Jan Rali§), pilot radiolabelling
experiments of [GA(NO:L")] were performed. These pilot experiments confirmed that our proposed method
of direct radiolabelling of gadolinium chelates with '*F- is feasible. Subsequently, a cooperation with WSIC
(Werner Siemens Imaging Centre) was established to further develop this project, as WSIC is equipped
with a PET/MRI scanner. After preliminary experiments, it was necessary to optimize the conditions with
a focus on high radiochemical yield while maintaining the content of impurities as low as possible. These
optimizations were initially carried out in collaboration with Dr. Jonathan Cotton of WSIC. Conditions that
provided the purest reaction mixture with the highest conversion of 91% are listed in Table 9, entry 11.
Most of the reactions were carried out in DMSO, but acetonitrile is also a suitable solvent, as shown in
Table 9, entry 2. This proved to be important when radiosynthesis was performed on an automated

radiosynthesis module (GE FX N), which is discussed later. Increased temperature gave a higher

83



radiochemical yield (compare entry 1 and entry 8, Table 9). Radiochemical yield was also better with longer

reaction time (compare entry 1 and entry 3, Table 9). Reactions were carried out with an increased amount

of precursor (Table 9, entries 4 and 14) with acceptable results.

TBA'F

e
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temperature

time

Figure 62: Schematic depiction of '*F radio-labelling of [GA(NO:L")].

Table 9: Optimization of radiolabeling conditions with the precursor [GA(NO:zL")]. All reactions were carried out in dry solvents.

The amount of precursor used was 1 mg unless otherwise stated. TBAF was used as a 1M solution in dry THF. Unless otherwise

stated, QMA (quaternary methyl ammonium) stationary phase was used for '8F- absorption in all cases. A 1/1 MeCN/H20 mixture

was used as the solvent for the elution of '®F- with TBAHCO; to produce TBA'SF.

stationary
[Gd(NO,LY)] [[Gd(NO,L)] phase/cond Tempera conversion
Reaction |ekv.(amount)| c(mmol) |TBAF ekv.| itioning Eluent | Solvents| ture °C |Time min| RCY % %
Entry 1 1 14.35 3 NaHCO; TBAHCO; [ DMSO 90 15 25 65
Entry 2 1 14.35 3 NaHCO;3 TBAHCO; | MeCN 90 5 23 52
Entry 3 1 14.35 3 NaHCO; TBAHCO; | DMSO 90 5 20 69
Entry 4 1(6mg) 26.77 3 NaHCO; | TBAHCO, | DMSO 90 5 20 72
Entry 5 1(1.9mg) 97.74 3 NaHCO; TBAHCO; [ DMSO 90 5 20 76
Entry 6 1 14.35 3 CB PSHCO; | TBAHCO; | DMSO 90 5 17 71
Entry 7 1 14.35 3 NaHCO; | K,,,HCO; | DMSO 90 5 17 82
Entry 8 1 14.35 3 NaHCO; TBAHCO; [ DMSO 50 15 16 19
Entry 9 1 14.35 3 NaHCO; TBAHCO; [ DMSO 90 15 15 75
Entry 10 1 14.35 0 NaHCO; | K,,,HCO; | DMSO 90 5 15 n/a
Entry 11 1(3.4mg) 36.70 3 KOTf TBAOT * DMSO 90 5 15 91
Entry 12 1(3mg) 14.35 3 NaHCO;4 TBAHCO; | DMSO 90 5 11 74
Entry 13 1 14.35 3 NaHCO; TBAHCO; | DMSO 50 15 10 65
Entry 14 1(10mg) 88.94 3 NaHCO; | TBAHCO,; | Mixture 90 5 9 47
Entry 15 1(3mg) 35.44 6 NaHCO; TBAHCO; [ DMSO 90 5 6 57
Entry 16 1 14.35 3 none ** TBAHCO; [ DMSO 90 5 5 62
Entry 17 1 14.35 3 CB PSHCO; | TBAHCO; | DMSO 90 5 5 61

Mixture of solvents in Entry 14 means MeCN/DMSO in ratio 5/1.

* In cases where the KOTf/TBAOT( system was used, methanol was used for the elution of '8F- to produce TBA'®F.

** The stationary phase was not reconditioned but was used as supplied in CO3 cycle.
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3.2.4.4 Optimization of [Gd(FL")] labelling

Table 9 shows that the nucleophilic aromatic substitutions with the precursor [Gd(NO,L")] provided good
radiochemical yields, but the purity of the resulting mixtures was not ideal because the by-products formed
in the reaction had similar retention times to the product. Consequently, the possibility of isotopic fluorine
substitution to [GA(FL')] was investigated in a series of radiolabeling experiments. The results of these
experiments are shown in Table 10. These experiments demonstrated that isotopic exchange of "*F<—>"F
is possible. In addition, this approach lead to the similar conversion as the best result for [Gd(NO,L")] and
the by-products of the reaction had a significantly different retention time from the product which simplified
the final purification. This is the case shown in Table 10, entry 1, where a combination of KOTf and
TBAOTT was used. This optimized system was later used for the synthesis of high radioactivity samples

that were used for in vivo experiments.

O
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Figure 63: Schematic representation of the '8F<—1°F isotopic exchange reaction on the precursor [GA(FLY)].

Table 10: Optimization of radiolabeling conditions with the precursor [Gd(FL')]. All reactions were carried out in dry solvents.
The amount of precursor used was 1 mg unless otherwise stated. TBAF was used as a 1M solution in dry THF. Unless otherwise
stated, QMA (quaternary methyl ammonium) stationary phase was used for '8F- absorption in all cases. A 1/1 MeCN/H20 mixture
was used as the solvent for the elution of '*F- with TBAHCO:3 to produce TBA'SF.

stationary
[GA(FLY)] | [Gd(FL1)] phase/con Tempera conversion
Reaction | ekv.(amount) | c (mmol) |TBAF ekv.| ditioning | Eluent [Solvents| ture °C [Time min| RCY % %
Entry 1 1(3.6mg) 40.82 2.5 KOTf TBAOTf* | DMSO 90 5 15 90
Entry 2 1 14.35 3 NaHCO; |TBAHCO;| DMSO 90 5 15 84
Entry 3 1 14.35 3 CB PSHCO3 [ TBAHCO3;| DMSO 90 5 13 91
Entry 4 1 14.35 3 NaHCO; |TBAHCO;| DMSO 90 5 11 81
Entry 5 1 14.35 0 NaHCO; |TBAHCO;| DMSO 90 5 6 38

* In cases where the KOTf/TBAOTT system was used, methanol was used for the elution of '8F- to produce TBA'SF.

3.2.4.5 Automated radiolabeling performed on radiosynthesis module
Initially, the labelling experiments were performed manually due to the ease of rapid testing of various

reaction conditions. After finding the most suitable conditions, automated radio-synthesis was performed
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using a programmable module. This module permits working with high doses of radioactivity and allows a
subsequent purification. This whole process produces a purified, labelled product. The automated
radiosynthesis module (GE FX N) consists of a lead cell (Figure 64A), where actual radiosynthesis and
separation are done. Computer that allows the user to program the sequence (Figure 64B) and two-channel
HPLC pump for chromatographic separation (Figure 64C) is part of the module. Several vials with a volume
varying from 1 ml to 5 ml are present in the lead cell, as is depicted in Figure 65. Reaction volumes of the
used solvents had to be upscaled due to the higher volumes of module vials. Following several rounds of
optimization, it was discovered that a mixture of DMSO and acetonitrile produced the best results.
Therefore, a mixture composed of 600 pL acetonitrile and 120 pL. of DMSO was used for radiolabeling.
The low content of DMSO is necessary for the rapid evaporation of the solvent after the reaction. Even a
small volume of the residual DMSO can lead to a stretched-out peak of free '*F~ which can interfere with
the peak of the radiolabeled product during HPLC purification. Pilot radiosynthesis experiments using the
module were performed with a QMA cartridge preconditioned with NaHCOs. In this setup, TBAHCO;3 in
a MeCN/H,O mixture was used for the '*F elution. However, during further optimizations, it was found
that the best results were achieved with QMA cartridges preconditioned with KOTf and TBAOTf "*F-
elution in anhydrous MeOH.
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Figure 64: Automated radiosynthesis module (GE FX N). A The chamber in which radiosynthesis is performed is shielded by a
heavy lead door. B Radioactive labelling and purification is controlled by a software interface. C The reaction vessel of the module

is connected to the HPLC system so that the radiolabeled product can be purified immediately after synthesis.
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TRACERIab FX gpg

Figure 65: Demonstration of the program used for radiosynthesis and purification on the automated module. A As can be seen,
vials of different volumes can be used to load the starting materials. B The reaction is carried out in the reactor under the selected

conditions. C The radiolabeled product can then be purified on the HPLC.

The separation of radiolabeled product was carried out in 3% aqueous ethanol. Ethanol was selected as a
less polar component of the eluent since it is less toxic to living organisms in comparison to other options
such as methanol. The aluminum cartridge was incorporated into the system before the HPLC column for
the removal of the free '*F. Fractions had to be collected manually and afterwards were measured in dose
calibrator to determine activity of the product. After a series of optimizations, a product with an activity of
1340 MBq was obtained. This activity is equivalent to the usual imaging dose for more than 5 patients when
BE_FDG is used. ?° A sample of the product was taken for HPLC analysis as well. It can be seen from the
chromatogram in Figure 66 that only one radioactive product is present and the purity of the sample in the
UV detector at 254 nm is very high (97%). These results show that the synthesis can be used for clinically

relevant scales.

88



Gamma
UV 254 nm

VAN

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
05 10 15 20 25 3.0 35 40 45 50 55 0 65 70 75 80 85 9.0 95 10.0 10.5 11.0 11,5 12.0 12,5 13.0 13.5 14.0 145
Retention time (min)

Figure 66: Chromatograms of the product consisting of labelled [GA(*®FL")] and non-radioactive [GA(FL')] after automated
radiochemical synthesis on the module. The chromatogram (blue) from the gamma detector shows that the radioactivity is
concentrated only in the product and that the free '8F- peak is not present. The chromatogram from the UV detection at 254 nm

(black) shows the presence of a single product.

3.2.4.6 Invitro studies of physio-chemical properties
In addition to radiolabeling experiments to obtain [GA(**FL")] and [Gd(*®FL?)], physio-chemical properties
of their non-radioactive counterparts [Gd(FL')] and [Gd(FL?)] were determined. The results of these

measurements are discussed in the following text.
Kinetic inertness

The kinetic inertness of [Gd(FL')] and [Gd(FL?)] was tested using acid-assisted decomplexation with HCI
(0.1M). As a reference, Magnevist®, gadolinium-DTPA (diethylenetriaminepentaacetic acid), a clinically
used contrast agent, was used. All complexes were used as 1 mM solutions with a volume of 150 pL and
incubated at 37 °C. Solution of GdCI; (1mM) in HCI (0.1M) was used as an example of fully released
gadolinium from chelate. During decomplexation, the gadolinium ion leaves the complex and becomes
fully solvated. The longitudinal relaxation time 7' of the sample decreases during this process, since the
solvated gadolinium shortens 7' relaxation time to a greater degree than the chelated. The reaction reaches
equilibrium when the complex is fully decomposed, and all the gadolinium is solvated. The relaxation time
T does not change in this equilibrium state. The 7; relaxation time values were determined on a relaxometer
(minispec mq20 NMR analyzer from Bruker) at 37°C and a field strength of 0.47 T. For comparison
purposes, the stabilities were compared in paramagnetic relaxation rate: Rip, = 1/ Ti - 1/T14. The longitudinal
relaxation time of the HCI (0.1M) corresponds to 714. A slow increase of R, values can be observed in the

case of [GA(FL")] during the measurement, which suggests that the complex is slowly decomposed (Figure
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67, top graph). Over a 259-minute period, the Ry, value of [Gd(FL')] increased by 12%. In the case of
[GA(FL?)], the Ri, value increased more rapidly, and the reaction reached equilibrium after 54 minutes.
The results show that [GA(FL?)] is less kinetically inert than [GA(FL')], which is consistent with
expectations. The decomposition of the chelate was fastest in the case of Magnevist, with no change in the
R, value during the measurements, and therefore it can be assumed that the reaction reached equilibrium
during the first 6 minutes of the measurement. It can be assumed that the complex completely decomposed,
which correlates to the published half-life of Magnevist <5 s in 0.1M HC1.** The samples were remeasured
after 24 hours (Figure 67, bottom graph), giving the same R, values for [GA(FL?)], Magnevist and GdCls,
while the R, value of [GA(FLY)] increased by 49%. Theoretically, the R, value should be the same for all
measured complexes at the moment the system reaches equilibrium, however, as can be seen, there are
slight differences between the equilibrium values of [Gd(FL?)], Magnevist and GdCl;. This can be
explained by an error in sample preparation, as analysis of the samples by ICP-MS revealed differences in
gadolinium concentrations between the samples that reflect the Ri, values obtained. According to the
findings, [GA(FL")] and [Gd(FL?)] are more stable than the clinically used Magnevist and thus suitable for

in vivo applications.
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comparison of kinetic inertness in 0.1M HCI, 4 h
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Figure 67: Comparison of kinetic inertness of [GA(FL')], [Gd(FL?)] and Magnevist by acid-assisted decomplexation in 0.1M HCI
at 37°C by measurement of relaxation rate on a relaxometer. The top graph shows data taken during the first 4 hours of the
experiment and the bottom graph adds a data point after 24 hours. The R1p value should be the same for all measured complexes at
equilibrium but elemental analysis confirmed minor differences in concentrations of the samples (pipetting error) that explain the

difference.
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Relaxivity and number of coordinated water molecules

One of the most important properties of [GA(FL!')] and [Gd(FL?)] as potential contrast agents for PET/MRI
is relaxivity, which is the measure of effectiveness of a compound to act as an MRI contrast agent. For the
relaxivity determination, samples of [Gd(FL')] and [Gd(FL?)] were prepared at 0, 0.2, 0.5, 1, and 2 mM
concentrations in a MOPS/NaOH buffer (50 mM, pH 7.0, 150 uL). The samples thus prepared were used
for the determination of the longitudinal relaxation time 71 values on the relaxometer (minispec mq20 NMR
analyzer from Bruker) at 37°C and 0.47 T. Based on these results, it was possible to determine that the
[GA(FL")] has a relaxivity of 3.43 mM's (Figure 68), which corresponds to the coordination of one water
molecule to the metal. The value of [GA(FL?)] was determined to be 5.33 mM s, which indicates that
more than one water molecule is coordinated to the chelate. Most likely, there is equilibrium between g =
1 and ¢ = 2 species. For comparison, the relaxivity of most clinically used MRI contrast agents at

comparable conditions is within the range 3 — 4 mM's! .1
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Figure 68: The relaxivities of [GA(FL")] and [GA(FL2)] were determined by linear regression of their concentration versus

longitudinal relaxation rate.
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Cell viability assay of [Gd(FL")]

The basic premise of any drug or diagnostic substance is that it will not adversely affect healthy cells. An
assay was performed to compare whether [GA(FL')] of different concentrations would decrease cell
viability. Cytotoxicity of examined substances is expressed as a percentage of viability compared to the
viability of controls. The lower the viability value, the more toxic the substance is. Solutions of [Gd(FL')]
at concentrations of 1 and 10 uM were prepared, and samples of the same concentration were also prepared
from Magnevist. These Magnevist samples served as a standard for clinically used GBCA. The effect of
the samples on cell viability after 6 hours of incubation is shown in Figure 69. Based on the results, it can
be assumed that [Gd(FL')] does not have a significantly greater effect on cell viability than clinically used

Magnevist.
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Figure 69: Measurement of cell viability as metabolic inhibition rate at various concentrations of [Gd(FL')] with Magnevist as a
reference. For this experiment MC-38 cells were used, and the results are reported as mean viability + SEM (standard error of the

mean) of N = 3. More details are given in Chapter 5.2 of the experimental part.

3.2.4.7 Measurement of [Gd('*FL')] PET/MRI phantoms

In Chapters 3.2.4.4 and 3.2.4.5, the reaction conditions were optimized for delivering a sufficiently pure
sample with high activity. The relaxivity was determined in Chapter 3.2.4.6, where it was demonstrated
that [GA(FL")] has a suitable value to serve as a contrast agent for MRI. However, the compound must
provide signal from both modalities simultaneously to meet the requirements of bimodal PET/MRI agent.
The experiment to prove it was conducted. In this experiment, [GA(**FL")] was prepared on the automated

radiosynthesis module (GE FX N) from the precursor [GA(FL')]. Prepared sample was subsequently
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combined with a larger amount of the non-radioactive [GA(FL")] to provide sufficient MRI contrast. From
mixture prepared this way, a series of samples possessing different concentrations (0.05-0.5 mM) were
prepared. Five samples of 0.1 - 0.5 mM Magnevist concentrations were prepared to serve as a standard for
the MRI modality. All the samples were then simultaneously measured on a PET/MRI scanner. Figure 70
shows a separate MRI image and an MRI image overlaid with PET. This experiment demonstrated that it
is possible to observe the contrast signal from PET and MRI simultaneously. Thus, the concept of a dual

PET/MRI contrast agent was confirmed.

T1-weighted MRI PET/MRI
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Figure 70: Validation of the dual contrast agent PET/MRI concept. In the 71-weighted MRI image, decreasing signal enhancement
can be observed in a series of [GA(*¥FL')] samples with concentrations ranging from 0.5 to 0.05 mM. In the [Gd(*®FL!)] sample
series, decreasing intensity can also be observed in the PET signal (color) in the PET/MRI image. The Magnevist samples provided
an enhancement of the MRI signal, while no signal was observed in PET. Samples containing water and PBS buffer provide no

signal in either modality.

3.2.4.8 Lactate-responsive bimodal PET/MRI probe [(Gd)'*FL?]

The molecule [GA(**FL?)] was designed as a PET/MRI responsive contrast agent. The design of its
structure is altered in a way that this molecule lacks one acetate pendant arm compared to [GA(**FL")].
This structure alteration allows replacement of bound water molecules for lactate anion as depicted in
Figure 71. This replacement leads to a decrease in the relaxivity of the complex and thus a reduction in the
MRI signal. Lactate plays an important role in cancer metabolism, where its increased presence signals the

transition of cancer cells to an anaerobic mode of energy acquisition.
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Figure 71: Responsive bimodal PET/MRI contrast agent [Gd('8FL?)] and schematic representation of the lactate anion binding.

This binding causes a decrease in the hydration of the complex and thus a decrease in its relaxivity.

3.2.4.9 Optimization of [Gd(FL?)] labelling

Initially, "*F<—>""F isotopic exchange was planned to perform on [Gd(FL?)] (Figure 72). Same conditions
for radiolabeling of [GA(FL')] were used to label [Gd(FL?)]. However, HPLC analysis revealed two
radiolabeled compounds, but neither had a product retention time. The first peak was assigned to free '*F".
Further analysis determined the identity of the second peak as the radiolabeled free ligand FL? (Figure
73). The loss of metal and the resulting presence of free ligand was due to the lower kinetic inertness of
[GA(FL?)], which was discussed in Chapter 3.2.4.6. Fortunately, dechelatation can be suppressed by
optimizing the reaction conditions. Initially, experiments were carried out using a combination of a QMA
column pretreated with NaHCO; and TBAHCO; (in a HoO/MeCN mixture) for the elution of '*F". It can be
assumed that the leeching of gadolinium from chelate was a result of a combination of two factors. The first
is the lower kinetic inertness of [GA(FL?)], and the second is the formation of insoluble salts from the
TBAHCO; elution solution between Gd(II) and bicarbonate. 2 When this precipitate forms, the

gadolinium complex cannot be restored.

TBA'®F

Figure 72: Scheme of the '®F<—>!F isotopic exchange reaction on the precursor [GA(FL?)].

Table 11: Optimization of radiolabeling conditions with the precursor [GA(FL?)]. All reactions were carried out in dry solvents.

The amount of precursor used was 1 mg unless otherwise stated. TBAF was used as a 1M solution in dry THF. Unless otherwise
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stated, QMA (quaternary methyl ammonium) stationary phase was used for '3F- absorption in all cases. A 1/1 MeCN/H20 mixture

was used as the solvent for the elution of '8F- with TBAHCO:3 to produce TBA'SF.

stationary labeled ligand
[Gd(FL)] | [Gd(FL?)] |phase/cond Tempera ligand conversion | conversion
Reaction | ekv.(amount) | c(mmol) | itioning Eluent | ture°C | RCY% | gamma% % %
Entry 1 1(3mg) 33.06 NaHCO, |TBAHCO,| 120 8 8 51 41
Entry 2 1 14.35 NaHCO; | TBAHCO, 120 0 8 25 75
Entry 3 1(3mg) 33.06 NaHCO; |TBAHCO;| 150 0 6 21 71
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Figure 73: Chromatograms from the first attempts to prepare [(Gd)'®FL?] by 18F<->19F isotopic exchange reactions on the
precursor [(GA)FL?]. In the gamma detector, free '*F- and radiolabeled ligand '8FLs; are visible. In the UV detector at 254 nm, the

free FL? ligand is observed.

3.2.4.10 Optimization of [Gd(NO,L?)] labelling

Precursor [(Gd)NO:L?] was used in further experiments due to the gadolinium leaching previously
discussed. This precursor proved to be superior to [(Gd)FL?] in both radiochemical yield and suppression
of gadolinium loss. The presence of radiolabeled "FL? or unlabeled FL? in the reaction mixture indicated
the decomposition of the gadolinium chelate, and interestingly, the amount of TBAHCOj in the final
reaction mixture was related to the degree of dechelatation. In the reaction (Table 12, entry 7), 5 mg of
TBAHCO; was used for elution of the "*F from the QMA cartridge. In this case, 23% free ligand was
present with 8% of RCY for the ligand, and the overall conversion was 36%. In another reaction (Table 12,

entry 6), 2 mg of TBAHCO; were used instead. This resulted in a better conversion of 50% compared to
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36% in the previous case (Table 12, entry 7). A lower decomplexation rate was also observed, 6% lower
than in the reaction (Table 12, entry 7). Further improvement was observed in the case of (Table 12, entry
5), where just 1 mg of TBAHCO; was used for elution. This approach provided superior conversion of
69%, a radiochemical yield of 17%, and elimination of gadolinium loss, as the presence of free ligand was
not observed. However, 1 mg was not sufficient to elute all '"*F- from QMA cartridge, and therefore another
method had to be implemented. The highest radiochemical yield without dechelatation was achieved using
the KOTf/TBAOT( system (Table 12, entry 1 and 2). Gadolinium dechelatation was suppressed using this
system. However, further experiments need to be carried out because the optimum separation conditions
for complete removal of free '*F from the reaction mixture, as seen in the chromatograms (Figure 75), have

not yet been found.

Figure 74: Scheme of radiochemical labelling of [Gd(NO:2L?)] by nucleophilic aromatic substitution.

Table 12: Optimization of radiolabeling conditions with the precursor [GA(NO:2L2)]. All reactions were carried out in dry solvents.
The amount of precursor used was 1 mg unless otherwise stated. TBAF was used as a 1M solution in dry THF. Unless otherwise
stated, QMA (quaternary methyl ammonium) stationary phase was used for '3F- absorption in all cases. A 1/1 MeCN/H20 mixture
was used as the solvent for the elution of '8F- with TBAHCO3 to produce TBA'®F. In cases where the KOTf/TBAOT( system was

used, methanol was used for the elution of '®F- to produce TBA'®F.

stationary labelled ligand
[Gd(NO,L?)] |[Gd(NO,L?)]| TBAF |phase/cond Tempera| Time |RCY | ligand | conversion | conversion

Reaction |ekv.(amount)| c(mmol) ekv. itioning Eluent [Solvents| ture°C | min % | gamma% % %
Entry 1 1(3mg) 35.21 3 KOTf TBAOTf | DMSO 120 15 | 15 0 74

Entry 2 1(3mg) 35.21 3 KOTf TBAOTf DMSO 120 15 15 0 72

Entry 3 1(3mg) 35.21 3 KOTf TBAOTf DMSO 120 15 18 4 71

Entry 4 1 14.35 3 KOTf TBAOTf DMSO 120 15 14 6 70

Entry 5 1 14.35 3 NaHCO3 | TBAHCO; | DMSO 120 15 17 0 69

Entry 6 1 14.35 3 NaHCO3 | TBAHCO,; | DMSO 120 15 14 8 50 19
Entry 7 1 14.35 3 NaHCO3 | TBAHCO; | DMSO 120 15 11 8 36 23
Entry 8 1 14.35 3 NaHCO3 | TBAHCO; | DMSO 120 15 7 8 31 26
Entry 9 1 14.35 3 NaHCO; | TBAHCO,; [ DMSO 120 15 5 11 30 45
Entry 10 1 14.35 3 CB PSHCO; | TBAHCO; [ DMSO 120 15 9 9 27 33
Entry 11 1(6mg) 62.7 3 NaHCO; | TBAHCO; [ DMSO 120 15 6 9 11 40
Entry 12 1(2.9mg) 33.36 3 K2CO3 TBAHCO; | DMSO 120 15 7 12 0
Entry 13 1(3.2mg) 36.66 3 NaHCO; | TBAHCO; [ DMSO 120 15 0 9 0 54
Entry 14 1 14.35 3 NaHCO3 K222 DMSO 120 15 0 0 0 0
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Figure 75: Chromatograms of a mixture of labelled [Gd(**FL?)] and unlabeled [Gd(FL?)] after manual radiochemical synthesis
from the precursor [GA(NO:L2)]. Compared to the reaction using [GA(FL?)] as precursor (Figure 73), dechelation was suppressed
and no free ligand is observed. However, free 1®F- can be observed in the gamma chromatogram, and its removal yet needs to be

optimized.

3.2.4.11 Lactate recognition with [(Gd)FL?*|

In this experiment, the dependence of paramagnetic relaxation rate (R;,) on lactate concentration (0.5 — 20
mM) was examined as shown in Figure 76. As a control experiment, a series of [(Gd)FL'] samples were
measured in parallel, where coordination is not possible due to the structural nature of this molecule. In the
case of [(Gd)FL'], bidentate coordination of the lactate is not possible because the chelate contains eight
donors and only one position is available for water or another ligand. As can be seen in the Figure 76, the
relaxation rate of [(Gd)FL?] indeed decreases with increasing lactate concentration (Figure 76, black dots),
while the relaxation rate of [(Gd)FL!'] remains almost constant under the same conditions (Figure 76, blue
dots). Data from this experiment suggest that the design of the [(GA)FL?] molecule allows lactate

recognition.
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Figure 76: Dependence of paramagnetic relaxation rate of [GA(FL?)] on increasing lactate concentration. The experiment was

performed at a temperature of 37 °C and a field strength of 0.47 T.

In vitro measurements of physio-chemical parameters of the chelates [(Gd)FL!] and [(Gd)FL?] provided
the results summarized in Table 13.
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Table 13: Summary of physio-chemical parameters of [(Gd)FL'] and [(Gd)FL?|

Kinetic inertness

Relaxivity and number of

coordinated water molecules

Cytotoxicity test

Responsiveness to lactate

[((GA)FL']

Kinetic inertness measurements
under acidic conditions showed
that [(Gd)FL'] was significantly
more stable than the clinically
used Magnevist and [(Gd)FL?].
The relaxivity for [(Gd)FL!]
was determined to be 3.43 mM"
's”!, this value corresponds to

one coordinated water molecule.

The [GA(FL')] has no greater
effect on cell viability than
clinically used Magnevist.

The [(GdA)FL!] doesn’t respond

to the presence of lactate.

3.2.4.12 Invivo [Gd("*FL")] imaging

[(Gd)FL?]
Kinetic inertness of [(Gd)FL?]
is more stable than the clinically

used Magnevist.

The relaxivity of [(Gd)FL!] is
5.33 mM's™!, this value
corresponds to more than one
coordinated water molecule.
Most likely an equilibrium
between g = 1 and g = 2 species.

Data not available.

The [(GA)FL?]  recognizes

presence of lactate.

Optimized radiochemical synthesis and positive conclusions gained from physio-chemical measurements

paved the way for in vivo imaging with [GA(*®FL")]. Study to investigate the behavior of the PET/MRI

bimodal contrast agent [GA(**FL")] in live mice was made possible thanks to the collaboration with WSIC.

The MRI imaging was performed using the DCE-MRI technique, which is suitable for temporal and spatial

observation of changing contrast agent concentration across the tissue. It is also very valuable in perfusion

studies, where it is used to correlate the functionality of an organ with its anatomy. *? In the first row of

Figure 77, the DCE-MRI images show that the contrast agent is rapidly excreted by the kidneys. In the

middle row of images, we can observe the PET signal, which also clearly shows that the contrast agent first

accumulates in the kidneys, from where it is subsequently excreted into the bladder. This observation

supports the assumption that the primary route of excretion is through the kidneys into the bladder.

Simultaneous images from both modalities are shown in the bottom row.
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Figure 77: Images from in vivo application of [GA(*®FL")] in mice. The top row of images shows (from left to right) MRI contrast

before injection, during injection, 10 minutes after injection, and then 60 minutes after injection. The PET signal (color) is shown
in the middle row of images at the same time points as the DCE-MRI. In the bottom row of images, the PET signal (color) is
superimposed over the MRI signal (gray), also at the same time points. The contrast enhancement in the MRI and PET is delivered

and acquired simultaneously. Kidneys are marked with dashed ovals.
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3.2.5 PET/MRI: Conclusions

This part of the work focused on the design and synthesis of low-molecular weight bimodal contrast agents
for PET/MRI, complexes [GA(*®FL')] and [Gd(**FL?)]. Gadolinium complexes of DO2A and DO3A
structural motifs with functionalized pyridine pendant arms were selected as precursors. In the search for a
suitable pyridine leaving group that would allow direct incorporation of '*F, the nitro group at the para
position proved to be the most suitable. Based on these findings, the precursors [GdA(NO,L")] and
[GA(NO:L?)| were synthesized. The compounds [Gd(FL')] and [Gd(FL?)] were synthesized as cold
standards and precursors for '"F<—>'®F isotopic exchange. Preliminary radiolabeling experiments in
collaboration with the Nuclear Physics Institute of the CAS have yielded encouraging results. Based on
these results, a collaboration with the Werner Siemens Imaging Center was established to further explore
the properties of the compounds on the PET/MRI scanner. In the course of this collaboration, the
radiolabeling of [GA(NO:L")] was optimized and the procedure for "F<—>'°F isotope exchange on the
precursor [GA(FLY)] was also developed. In the next step, the radiolabeling was further optimized on an
automated radiosynthesis module to achieve sufficient radioactivity for in vivo experiments. This
optimization delivered a sample with sufficient activity to theoretically carry out scans of five patients.
Simultaneous acquisition of MRI and PET signals from in vifro experiment on a combined PET/MRI
scanner confirmed the validity of the presented concept. Several physicochemical properties of [Gd(FL")]
and [Gd(FL?)] were measured before initiating in vivo experiments. Relaxivity, kinetic inertness, and cell
viability assay yielded results validating the suitability for further in vivo experiments in mice, and therefore
experiments with three mice were conducted. Dynamic contrast enhancement MRI and PET imaging on
the PET/MRI scanner showed, how the dual contrast agent is first localized in the kidneys and then excreted
into the bladder, which confirmed the initial assumption that this substance would be rapidly excreted
primarily in the urine. By obtaining signals from both the MRI and PET modalities, the suitability of
[GA(®FLY)] as a bimodal perfusion PET/MRI contrast agent was confirmed. Radiolabeling experiments
were also carried out with [Gd(*®FL?)], a lactate-responsive contrast agent. Experiments with [Gd(**FL?)]
have provided very good a¢conversion and reasonable radiochemical yields, however, complete removal
of free '8F has not been achieved and the separation conditions yet need to be optimized. Measurements
were carried out to demonstrate the ability of [Gd(FL?)] as a lactate-responsive contrast agent. These
measurements confirmed the responsiveness of the molecule, as it was observed that relaxivity decreased
with increasing lactate concentration. In summary, two new bimodal contrast agents for PET/MRI were
designed, synthesized, and their physicochemical properties were tested in vitro. One of these contrast
agents, a perfusion agent [GA(*®FL")], was even tested in vivo. It can be expected that the results obtained

in this project will pave the way for a new type of dual contrast agents for PET/MRI.
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4 CONCLUSIONS

The presented work covers two topics: DO3A-Hyp building blocks and bimodal PET/MRI contrast agents.
The unifying theme that runs through both parts could be described as an effort to develop chelators with
additional beneficial functions. With this in mind, the DO3A-Hyp family of building blocks was developed,
which allow incorporation of lanthanide chelates into peptide chains. Another important feature provided
by these building blocks is the ability to controllably combine different lanthanides in peptide sequences.
The exceptional property of these building blocks is their ability to provide a short and rigid connection to
the peptide backbone. DO3A-Hyp building blocks were used to synthesize tripeptides consisting of two
metal chelates in close proximity and one central amino acid bearing a CF; reporter group. Due to the
rigidity and the possibility of close attachment to the peptide backbone, it was possible to combine the
magnetic susceptibility tensors of the incorporated paramagnetic lanthanides and thus manipulate the
paramagnetic shift of the CF; reporter group in the '’F NMR. The fixation of two paramagnetic lanthanides
in one peptide chain directs the magnetic susceptibility tensors such that the permutation of two elements
leads to four unique signals. Based on this, a library of paramagnetically encoded molecules was
synthesized and used to encode information in two settings. In the first setting, the information was encoded
using mixtures of paramagnetically encoded molecules in layers of a single NMR sample, which were
subsequently decoded using Z-resolved '’F NMR. In the second setting, the information was also encoded
by mixtures of paramagnetically encoded molecules, but these mixtures were organized in a well plate and
decoded by 'F MRI. The presented approach offers advantages over other currently used methods of
encoding and decoding. For example, mass spectroscopy is a destructive method, and luminescence
spectroscopy lacks the ability to recognize the order (positional isomers) of the units within an oligomer.
In contrary, each of the codes prepared from paramagnetically encoded molecules can be read non-

destructively by NMR.

The topic of multifunctional chelators was further investigated in the second part of this thesis. A method
for direct radiolabeling of gadolinium chelates with '®F~ was investigated with the prospect of creating a
dual PET/MRI contrast agents. The pilot experiments with radiolabeling yielded positive results, which
motivated us to establish a collaboration with the Werner Siemens Imaging Center. Within this
collaboration, the radiolabeling procedures were optimized and further essential experiments were
performed. The ""F<—>'®F isotope exchange directly on gadolinium chelate was found to provide the most
promising results. For in vivo imaging, it was essential to be able to produce a sample with sufficient
activity. This was made possible by setting up radiochemical synthesis using an automated radiosynthesis

module. With the sample thus prepared, phantoms were simultaneously measured on a PET/MRI scanner.
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The measurements provided simultaneous images originating from both modalities, thus confirming the
dual modality concept. The physiochemical parameters of these PET/MRI contrast agents, such as kinetic
inertness and relaxivity, were also determined. In addition, the responsiveness of one of the contrast agents
to lactate was evaluated and confirmed. All physicochemical measurements confirmed that both types of
contrast agents are suitable for in vivo use. A small in vivo preclinical study was performed on three mice
in order to further elucidate the behavior of the PET/MRI perfusion contrast agent. In these experiments,
simultaneous PET and MRI images were obtained and showed contrast in animals from both techniques.
Moreover, the in vivo study revealed that this perfusion contrast agent is rapidly excreted by the kidney into
the bladder, which is preferred path of excretion. Further research is planned to identify the most promising

diagnostic applications for the developed PET/MRI bimodal contrast agents.
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S EXPERIMENTAL PART

General: All chemicals were purchased from Sigma-Aldrich and Fluorochem. Dry solvents were purchased
from Acros Organics. Deuterated solvents were purchased from Eurisotop. Throughout the text, all use of

H,0 means Milli-Q water (18.2 mQ-cm) and all use of M/Ln means M**/Ln*".

NMR spectroscopy: 'H, °C and ""F NMR spectra were recorded on Avance III™ HD 400 MHz
spectrometer (Bruker, 400.1 MHz for 'H, 100.6 MHz for *C) system equipped with either broad-band
Prodigy cryo-probe with ATM module (5 mm CPBBO BB-'H/"’F/D Z-GRD) or inversion broadband probe
with ATM module (5 mm PA BBI '"H/D-BB Z-GRD), Avance III™ HD 500 MHz spectrometer (Bruker,
500.0 MHz for 'H, 125.7 MHz for *C, 470.4 MHz for '°F) equipped with broad-band cryo-probe with
ATM module (5 mm CPBBO BB-'H/"F/'*N/D Z-GRD) or Avance III™ HD 600 MHz spectrometer
(Bruker, 600.1 MHz for 'H, 150.9 MHz for *C) equipped with inverse triple resonance cryo-probe with
ATM module (5 mm CPTCI 'H/"*C/"*N/D Z-GRD). The temperature of the measurement is given for each
experiment. Chemical shifts are in ppm, coupling constants in Hz. '°F NMR spectra were referenced to
TFA (Jr = —76.55 ppm). Signals of cyclen macrocycle are abbreviated mc. Integrals in showcased NMR
spectra were rounded to integers for clarity reasons (obscured signals that cannot be exactly integrated are

colored grey). Signals arising from two rotamers (if resolved) are listed together, separated by semicolon.

Liquid chromatography: LC-MS experiments were performed on 1260 Infinity II (4Agilent) equipped with
Luna® Omega Polar column (5 pm, 100 A, 150 x 4.6 mm) using H,O-MeCN gradients (1 mL min™' flow
rate) with FA (0.1%) as an additive. Three methods were used: Method 1 (0 min — 1 min 5% MeCN; 1
min — 10 min 5% — 100% MeCN); Method 2 (0 min — 3 min 0% MeCN; 3 min — 10 min 0% — 50%
MeCN); Method 3 (0 min — 0.5 min 5% MeCN; 0.5 min — 5 min 5% — 100% MeCN; 5 min — 5.5 min
100% MeCN). Method 4 (0 min — 3 min 5% MeCN; 3 min — 4 min 5% — 40% MeCN; 4 min — 10 min
40% — 75% MeCN). Preparative HPLC experiments were performed on 1260 Infinity Il (Agilent)
equipped with YMC-Actus Triart C18 column (5 pm, 100 A, 250 x 20.0 mm) using H;O-MeCN gradients
(20 mL min™" flow rate) with either FA (0.1%) or TFA (0.1%) as an additive. Normal phase flash
chromatography (SiO,, 40—-60 um, 60 A) was performed on CombiFlash® NEXTGEN 300+ system from
Teledyne ISCO. Reverse phase flash chromatography was performed with RediSep® Rr Gold C18 Aq
column (Teledyne ISCO, 150 g) using H O—MeCN gradient system with TFA (0.1 %) as an additive.

High-resolution mass spectra: HRMS (with ESI ionization) were recorded on an Agilent 5975C MSD
Quadrupol, Q-Tof micro from Waters or LTQ Orbitrap XL from Thermo Fisher Scientific.
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Elemental analysis: CHN elemental analysis was performed on PE 2400 Series Il CHN Analyzer from
Perkin Elmer. Fluorine elemental analysis was performed by initial combustion of the sample in quartz
vessel, followed by adsorption of resulting HF in H,O and determining its concentration by potentiometry
using fluoride ion selective electrode. Lanthanide content was determined by ICP-AES (SPECTRO Arcos
from SPECTRO Analytical Instruments). All EA data are presented in calcd. (found) format.

5.1 DO3A-Hyp

YF NMR spectroscopy: Measurements of all “’F NMR spectra were done on Avance III™ HD 500 MHz
spectrometer (Bruker, 470.4 MHz for '°F) equipped with broad-band cryo-probe with ATM module (5 mm
CPBBO BB-'H/"F/">N/D Z-GRD). Solutions of samples were prepared in MOPS/NaOH buffer (pH = 7)
and placed into an insert capillary that was inserted into a 5 mm NMR tube containing D,O (used for NMR
frequency lock). The volume of solution in the insert observable by the spectrometer probe was
approximately 50 pL. "F z-resolved NMR spectrum was acquired using a phase encoding pulse sequence
with resolution 2048 x 64 points at 20 mm field of view, number of scans = 32K, acquisition time = 18 ms,
relaxation delay = 100 ps (for technical reasons). The excitation pulse was approx. 31°, which was the result
of optimization aiming to enhance the SNR of weaker (broader) signals, sacrificing the SNR of sharper
peaks. This was possible due to the differences in 7} relaxation times. Total experimental time was approx.
12 h. For subsequent processing only 700 x 64 raw points were used in order to reduce the noise. Data were
apodized using QSINE window functions in both F2 (SSB = 10) and F1 (SSB = 1) dimensions and zero-
filled to 8192 x 128 points. Processing was done in Bruker TopSpin 3.5 software. Spectra were visualized

using the NumPy and Matplotlib Python libraries.

Magnetic resonance imaging: Stock solutions of individually synthesized HoDy-TP1, DyDy-TP1,
HoHo-TP1 and DyHo-TP1 compounds in 0.5 M MOPS/NaOH buffer (pH = 7.0) were pipetted into a 7x5
well plate (cut out of standard 384 well plate) and the volume in each well was completed with water to 75
uL to reach compound concentrations ~0.36 mM each. The well plate was covered with plastic tape and
imaged on 4.7 T scanner Bruker Biospec 47/20 (Bruker BioSpin, Ettlingen, Germany) with a custom-built
dual 'H/"F RF surface coil. First, '"H MRI was performed in all three planes (axial, coronal, and sagittal)
for localization of the sample. Then, '"F NMR spectra were acquired by 90° single pulse sequence to
precisely determine resonance frequencies of the compounds. '°F MRI images were obtained using a CSI
sequence (120000 scans, repetition time = 700 ms, field of view = 50%50 mm,; slice thickness = 10 mm,
matrix of acquired image = 16x16x512, matrix of reconstructed image = 64x64x512, acquisition time =23

hours 20 min, resonance frequency = 188630130 Hz, bandwidth = 9843 Hz/52.18 ppm). Images for display
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were prepared in Matlab. First, the data in the Bruker format were imported to Matlab using read 2dseq
function (by Cecil Yen (2021), https://www.mathworks.com/matlabcentral/fileexchange/69177-
read 2dseq-quickly-reads-bruker-s-2dseq-mri-images). Maximum intensity projection along the frequency
axis was used to find the peaks of the respective samples. Background signal (outside of main peaks) was
calculated as an average of 41 slices (# 10—50 perpendicular to the frequency axis) and subtracted from
each slice of the original data. Then, the intensity was normalized to 1 for the highest intensity. Final images
displayed in Fig. 9 were obtained by averaging 15 slices (perpendicular to the frequency axis) around the

maximum for each peak and mapping the image intensity to specific color maps.

X-Ray diffraction: The diffraction experiment for crystal structure determination was performed on D8
VENTURE Kappa Duo (Bruker) with PHOTONIII detector by IuS micro-focus sealed tube with MoKa
(0.71073 A) radiation at a temperature 120(2) K. The structure was solved by intrinsic phasing (XT)'* and
refined by full matrix least squares based on 2 (SHELXL2018).'** The hydrogen atoms on carbon were
fixed into idealized positions (riding model) and assigned temperature factors Hiso(H) = 1.2 Ueq (pivot atom).
In the case of [Dy(L")]-3.5H,0, the hydrogen atoms in -NH and ~OH moieties were found on difference
Fourier maps and refined under rigid body assumption with assigned temperature factors Hiso(H) = 1.2 Uq
(pivot atom). In the case of [Dy(L?)]-3H,O, some hydrogen atoms in —~NH and “OH moieties were found
on difference Fourier maps and others were calculated into positions most suitable for the formation of
hydrogen bonds. X-ray crystallographic data have been deposited with the Cambridge Crystallographic
Data Centre (CCDC) under deposition number 2072548 for [Dy(L")]-3.5H,O and 2143481 for
[Dy(L?)]-3H,0. Both can be obtained free of charge from the Centre via its website

(www.ccdc.cam.ac.uk/getstructures).

Figures are reproduced from the article (Paramagnetic encoding of molecules).'*

NCbz
HO “COOBnN
1
Synthesis of dibenzyl (25,4R)-4-hydroxypyrrolidine-7,2-dicarboxylate (1): In a round-bottom glass
flask (1 L), L-hydroxyproline (53.8 g, 0.41 mol, 1.00 equiv.) and NaHCO; (86.2 g, 1.03 mol, 2.5 equiv.)
were dissolved in H,O (370 mL). A solution of benzyl chloroformate (61.0 mL, 0.43 mol, 1.05 equiv.) in
90 ml of toluene was added dropwise to the reaction mixture. The reaction mixture was stirred at RT for 24
h. The organic phase containing toluene was separated and the water phase was extracted with ether (2 x

200 mL). The pH of remaining aqueous solution was adjusted to 2 with concentrated aq. HCI. The resulting
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solid was extracted with ethyl acetate (3 X 150 mL). The organic layers were combined, washed with brine,
and dried over anhydrous MgSO4. Removal of the solvent provided a product as a colorless solid that was
used without purification in the next step. In a round-bottom glass flask (2 L), (2S,4R)-I-
((benzyloxy)carbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (108 g, 0.41 mol, 1.00 equiv.) and BnBr
(51.9 mL, 0.43 mol, 1.05 equiv.) were dissolved in THF (760 mL) followed by dropwise addition of TEA
(43.3 g, 0.43 mol, 1.05 equiv.) at 0 °C. The solution was stirred at RT for 28 h The mixture was evaporated
to dryness and the residue was re-dissolved in DCM (600 mL), washed subsequently with 1M HCI (2 x 300
mL), sat. ag. NaHCOs3 (2 x 250 mL), H>O (300 mL) and brine (300 mL) and dried with anh. Na,SOs. Filtrate
was evaporated to dryness and the colourless residue was re-dissolved in DCM and adsorbed onto SiO».
The solid was transferred to sintered funnel and was washed with 5% EtOAc in Hexane (1.5 L) to wash
away impurities followed by 50% EtOAc in Hexane (2 L) which yielded fractions containing product.
Removal of the solvent afforded product as a colorless oil. Yield: 93 g (64%; 2 steps; based on (L-
hydroxyproline). NMR (CDCls, pair of rotamers): 'H (400.1 MHz, T =300 K) éu 2.01-2.11 (CH,~CH-
CO, m, 1H); 2.21-2.40 (CH,—CH-CO, m, 1H); 2.93 (OH, s, 1H); 3.49-3.73 (CH>—N, m, 2H); 4.37-4.48
(CH-O, m, 1H); 4.55;4.59 (CH-CO, 2 x t, 1H, *Jun = 7.9); 4.96-5.31 (CH>—arom., m, 4H); 7.00-7.60
(arom., m, 10H). *C{'H} (100.6 MHz, T= 300 K) dc 38.31;39.11 (CH,~CH-CO, 2 x s); 54.64;55.24 (CH>—
N, 2 x'8); 57.90;58.14 (CH-CO, 2 x s); 66.85;66.98 (CH,—arom., 2 x s); 67.28;67.31 (CHz—arom., 2 X s);
69.16; 69.89 (CH-O, 2 x s); 127.50-128.79 (arom., m); 135.36;135.57 (arom., 2 x s); 136.19;136.40
(arom., 2 x 8); 154.71;155.18 (N-CO, 2 x s); 172.48;172.68 (CO, 2 x s). ESI-HRMS: 378.1315 [M+Na]"
(theor. [C2H210sNNa;]" = 378.1312).

NCbz
Q)""'COOBH

4

One-pot synthesis of dibenzyl (5)-2,5-dihydro-1H-pyrrole-1,2-dicarboxylate (4). Synthesis: In a round-
bottom glass flask (500 mL), intermediate 1 (18.1 g, 51.0 mmol, 1.00 equiv.) and PPh; (14.1 g, 54.0 mmol,
1.05 equiv.) were dissolved in dry THF (120 mL) under Ar. Solution was cooled to 0 °C in an ice bath
followed by dropwise addition of DIAD (98%, 10.6 mL, 53.8 mmol, 1.05 equiv.) and further followed by
addition of Mel (3.36 mL, 54.0 mmol, 1.05 equiv.). The reaction mixture was then allowed to warm up to
RT and it was further stirred at RT until disappearance of starting material that took approximately 3 h
(controlled by TLC; SiO,; Hexane—EtOAc 1:1). Reaction mixture containing intermediate 2 was then
carefully evaporated to dryness (temperature of the bath was maintained at 30 °C). In a separate round-
bottom glass flask (500 mL), (PhSe), (7.96 g, 26.0 mmol, 0.5 equiv.) was suspended in dry EtOH (180 mL)

and heated under condenser until dissolution under atmosphere of argon. Then, the reaction mixture was
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put on an ice bath and NaBH4 (2.00 g, 53.0 mmol, 1.04 equiv.) was added in four portions under Ar. The
mixture was then stirred until colourless solution was produced followed by addition of solution of
intermediate 2 in dry EtOH (80 mL) through condenser. Reaction mixture was then heated to 70 °C. After
60 mins, TLC confirmed consumption of starting material. Reaction mixture containing intermediate 3 was
cooled to RT and diluted with THF (150 mL). Mixture was further cooled to 0 °C followed by dropwise
addition of H>O, (30% aq., 51.2 mL, 671 mmol, 13 equiv.). The reaction mixture was then allowed to warm
up to RT and further stirred for 19 h. The solution was diluted with H,O (400 mL) and extracted with 150
mL of Et;O. Organic phase was washed with dil. aq. NaHCO3 (2 x 150 mL), aq. NaSOs (10% aq., 2 x 150
mL), brine (2 x 150 mL) and evaporated to dryness. The residue was purified by column chromatography
(Si0,, 100 % Hexane to 15% EtOAc in Hexane). Fractions containing product were pooled and evaporated
to dryness to yield the product as colourless oil. Yield: 14.5 g (84%; 3 steps; based on 1). NMR (CDCls):
'H (400.1 MHz, T = 300 K) 6y 4.22-4.45 (CH,, m, 2H); 4.93-5.31 (CH-CO, CH>—arom., m, 1H+4H);
5.69-5.81 (CH=CH, m, 1H); 5.89-6.07 (CH=CH, m, 1H); 7.04-7.60 (arom., m, 10H). ¥C{'H} (100.6
MHz, T'=300 K) dc 53.56;54.06 (CH, 2 x 8); 66.55;66.86 (CH—CO, 2 x 5); 67.07;67.20;67.28;67.34 (CH>—
arom., 4 x s); 124.75;124.79 (CH=CH); 127.84-128.78 (arom., m); 129.37;129.49 (CH=CH);
135.54;135.70 (arom., 2 x s); 136.54;136.69 (arom., 2 x s); 154.09;154.55 (N-CO, 2 x s); 169.89;170.19
(CO, 2 x s). ESI-HRMS: 338.1383 [M+H]" (theor. [C20H2004N]" = 338.1387).

NCbz NCbz
“COOBN g‘@""’COOBn

O 5 (MAJOR) O™ 5% (MINOR)

Synthesis and of dibenzyl (/R,2S,55)-6-0xa-3-azabicyclo[3.1.0]hexane-2,3-dicarboxylate (5) and
dibenzyl (18,2S5,5R)-6-oxa-3-azabicyclo[3.1.0]hexane-2,3-dicarboxylate (5*): In a round-bottom glass
flask (250 mL), intermediate 4 (11.83 g, 35.1 mmol, 1.0 equiv.) was dissolved in CHCl; (175 mL) followed
by addition of MCPBA (77%, 14.2 g, 63.4 mmol, 1.8 equiv.). The solution was stirred at 85 °C for 20 h.
Mixture was concentrated followed by addition of DCM (70 mL) to produce precipitate. Reaction mixture
was put into the freezer for 24 h. White precipitate was removed by filtration. Filtrate was evaporated and
the residue was purified by column chromatography (SiO,, 100% P.E. to 40% EtOAc in P.E.). Fractions
containing pure compounds were evaporated, yielding 5 as transparent oil and 5* as white solid.
Characterization of 5 (MAJOR): Yield: 6.86 g (55%; 1 step; based on 4). NMR (CDCl;, pair of
rotamers): "H (400.1 MHz, T= 300 K) 65 3.58;3.60 (CH>—N, 2 x dd, 1H, *Jun = 12.5, *Jun = 1.4); 3.69;3.72
(CH,—~CH-0, 2 x dd, 1H, *Jun = 2.9, *Juu = 1.4); 3.80 (O-CH-CH—CO, d, 1H, *Juu = 2.9); 3.95;4.00 (CH—
N, 2 x d, 1H, *Jun = 12.5); 4.71;4.81 (CH-CO, 2 x s, 1H); 5.05-5.32 (CHy-arom., m, 4H); 7.03-7.62
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(arom., m, 10H). B*C{'H} (100.6 MHz, T=300 K) dc 47.27;47.52 (CH,-N, 2 x s); 54.35;54.89 (CH,~CH~-
0, 2 x 8); 56.59;57.31 (O—CH-CH-CO, 2 x s); 60.74;60.89 (CH-CO, 2 % s); 67.44;67.54 (CHy—arom.,
2 x8); 67.56;67.63 (CHp—arom., 2 xs); 127.83-128.95 (arom., m); 135.21;135.08 (arom., 2 % s);
136.25;136.31 (arom., 2 x s); 154.76;155.28 (N-CO, 2 x s); 168.85;168.91 (CO, 2 x s). ESI-HRMS:
376.1152 [M+Na]" (theor. [C20H190sNNa;]" = 376.1155). EA (C20H9NOs-0.2H,0, Mr = 357.0): C 67.3
(67.4); H 5.5 (5.3); N 3.9 (3.8). Characterization of 5* (MINOR): Yield: 2.67 g (22%; 1 step; based on
4). NMR (CDCl;, pair of rotamers): 'H (400.1 MHz, T =300 K) 65 3.58;3.63 (CH>-N, 2 x dd, 1H, “Jun
=12.5, *Jun = 2.0); 3.78;3.80 (CH,—CH-0, 2 x dd, 1H, *Jun = 3.0, *Jun = 2.0); 3.90;3.93 (CH>-N, 2 x d,
1H, “Jun = 12.5); 3.96-4.00 (O-CH-CH-CO, m, 1H); 4.46;4.52 (CH-CO, 2 x d, 1H, *Jun = 2.4); 4.92—
5.33 (CH>—arom., m, 4H); 7.03-7.58 (arom., m, 10H). BC{'H} (100.6 MHz, T = 300 K) Jc 47.99;48.42
(CH>-N, 2 x 8); 55.78;56.23 (CH,—CH-0, 2 x s); 57.37;58.21 (O—CH-CH-CO, 2 x s); 60.18;60.43 (CH—
CO, 2 x 8); 67.33;67.46 (CHy—arom., 2 X s); 67.51;67.62 (CHy—arom., 2 % s); 127.96-128.88 (arom., m);
135.42;135.57 (arom., 2 % s); 136.15;136.33 (arom., 2 x s); 154.51;155.05 (N—CO, 2 x s); 167.15;167.65
(CO, 2 x s). ESI-HRMS: 376.1151 [M+Na]® (theor. [CHi9OsNiNa;]" = 376.1155). EA
(C20H19NOs-0.2H0, Mg = 357.0): C 67.3 (67.2); H5.5(5.2); N 3.9 (3.7).

’ﬁN\Cbz NCbz
HO™ \_~"~COO0Bn HO “COOBN
N N
NH H HN + NH H HN
CH RS
no "
6 separated 6
2R, 35,48 2S5,3R,48
(MAJOR) (MINOR)

Synthesis of intermediate 6 and 6*: In a round-bottom glass flask (250 mL), intermediate 5 (2.0 g, 5.60
mmol, 1.0 equiv.) and cyclen (3.9 g, 22.6 mmol, 4.0 equiv.) were dissolved in dry +-BuOH (120 mL). The
resulting solution was stirred at 105 °C for 24 h. After cooling to RT, reaction mixture was quenched with
TFA (2.65 mL) and concentrated to dryness. Resulting oil was purified by flash chromatography (C18,
H,O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product (as a mixture of 2R, 3S,45-2S,3R,4S regioisomers in ~9:1 ratio) in the form of TFA salt as faint
brown solid (regioisomer separation was possible in the next steps — 7 and 8). Yield: 2.30 g (54%; 1 step;
based on 5). ESI-HRMS: 526.3010 [M+H]" (theor. [CasHiOsNs]"™ = 526.3024). EA
(C2sH39Ns05-2.3TFA-0.3H,0, Mg = 793.3): C 49.4 (49.5); H5.3 (5.1); N 8.8 (8.8); F 16.5 (16.3).
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NCbz
HO’QCOOBn
(\ N/w COOt-Bu
N N—
t-BuOOC Q/N \)

7 I\COOt-Bu

Synthesis of intermediate 7: In a pearl-shaped glass flask (50 mL), intermediate 6:2.3TFA-0.3H.0
(mixture of 2R, 3S,45-25,3R,4S regioisomers in ~9:1 ratio, 788 mg, 0.99 mmol, 1.0 equiv.) and K2COs (863
mg, 6.24 mmol, 6.3 equiv.) were mixed in 20 mL of MeCN followed by addition of tert-butyl bromoacetate
(630 uL, 4.23 mmol, 4.3 equiv.). The resulting suspension was stirred at RT for 16 h. Reaction mixture was
filtered through syringe microfilter (PTFE), and the filtrate was evaporated to dryness. Residue was purified
by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with pure product
(2R,3S,4S) were joined and lyophilized to give product in the form of mixed TFA/FA salt as white solid.
Yield: 575 mg (62%; 1 step; based on 6:2.3TFA-0.3H,0). NMR (CD3CN, pair of rotamers): "H (600.1
MHz, T=298.1 K) ou 1.46-1.47 (CH3, m, 27H); 2.58-3.23 (mc, CH>, m, 16H+1H); 3.44-3.62 (CH>—CO,
CH-N, m, 2H+1H); 3.62-3.83 (CH>—CO, m, 4H); 3.83-3.90 (C/>, m, 1H); 4.06-4.24 (CH-O, m, 1H);
4.24-4.36 (CH-CO, m, 1H); 4.97-5.20 (CHa—arom., m, 4H); 7.07-7.51 (arom., m, 10H); BC{'H} (150.9
MHz, T = 298.1 K) dc 28.47 (CHs, s); 28.50 (CHs, s); 47.59 (mc, s); 50.58 (mc, s); 52.00 (CHa, s); 53.10
(mc, s); 53.34 (mc, s); 56.05 (CH2—CO, s); 56.44 (CH>—CO, s); 58.21;58.67 (CH-CO, 2 x s); 68.00-68.22
(CHz—arom., m); 70.54;71.13 (CH-0O, 2 x s); 72.09;72.98 (CH-N, 2 % s); 83.5 (C—CHs, s); 84.27 (C—CHs,
s); 128.77-129.80 (arom., m); 136.64;136.84 (arom., 2 % s); 137.80;138.06 (arom., 2 x s); 155.01;155.65
(CO-N, 2 x5); 169.25 (CO-0, s); 170.54 (CO-0, 5); 172.88;173.22 (CO-0O, 2 x s). ESI-HRMS: 868.5063
[M+H]" (theor. [Ca4sH70011Ns]" = 868.5066). EA (C2sH39N505-0.3TFA-0.8FA, Mk =939.1): C 60.6 (60.8);
H 7.6 (7.5); N7.5(7.2); F 1.8 (2.0).

111



B ‘-VL ’Q‘COOH

- u —
)‘t-Bu N (\ N/§ COOt-Bu
tBu t-BuOOC Q/N\)

tBu3L1 COOt-Bu

Synthesis of building block BusL!: In a pear-shaped glass flask (50 mL), Pd@C (10%, 57 mg) was three-
times secured with Ar followed by addition of solution of intermediate 7-0.3TFA-0.8H20 (522 mg, 556
umol, 1.0 equiv.) in MeOH (20 mL) through septum. The mixture was then stirred at RT for 30 min with
slow bubbling of H> (from balloon) through the mixture. Reaction mixture was filtered through syringe
microfilter (PTFE) and the filtrate was evaporated to dryness. Residue was purified by flash
chromatography (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined
and lyophilized to give product in the form of TFA salt as white solid. Yield: 313 mg (56%; 1 step; based
on 7-0.3TFA-0.8H>0). NMR (CD3CN): 'H (500.0 MHz, T = 330 K) Ju 1.47 (CHs, s, 9H); 1.49 (CHs, s,
18H); 2.99-3.22 (mc, CH>, m, 8H+1H); 3.22-3.46 (mc, m, 8H); 3.46-3.56 (CH>, CH»—CO, m, |H+1H);
3.61 (CH>-CO, d, 1H, %Juu = 17.8); 3.84 (CH-N, dd, 1H, *Jun = 8.2, 3Juu = 6.9); 3.87-4.00 (CH>—CO, m,
4H); 4.13 (CH-CO, d, 1H, *Jun = 8.2); 4.44 (CH-O, q, 1H, 3Juu = 7.0). BC{'H} (125.7 MHz, T =330 K)
0c28.43 (CHs, s); 28.57 (CHs, s); 47.16 (mc, s); 50.21 (CHa, s); 50.36 (mc, s); 52.95 (mc, s); 52.98 (mc, s);
55.73 (CH>—CO, s); 55.92 (CH,—CO, s); 58.32 (CH-CO, s); 69.26 (CH-N, s); 71.04 (CH-O, s); 83.80 (C-
CHs, s); 85.28 (C—CH3, 5); 168.26 (CO, s); 170.80 (CO, s); 171.44 (CO, s). ESI-HRMS: 644.4227 [M+H]"
(theor. [C31HssOoNs]" = 644.4229). EA (C31H57N509:3.0TFA-0.9H20, Mr = 1002.0): C 44.4 (44.4); H6.2
(6.3); N 7.0 (7.0); F 17.1 (17.0).

(‘-\)L HO ’C/NQCOOH
- (\ N/§ COOH
HOOC Q/N\)

L1 COOH

Synthesis of building block L!: In a pear-shaped glass flask (25 mL), ~BusL!-3.0TFA-0.9H>O (278 mg,
0.28 mmol) was dissolved in TFA (4 mL). The resulting solution was stirred at RT for 5 h. The mixture

was evaporated to dryness and once co-evaporated with MeOH. Residue was purified by preparative HPLC
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(C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized
to give product in the form of TFA salt as white solid. Yield: 156 mg (71%; 1 step; based on #-
BusL!-3.0TFA-0.9H.0). NMR (DMSO-ds): 'H (500.0 MHz, 7= 330 K) du 2.87-2.91 (mc, m, 4H); 3.00—
3.05 (CH>, me, m, 1H+4H); 3.10-3.18 (mc, m, 8H); 3.38 (C/1>, dd, 1H, 2Juu = 11.7, 3Jun = 6.4); 3.57 (CH-
N, dd, 1 H, *Jua=7.1, *Jun = 5.9); 3.63 (CH>—CO, s, 2H); 3.77 (CH>-CO, s, 4H); 4.09 (C//-CO, d, 1 H, *Jun
=7.1);4.30 (CH-O, q, 1H, *Jun = 6.3). BC{'H} (125.7 MHz, T =330 K) dc 46.22 (mc, s); 49.08 (mc, s),
49.60 (CH-CO, s); 51.41 (mc, s); 51.88 (mc, s); 53.81 (CH2—CO, s); 54.52 (CH2—CO, s); 57.42 (CHa, s);
69.08 (CH-0, s); 70.01 (CH-N, s); 169.92 (CO, s); 170.11 (CO, s); 171.08 (CO, s). ESI-HRMS: 474.2209
[M—H]" (theor. [C19H32090N5]” =474.2206). EA (C19H33N509-2.4TFA-2.5H20, Mr = 794.1): C 36.0 (36.0);
H5.1(4.8); N8.8(8.7); F17.2 (17.0).

Fmoc-L' “cooH

Synthesis of building block Fmoc-L!: In a pear-shaped glass flask (25 mL), fBusL!-3.0TFA-0.9H20 (69.0
mg, 68.9 umol, 1.0 equiv.) was dissolved in a mixture of MeCN (4 mL) and aq. borate buffer (200 mM, pH
9.0, 3.45 mL, 690 umol, 10 equiv.) followed by addition of FmocCl (17.8 mg, 68.8 umol, 1.0 equiv.). The
mixture was stirred at RT for 30 mins. Solution was purified by preparative HPLC (C18, H:O/MeCN
gradient with 0.1% TFA additive). Fractions with fert-butyl protected product were joined and evaporated
to dryness. Residue was dissolved in TFA (2 mL) and stirred at RT for 5 h. The mixture was evaporated to
dryness and once co-evaporated with MeOH. Residue was purified by preparative HPLC (C18, H2O/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give product in the
form of mixed FA/TFA salt as white solid. Yield: 41 mg (60%; 2 steps; based on fBusL!'-3.0TFA-0.9H-0).
NMR (DMSO-ds, pair of rotamers): "H (500.0 MHz, 7= 298.1 K) 6u2.67-3.29 (mc, C/>, m, 16H+1H);
3.42-4.21 (CH», CH-N, CH-CO, CH-0O, CH>-CO, m, 1H+IH+IH+1H+6H, obscured by signal from
H20); 4.21-4.33 (Fmoc, m, 3H); 7.29-7.37 (Fmoc, m, 2H); 7.40-7.45 (Fmoc, m, 2H); 7.62—7.67 (Fmoc,
m, 2H); 7.87-7.92 (Fmoc, m, 2H). BC{'H} (125.7 MHz, T=298.1 K) éc 45.68-54.03 (mc, CH>—CO, m);
46.82;46.89 (Fmoc, 2 x s); 50.91;51.45 (CH>, 2 x s); 55.84;57.01 (CH-CO, 2 x 5); 66.89;67.33 (Fmoc, 2 %
s); 69.13;69.24 (CH-O, 2 x s); 70.20;71.43 (CH-N, 2 x s); 120.33-120.44 (Fmoc, m);
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125.30;125.38;125.45;125.54 (Fmoc, 4 x s); 127.35-127.43 (Fmoc, m); 127.86-128.08 (Fmoc, m),
140.86;140.92;140.99;141.02 (Fmoc, 4 x s); 143.85;143.88;143.95;143.99 (Fmoc, 4 % s); 153.84+154.05
(N-CO, 2 x 5); 170.25 (CO, s); 172.11 (CO, s); 173.48;173.73 (CO, 2 x s). ESI-HRMS: 698.3033 [M+H]"
(theor. [C34H44011N5]" = 698.3032). EA (C34H43NsO11-2.0TFA-1.3FA Mr = 985.5): C 47.9 (47.8); H 4.9
(4.8); N7.1(7.0); F11.6 (11.7).

NCbz
AcO ’[:;L‘COOBn
(NN/«> COOMe
MeOOC <V/Nx4>

8 COOMe

Synthesis of intermediate 8: In a pear-shaped glass flask (50 mL), intermediate 6-2.3TFA-0.3H20
(mixture of 2R, 3S,45-2S,3R,4S regioisomers in ~9:1 ratio, 464 mg, 585 umol, 1.0 equiv.) and K2COs (508
mg, 3.68 mmol, 6.3 equiv.) were mixed in 25 mL of MeCN followed by addition of methyl bromoacetate
(209 uL, 2.21 mmol, 3.8 equiv.). The resulting suspension was stirred for at RT 16 h. Reaction mixture was
filtered through syringe microfilter (PTFE), and the filtrate was evaporated to dryness. Residue was purified
by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with fully alkylated
intermediate were joined and lyophilized. The resulting white solid was dissolved in MeCN (8 mL)
followed by addition of Ac20 (102 uL, 1.08 mmol; 1.8 equiv.), TEA (362 uL, 2.60 mmol, 4.5 equiv.) and
DMAP (3 mg, 22 pmol, ~4 mol %). The resulting solution was stirred at RT for 24 h. Reaction mixture was
evaporated to dryness and the residue was purified by preparative HPLC (C18, H2O/MeCN gradient with
0.1% TFA additive). Fractions with pure product (2R, 3S,4S) were joined and lyophilized to give product in
the form of TFA salt as white solid. Yield: 323 mg (54%; 2 steps; based on 6-:2.3TFA-0.3H.0). NMR
(CD3CN, pair of rotamers): "H (500.0 MHz, T = 298.1 K) du 1.95;1.96 (CH>-C, 2 x s, 3H); 2.50-3.24
(mc, CH>, m, 16H+1H); 3.32-3.79 (CH-N, CH>—CO, CH>-0O, m, | H+6H+9H); 3.93-4.07 (C/>, m, 1H);
4.35-4.42 (CH-CO, m, 1H); 7.02-7.55 (arom., m, 10H). BC{'H} (125.7 MHz, T = 298.1 K) dc 21.16
(CH3-C, s); 46.95;47.15 (mc, s); 50.13;50.37 (CH>, 2 x 8); 52.50-52.96 (CH3-O, m); 51.69-55.35 (mc,
CH»—-CO, m); 60.18;60.60 (CH-CO, 2 x s); 67.95-68.13 (CHx—arom., m); 70.17;71.41 (CH-N, 2 x s);
73.40;74.11 (CH-O, 2 x 8); 128.66—129.62 (arom., m); 136.55;136.71 (arom., 2 x s); 137.56;137.72 (arom.,
2 x 8); 155.41;155.61 (CO-N, 2 x s); 170.32-171.43 (CO-O, m); 171.73;172.02 (CO-O, 2 x s). ESI-
HRMS: 784.3757 [M+H]" (theor. [C30Hs54012Ns]" = 784.3764). EA (C39Hs3Ns5O12-1.9TFA-0.8H20, Mk =
1014.9): C 50.7 (50.9); H 5.6 (5.6); N 6.9 (6.6); F 10.7 (10.6).
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Ac-Fmoc-MesL! “Coome

Synthesis of building block Ac-Fmoc-MesL!: In a pear-shaped glass flask (50 mL), Pd@C (10%, 35 mg)
was three-times secured with Ar followed by addition of solution of intermediate 8-1.9TFA-0.8H,O (346
mg, 341 pmol, 1.0 equiv.) in MeOH (30 mL) through septum. The mixture was then stirred at RT for 30
min with slow bubbling of Hz (from balloon) through the mixture. Reaction mixture was filtered through
syringe microfilter (PTFE) and the filtrate was evaporated to dryness. Residue was purified by preparative
HPLC (C18, H20/MeCN gradient with 0.1% TFA additive). Fractions with partially deprotected
intermediate were joined and lyophilized. The resulting white solid (153 mg, assuming M-TFA, Mr = 674,
0.23 mmol) was dissolved in a mixture of MeCN (12 mL) and aq. borate buffer (200 mM, pH 9.0, 11.3 mL,
2.26 mmol, 10 equiv.) followed by addition of FmocCl (58 mg, 0.23 mmol, 1.0 equiv.). The mixture was
stirred for at RT for 30 mins. Solution was then concentrated and purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product in the form of TFA salt as white solid. Yield: 184 mg (52%; 2 steps; based on 8-1.9TFA-0.8H:0).
NMR (CD3CN, pair of rotamers): 'H (500.0 MHz, 7T = 323 K) 6u 1.99;2.02 (CH3-C, 2 x s, 3H); 2.66—
4.22 (mc, CH>, CH-N, CHs-0O, CH>-CO, m, 16H+2H+1H+9H+6H); 4.21-4.55 (Fmoc, C/H-CO, m,
3H+1H); 4.80-5.16 (C/H-O, m, 1H); 7.33-7.44 (Fmoc, m, 4H); 7.61-7.67 (Fmoc, m, 2H); 7.82-7.86
(Fmoc, m, 2H). BC{'H} (125.7 MHz, T=323 K) dc 21.31 (CH3-C, s); 48.24 (Fmoc, s); 52.99 (CH3-O, s);
53.62 (CH3-O, s); 46.89-55.14 (mc, CH»—CO, CH>, m); 58.77;59.93 (CH-CO, 2 x s); 68.43 (Fmoc, s);
69.05;70.43 (CH-N, 2 x 8); 74.03 (CH-O, s); 121.12 (Fmoc, s); 126.22 (Fmoc, s); 128.30 (Fmoc, s); 128.90
(Fmoc, s); 142.25-142.41 (Fmoc, m); 145.06-145.28 (Fmoc, m); 154.69;155.47 (N-CO, 2 x s); 169.24—
172.59 (CO, CO, m). ESI-HRMS: 782.3600 [M+H]" (theor. [C30Hs52012Ns]" = 782.3607). EA
(C39Hs51N5012° 1.9TFA - 1.3H20, Mz = 1035.7): C 50.3 (50.6); H 5.5 (5.4); N 6.9 (6.5); F 10.6 (10.7).
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Synthesis and of intermediate 7*: Obtained as a side product during synthesis of 7. Fractions with pure
product (285,3R,4S) were joined and lyophilized to give product as white solid. Yield: 47 mg (5%; 1 step;
based on 6-2.3TFA-0.3H20 assuming 7*-0.3TFA-0.8FA, Mr = 939). NMR (CD3CN, pair of rotamers):
'H (500.0 MHz, T=298.1 K) du 1.42 (CH3, s, 27H); 2.34-2.56 (mc, m, 4H); 2.56-2.90 (mc, m, 12H); 3.02—
3.33 (CH>—-CO, m, 6H); 3.33-3.43 (CH>, m, 1H); 3.43-3.59 (CH>, CH-N m, 1H+1H); 4.10-4.30 (CH-O,
m, 1H); 4.30-4.47 (CH-CO, m, 1H); 4.79-5.31 (CH>—arom., m, 4H); 7.07-7.51 (arom., m, 10H). BC{'H}
(125.7 MHz, T=298.1 K) dc 28.39 (CH3, s); 52.49;52.88 (mc, 2 % s); 53.39;53.50 (CH>, 2 x s); 53.84;53.88
(mc, 2 % 8); 54.41;54.44 (mc, 2 x s); 56.64 (CH>—CO, s); 57.51;57.54 (CH>—CO, 2 x s); 57.77;58.39 (CH-
CO, 2 x 8); 67.50;67.55 (CHz—arom., 2 x 8); 67.64;67.71 (CHz—arom., 2 x s); 68.29;69.34 (CH-N, 2 x s);
72.45;72.96 (CH-O, 2 x s); 81.16 (C—CHs, s); 81.47 (C—CHs, s); 128.44-129.79 (arom., m); 136.70;136.90
(arom., 2 x s); 137.83;138.08 (arom., 2 % s); 155.36;155.73 (CO-N, 2 x s); 171.31 (CO-0, s); 171.81 (CO-
0, s); 172.88;173.22 (CO-0, 2 x s). ESI-HRMS: 868.5068 [M+H]" (theor. [C4sH70011Ns]" = 868.5066).

NH
. ‘-\ ”\OH HO’Q""’COOH
u —

)tBu (\ N/§ COOt-Bu

t'Bu £BuOOC Q/N \)

{BusL2 “cootBu

Synthesis of building block BusL?: In a glass flask (4 mL), Pd@C (10%, 4 mg) was three-times secured
with Ar followed by addition of solution of intermediate 7*-0.3TFA-0.8FA (47 mg, 50 pmol, 1.0 equiv.)
in MeOH (2 mL) through septum. The mixture was then stirred at RT for 30 min with slow bubbling of H»
(from balloon) through the mixture. Reaction mixture was filtered through syringe microfilter (PTFE) and
the filtrate was evaporated to dryness. Residue was purified by preparative HPLC (C18, H:O/MeCN
gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give product in
the form of TFA salt as white solid. Yield: 27 mg (56%; 1 step; based on 7*%-0.3TFA-0.8FA). NMR
(DMSO-ds): 'H (600.1 MHz, T= 345 K) du 1.46 (CHs, s, 9H); 1.47 (CH3, s, 18H); 2.87-3.01 (mc, m, 6H);
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3.05-3.23 (mc, CH>, m, 10H+1H); 3.34 (CH>, dd, 1H, 2Jun = 12.2, 3Jun = 3.6); 3.50 (CH>—CO, d, 1H, 2Jun
=17.3); 3.53 (CH>—CO, d, 1H, *Jun = 17.3); 3.67 (CH-N, dd, 1H, *Jun = 9.7, *Jun = 4.4); 3.80 (CH>—CO,
d, 2H, 2Juu = 17.1); 3.89 (CH>—CO, d, 2H, 2Jun = 17.1); 4.30 (CH-CO, d, 1H, *Juu = 9.7); 4.41-4.47 (CH-
O, m, 1H). BC{'H} (150.9 MHz, T = 345 K) dc27.67 (CHs, s); 27.70 (CHs, s); 47.24 (mc, s); 48.59 (mc,
s); 51.37 (CHa, s); 52.19 (mc, s); 52.88 (mc, s); 54.07 (CH2—CO, s); 58.32 (CH-CO, s); 55.68 (CH,—CO,
s); 65.68 (CH-N, s); 70.43 (CH-O, s); 81.12 (C—CHj, s); 82.10 (C—CH3, s); 167.60 (CO, s); 169.53 (CO,
s); 169.86 (CO, s). ESI-HRMS: 644.4227 [M+H]* (theor. [C3HssO9Ns]* = 644.4229). EA
(C31H57N509-3.0TFA-3.1H20, Mr = 1041.6): C 42.7 (42.2); H 6.4 (5.9); N 6.7 (6.3); F 16.4 (16.0).

H 0O NH
</

Synthesis of building block L?: In a pear-shaped glass flask (25 mL), #-BusL?-3.0TFA-3.1H20 (88 mg, 84
pumol) was dissolved in TFA (2 mL). The resulting solution was stirred at RT for 4 h. The mixture was
evaporated to dryness and once co-evaporated with MeOH. Residue was purified by preparative HPLC
(C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized
to give product in the form of TFA salt as white solid. Yield: 48 mg (72%; 1 step; based on -
BuzL2-3.0TFA-3.1H20). NMR (DMSO-d¢): 'H (500.0 MHz, 7= 330 K) du 2.84-3.07 (mc, m, 6H); 3.07—
3.22 (CH>, me, m, |H+6H); 3.22-3.40 (CH>, mc, m, |H+4H); 3.43-3.61 (CH>—CO, m, 2H); 3.77 (CH-N,
dd, 1H, *Jun = 9.6, *Jun = 4.4); 3.92 (CH>—CO, s, 4H); 4.28 (CH-CO, d, 1H, 3Jun = 9.6); 4.39-4.48 (CH-
O, m, 1H). BC{'H} (125.7 MHz, T =330 K) dc 46.73 (mc, s); 48.17 (mc, s); 51.15 (CHz, s); 51.95 (mc, s);
52.27 (mc, s); 53.51 (CH2—CO, s); 54.29 (CH>—CO, s); 54.90 (CH-CO, s); 64.42 (CH-N, s); 70.15 (CH-O,
s); 169.15 (CO, s); 169.94 (CO, s); 171.79 (CO, s). ESI-HRMS: 476.2350 [M+H]" (theor. [Ci19H3409Ns]"
=476.2351). EA (C19H33N509:2.4TFA-2.5H20, Mr = 794.1): C 36.0 (36.7); H5.1 (4.6); N 8.8 (8.1); F 17.2
(16.8).
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Synthesis and LC-MS chromatogram of intermediate I: In a glass vial (4 mL), Fmoc-Phe{p-CF3}-OH
(29 mg, 63.4 umol, 1.1 equiv.), PyAOP (33 mg, 63.4 umol, 1.1 equiv.) and DIPEA (55 pL, 314 umol, 5.5
equiv.) were dissolved in dry DMSO (1.2 mL). After 2 mins, fBusL!-3.0TFA-0.9H:20 (57.4 mg, 57.3 umol,
1.0 equiv.) was added and solution was stirred at RT for 30 mins. Solution was purified by preparative
HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with Fmoc protected product were
joined and lyophilized. The resulting white solid was dissolved in dry DMF (2.4 mL) followed by addition
of DBU (48 uL, 322 pumol, 5.6 equiv.). After 5 mins, the reaction was quenched with TFA (25 uL, 327
pmol, 5.7 equiv.) and diluted with H2O (1 mL). Solution was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: 26 mg (53%; 2 steps; based on BusL!-3.0TFA-0.9H>O assuming zwitterionic
form of I, Mz = 859.0). ESI-HRMS: 859.4789 [M+H]" (theor. [C41HesF3010N6]" = 859.4787).
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Synthesis and LC-MS chromatogram of intermediate II: In a glass vial (4 mL), Ac-Fmoc-
MesL!'"1.9TFA-1.3H20 (17.8 mg, 17.4 pmol, 1.0 equiv.) was dissolved in dry DMSO (850 uL) followed
by addition of freshly prepared solution of PyOAP (100 mM in dry DMSO, 174 uL, 17.4 umol, 1.0 equiv.)
and of DIPEA (25 pL, 143 pumol, 8.2 equiv.). The resulting mixture was stirred at RT for 2 mins followed
by addition of solution of I (22.9 mg, 26.7 umol assuming zwitterionic form, 1.5 equiv.) in dry DMSO (1
mL) and the mixture was further stirred at RT for 30 mins. Solution was then purified by preparative HPLC
(C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with fert-butyl product were joined and
lyophilized. The resulting solid was dissolved in TFA (3 mL) and the resulting solution was stirred at RT
for 16 h. Reaction mixture was evaporated to dryness and twice co-evaporated with MeOH. Residue was
purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product
were joined and lyophilized. Yield: 19.0 mg (66%; 2 steps; based on Ac-Fmoce-MesL!-1.9TFA-1.3H,0
assuming IT-:2TFA, Mg = 1682). ESI-HRMS: 1454.6357 [M+H]" (theor. [CesHo1F3021N11]" = 1454.6338).
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Synthesis and LC-MS chromatogram of TP1: In a glass vial (20 mL), IT (19 mg, 11.3 pumol assuming
II-2TFA, 1.0 equiv (.was dissolved in MeOH (3.6 mL) and H20 (0.4 mL) followed by addition of aq. LiOH
(1.0 M, 325 pL, 325 umol, 29 equiv.). The resulting solution was stirred at RT for 2 d. The mixture was
then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with
product were joined and lyophilized to give product as white solid. Yield: 9.7 mg (62%; 2 steps; based on
II-2TFA assuming TP1-:2TFA, Mr = 1376). ESI-HRMS: 1148.5084 [M+H]" (theor. [CasH73F3018N11]" =
1148.5082.
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Post-synthesis of M!M2-TP1 statistical mixtures: Solid TP1 (assuming TP1-2TFA, Mr = 1376) was
dissolved in aq. MOPS/NaOH buffer (pH 7.0) to a final concentration of 2.5 mM TP1 in 500 mM
MOPS/NaOH buffer. In a plastic Eppendorf tube (0.5 mL), buffered stock solution of TP1 (95 pL, 240
nmol, 1.0 equiv.) was added to a mixture of ag. M!Cls3 (100 mM, 2.5 uL, 250 nmol, 1.05 equiv.) and of aq.
M2Cl; (100 mM, 2.5 pL, 250 nmol, 1.05 equiv.). The resulting mixture was briefly vortexed and transferred
into an NMR insert tube, which was then put into 5 mm NMR tube filled with D20 and directly used for
“F NMR measurements (21 combinations of M3" cations are listed below; charges were omitted for clarity

reasons).

121



. iU\ ™ (‘-s* LE M‘ *-\* é

\_) M2 -TP1 (3) M1M2 -TP1 (9)

M2-TP1 TM2-TP1:

Tb-TP1 @ - @ TbTb-TP1: = and =

Dy-TP1: (M2 = Dy DyTb-TP1: = (Dy) and (M) =

Ho-TP1: @ - @ HoTb-TP1: - and (MD =

Yb-TP1 @ - @ YbTb-TP1: - and -
ThDy-TP1: = and =
DyDy-TP1: = and =
HoDy-TP1: = and =
YbDy-TP1: d -
TbHo-TP1: =

DyHo-TP1:

Q
=)

HoHo-TP1:

QD
S

YbHo-TP1:

TbYb-TP1:

]

D QD

S 3
Q Qo Q Q Q
1]

DyYb-TP1:
HoYb-TP1:
YbYb-TP1:

D
3

Q
=)
Q.

|

SEEE00558855555E ;
PHOOPOOPIOODPDV® L
FEEEEEE0EE0EEEEE
PPPPDOODO00PDD@

) and |

Synthesis of M'M2-TP1 tripeptides with Tb3*, Dy**, Ho*" and Yb*" cations. Charges were omitted for
clarity reason. Conditions: (i) M?Cls, ag. MOPS/NaOH buffer (pH 7.0) followed by LiOH, H>0, MeOH,;
(ii) M!'Cl3, ag. MOPS/NaOH buffer (pH 7.0).
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LC-MS Method 2
UV Detection: 213 nm
MS EIC*: 1304-1305 m/z

R, min

Synthesis and LC-MS chromatogram of intermediate Tb-TP1: In a glass vial (4 mL), IT (2.9 mg, 1.7
umol assuming II-2TFA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 580 uL,
290 pmol, 170 equiv) followed by addition of aq. TbClz (100 mM, 24 uL, 2.4 umol, 1.4 equiv.). The
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>0O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. The resulting white solid was dissolved in a mixture of MeOH (2.0 mL) and H20
(150 pL) followed by addition of aq. LiOH (1 M, 106 puL, 106 pmol, 62 equiv.) and the mixture was stirred
at RT for 5 d. Reaction was then quenched by FA (5.0 uL, 110 umol, 65 equiv.) and the mixture was
evaporated to dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1%
FA additive). Fractions with product were joined and lyophilized to give product as white solid. Yield: 2.2
mg (90%; 2 steps; based on II'2TFA assuming Tb-TP1-2.5FA, Mr = 1419). ESI-HRMS: 1304.4091
[M+H]" (theor. [C4gH7001sN11F3Tb]" = 1304.4100).
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LC-MS Method 2
UV Detection: 213 nm
MS EIC*: 1308-1309 m/z

o 1 2 3 4 5 6 7 8 9 10
R, min

Synthesis and LC-MS chromatogram of intermediate Dy-TP1: In a glass vial (4 mL), IT (5.0 mg, 3.0
umol assuming II-2.0TFA, 1.0 equiv.) was dissolved in ag. MOPS/NaOH buffer (500 mM, pH 7.0, 1.0 mL,
500 umol, 170 equiv) followed by addition of aq. DyCl3 (100 mM, 41 uL, 4.1 umol, 1.4 equiv.). The
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H2O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. The resulting white solid was dissolved in a mixture of MeOH (2.4 mL) and H20
(180 pL) followed by addition of aq. LiOH (1 M, 113 uL, 113 pmol, 38 equiv.) and the mixture was stirred
at RT for 5 d. Reaction was then quenched by FA (5.0 puL, 110 umol, 37 equiv.) and the mixture was
evaporated to dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1%
FA additive). Fractions with product were joined and lyophilized to give product as white solid. Yield: 2.7
mg (64%; 2 steps; based on II'2.0TFA assuming Dy-TP1-2.5FA, Mr = 1423). ESI-HRMS: 1309.4130
[M+H]" (theor. [C4sH7001sN11F3Dy1]" = 1309.4139).
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LC-MS Method 2
UV Detection: 213 nm
MS EIC*: 1310-1311 miz

R, min

Synthesis and LC-MS chromatogram of intermediate Ho-TP1: In a glass vial (4 mL), IT (4.0 mg, 2.4
pumol assuming II-2.0TFA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 0.8 mL,
430 umol, 170 equiv) followed by addition of aq. HoCls (100 mM, 33 uL, 3.3 pumol, 1.4 equiv.). The
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. The resulting white solid was dissolved in a mixture of MeOH (2.0 mL) and H>0
(150 pL) followed by addition of aq. LiOH (1 M, 102 pL, 102 umol, 43 equiv.) and the mixture was stirred
at RT for 5 d. Reaction was then quenched by FA (5.0 uL, 110 pmol, 46 equiv.) and the mixture was
evaporated to dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1%
FA additive). Fractions with product were joined and lyophilized to give product as white solid. Yield: 2.1
mg (61%; 2 steps; based on II'2.0TFA assuming Ho-TP1-2.5FA Mr = 1425). ESI-HRMS: 1310.4146
[M+H]" (theor. [CasH7001sN11F3sHo:]" = 1310.4150).
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LC-MS Method 2
UV Detection: 214 nm Yb-TP1
MS EIC*: 1319-1320 m/z

R, min

Synthesis and LC-MS chromatogram of intermediate Yb-TP1: In a glass vial (4 mL), II (2.9 mg, 1.7
umol assuming II-2.0TFA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 580
pL, 500 pmol, 170 equiv) followed by addition of aq. YbCl3 (100 mM, 24 uL, 2.4 umol, 1.4 equiv.). The
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>0O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. The resulting white solid was dissolved in a mixture of MeOH (2.0 mL) and H20
(150 pL) followed by addition of aq. LiOH (1 M, 104 uL, 104 pmol, 61 equiv.) and the mixture was stirred
at RT for 5 d. Reaction was then quenched by FA (5.0 uL, 110 umol, 65 equiv.) and the mixture was
evaporated to dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1%
FA additive). Fractions with product were joined and lyophilized to give product as white solid. Yield: 1.6
mg (65%; 2 steps; based on II:2.0TFA assuming Yb-TP1-2.5FA, Mr = 1433). ESI-HRMS: 1319.4240
[M+H]" (theor. [C4sH70018N11F3Yb1]" = 1319.4236).
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TbTb-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 1460-1461 m/z

R, min

Synthesis and LC-MS chromatogram of TbTb-TP1: In a glass vial (4 mL), Tb-TP1 (0.6 mg, ~0.4 pmol
assuming Th-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 uL,
250 pmol, ~600 equiv.) followed by addition of aq. TbCl3 (100 mM, 5 uL, 0.5 umol, ~1.2 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =
298.2 K) 8r —55.76 (CF3, s). ESI-HRMS: 730.6594 [M+2H]** (theor. [CasHesO18N11F3Tb2]*" = 730.6596).
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DyTb-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 1464—-1465 m/z

Synthesis and LC-MS chromatogram of DyTb-TP1: In a glass vial (4 mL), Tb-TP1 (0.6 mg, ~0.4 pmol
assuming Th-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 uL,
250 pumol, ~600 equiv.) followed by addition of aq. DyCls (100 mM, 5 uL, 0.5 pmol, ~1.2 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>0O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =
2982 K) & —67.29 (CF3, s). ESI-HRMS: 731.6605 [M+2H]** (theor. [CasHesO13N11F3Dy 1 Tbi]** =
731.6604).
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HoTb-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 14661467 m/z ‘

R, min

Synthesis and LC-MS chromatogram of HoTb-TP1: In a glass vial (4 mL), Tb-TP1 (0.5 mg, ~0.4 pmol
assuming Th-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 uL,
250 pumol, ~700 equiv.) followed by addition of aq. HoCls (100 mM, 5 uL, 0.5 pmol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =
298.2 K) &r —64.81 (CF3, s). ESI-HRMS: 733.6620 [M+2H]** (theor. [CasHesO13N11F3sHo 1 Thi]*" =
733.6621).
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YbTb-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 1474-1475 miz

Ry, min

Synthesis and LC-MS chromatogram of YbTb-TP1: In a glass vial (4 mL), Tb-TP1 (0.5 mg, ~0.4 pmol
assuming Th-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 pL,
250 pumol, ~700 equiv.) followed by addition of aq. YbCls (100 mM, 5 uL, 0.5 pmol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D,0): F (470.4 MHz, T =
298.2 K) & —57.56 (CF3, s). ESI-HRMS: 738.1665 [M+2H]*" (theor. [CasHesO13N11F3YbiThi]** =
738.1664).
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TbDy-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 1464-1465 miz

R, min

Synthesis and LC-MS chromatogram of TbDy-TP1: In a glass vial (4 mL), Dy-TP1 (0.5 mg, ~0.4 pmol
assuming Dy-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 uL,
125 pmol, ~350 equiv.) followed by addition of aq. TbCl3 (100 mM, 5 uL, 0.5 umol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.4 mg. NMR (aq. MOPS pH = 7.0, external D,0): F (470.4 MHz, T =
298.2 K) & —55.55 (CF3, s). ESI-HRMS: 733.1610 [M+2H]** (theor. [CasHesO13N11F3TbiDyi]*" =
733.1615).
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LC-MS Method 1
UV Detection: 194 nm !
MS EIC*: 1468-1469 m/z ‘

R, min

Synthesis and LC-MS chromatogram of DyDy-TP1: In a glass vial (4 mL), Dy-TP1 (1.0 mg, ~0.7 pmol
assuming Dy-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 uL,
250 pumol, ~350 equiv.) followed by addition of aq. DyCls (100 mM, 9 uL, 0.9 pmol, ~1.3 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~1.0 mg. NMR (aq. MOPS pH = 7.0, external D,0): F (470.4 MHz, T =
298.2 K) 8r —57.02 (CF3, s). ESI-HRMS: 735.6632 [M+2H]** (theor. [CasHesO13N11F3Dy]>" = 735.6634).
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HoDy-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 1469-1471 m/z

Synthesis and LC-MS chromatogram of HoDy-TP1: In a glass vial (4 mL), Dy-TP1 (0.5 mg, ~0.4 pmol
assuming Dy-TP1-2.5FA, 1.0 equiv.) was dissolved in ag. MOPS/NaOH buffer (500 mm, pH 7.0, 250 pL,
125 umol, ~350 equiv.) followed by addition of aq. HoCl; (100 mM, 5 uL, 0.5 umol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.5 mg. NMR (aq. MOPS pH = 7.0, external D,0): '°F (470.4 MHz, T =
2982 K) 8 —54.61 (CFs, s). ESI-HRMS: 736.1641 [M+2H]*" (theor. [CisHesO1sN1iF3Ho Dy ]*" =
736.1640).
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YbDy-TP1

LC-MS Method 1 |
UV Detection: 194 nm |
MS EIC*: 1478—-1479 miz \

Synthesis and LC-MS chromatogram of YbDy-TP1: In a glass vial (4 mL), Dy-TP1 (0.5 mg, ~0.4 pmol
assuming Dy-TP1-2.5FA, 1.0 equiv.) was dissolved in aqg. MOPS/NaOH buffer (500 mM, pH 7.0, 250 uL,
125 umol, ~350 equiv.) followed by addition of aq. YbCls; (100 mM, 5 uL, 0.5 umol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.4 mg. NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =
298.2 K) 8r —47.38 (CF3, s). ESI-HRMS: 740.6698 [M+2H]*" (theor. [CasHesO1sN11F3YbiDy1]*" =
740.6683).
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TbHo-TP1

LC-MS Method 1 ,‘
UV Detection: 194 nm |
MS EIC*: 1466-1467 miz |

R, min

Synthesis and LC-MS chromatogram of TbHo-TP1: In a glass vial (4 mL), Ho-TP1 (0.5 mg, ~0.4 pmol
assuming Ho-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 pL,
125 pmol, ~350 equiv.) followed by addition of aq. TbCl3 (100 mM, 5 uL, 0.5 umol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>0O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.4 mg. NMR (aq. MOPS pH = 7.0, external D,0): F (470.4 MHz, T =
298.2 K) & —60.91 (CF3, s). ESI-HRMS: 744.6528 [M+2H]*" (theor. [CasHesO13N11F3TbiHoi]** =
744.6531).
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DyHo-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 1470-1471 miz

R, min

Synthesis and LC-MS chromatogram of DyHo-TP1: In a glass vial (4 mL), Ho-TP1 (0.4 mg, ~0.3 pmol
assuming Ho-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 pL,
125 pmol, ~900 equiv.) followed by addition of aq. DyCls (100 mM, 3 uL, 0.3 pmol, ~1.1 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.4 mg. NMR (aq. MOPS pH = 7.0, external D,0): F (470.4 MHz, T =
298.2 K) & —62.75 (CF3, s). ESI-HRMS: 736.1643 [M+2H]*" (theor. [CasHesO1sN11F3DyHoi]*" =
736.1640).
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HoHo-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 14721474 miz

Synthesis and LC-MS chromatogram of HoHo-TP1: In a glass vial (4 mL), Ho-TP1 (0.4 mg, ~0.3 pmol
assuming Ho-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 pL,
125 pmol, ~900 equiv.) followed by addition of aq. HoCls (100 mM, 3 uL, 0.3 pmol, ~1.1 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>0O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.4 mg. NMR (aq. MOPS pH = 7.0, external D,0): F (470.4 MHz, T =
298.2 K) 8¢ —60.20 (CF3, s). ESI-HRMS: 736.6644 [M+2H]** (theor. [C4sHesO13sN11F3Ho2]*" = 736.6646).
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YbHo-TP1

LC-MS Method 1 ,‘
UV Detection: 194 nm |
MS EIC*: 1480-1481 miz |

Synthesis and LC-MS chromatogram of YbHo-TP1: In a glass vial (4 mL), Ho-TP1 (0.5 mg, ~0.4 pmol
assuming Ho-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 pL,
125 pmol, ~350 equiv.) followed by addition of aq. YbCls (100 mM, 5 uL, 0.5 pmol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>0O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =
298.2 K) & —53.02 (CF3, s). ESI-HRMS: 741.1700 [M+2H]** (theor. [CasHesO1sN11F3YbiHoi]*" =
741.1688).
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TbYb-TP1

LC-MS Method 1 _
UV Detection: 194 nm '

MS EIC*: 1475-1476 miz

R, min

Synthesis and LC-MS chromatogram of TbYb-TP1: In a glass vial (4 mL), Yb-TP1 (0.4 mg, ~0.3 pmol
assuming Yb-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 uL,
125 umol, ~900 equiv.) followed by addition of aq. TbCls (100 mM, 4 uL, 0.4 pmol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =
298.2 K) & —69.10 (CF3, s). ESI-HRMS: 738.1662 [M+2H]** (theor. [CasHesO1sN11F3TbiYbi]** =
738.1664).

139



CF;

@)

DyYb-TP1

LC-MS Method 1 I
UV Detection: 194 nm I
MS EIC*: 1478-1479 miz

R, min

Synthesis and LC-MS chromatogram of DyYb-TP1: In a glass vial (4 mL), Yb-TP1 (0.4 mg, ~0.3 pmol
assuming Yb-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 uL,
125 umol, ~900 equiv.) followed by addition of aq. DyCls; (100 mM, 4 uL, 0.4 umol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.4 mg. NMR (aq. MOPS pH = 7.0, external D:0): 'F (470.4 MHz, T =
298.2 K) 8r —71.04 (CF3, s). ESI-HRMS: 740.6689 [M+2H]*" (theor. [CasHesO1sN11F3Dy1Ybi]*" =
740.6683).
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HoYb-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 1481-1482 miz

R, min

Synthesis and LC-MS chromatogram of HoYb-TP1: In a glass vial (4 mL), Yb-TP1 (0.4 mg, ~0.3 pmol
assuming Yb-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 uL,
125 umol, ~900 equiv.) followed by addition of aq. HoCl3 (100 mM, 4 uL, 0.4 umol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D:0): 'F (470.4 MHz, T =
298.2 K) 8r —68.39 (CF3, s). ESI-HRMS: 741.1687 [M+2H]*" (theor. [CasHesO1sN11F3sHo1Yb1]* =
741.1688).
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YbYb-TP1

LC-MS Method 1
UV Detection: 194 nm
MS EIC*: 1489-1490 m/z

R, min

Synthesis and LC-MS chromatogram of YbYb-TP1: In a glass vial (4 mL), Yb-TP1 (0.4 mg, ~0.3 pmol
assuming Yb-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 250 pL,
125 pmol, ~900 equiv.) followed by addition of aq. YbCls (100 mM, 4 uL, 0.4 pmol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.4 mg. NMR (aq. MOPS pH = 7.0, external D,0): F (470.4 MHz, T =
298.2 K) 8r —61.37 (CF3, s). ESI-HRMS: 745.6728 [M+2H]** (theor. [CasHesO1sN11F3Ybo]>" = 745.6731).
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Alternative synthesis of M"M2-TP1 tripeptides with Dy**, Ho** and Tm?" cations. Charges were omitted
for clarity reason. Conditions: (i) M*Cls, aq. MOPS/NaOH buffer (pH 7.0); (ii) Fmoc-Phe{p-CF3}-OH,
PyAOP, DIPEA, DMSO followed by DBU, DMF; (iii) Ac-Fmoc-MesL!, PyAOP, DIPEA, DMSO followed
by LiOH, H,0, MeOH; (vi) M'Cls, aq. MOPS/NaOH buffer (pH 7.0).
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LC-MS Method 2 [Dy(L")]
UV Detection: 200 nm
MS EIC*: 636—-638 m/z
0 1 2 3 4 5
R, min

Synthesis and LC-MS chromatogram of building block [Dy(LY)]: In a glass vial (4 mL),
L!'2.4TFA-2.5H,0 (76.8 mg, 96.8 umol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (3.0 M, pH
7.0, 1.30 mL, 3.90 mmol, 40 equiv.) followed by addition of ag. DyCls (100 mM, 1.03 mL, 103 umol, 1.1
equiv.) and the resulting solution was stirred at RT for 15 mins. The mixture was then purified by
preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined
and lyophilized to give product as white solid. Yield: 61.0 mg (76%; 1 step; based on L!-2.4TFA-2.5H20).
ESI-HRMS: 637.1413 [M+H]* (theor. [C19H3109N5Dy1]" = 637.1408). EA
(C19H30NsO9Dy1-1.2TFA-3.0H20, Mr = 825.8): C31.1 (31.3); H4.5(4.3); N 8.5(8.4); F 8.3 (8.1); Dy 19.7
(19.3). Preparation of single crystals: In a glass vial (4 mL), aq. solution of [Dy(L')] (repurified on HPLC
with 0.1% FA additive — assuming zwitterionic form; ~20 mM, 62 uL, ~1.24 umol, 1.0 equiv.; filtered
through syringe microfilter) was mixed with aq. solution of HBr (~1.0 M, 1.24 uL, 1.24 pmol, ~1.0 equiv.)
and the resulting solution was briefly vortexed. Then, /,4-dioxane (~160 pL) was slowly added dropwise
until opalescence occurred. The mixture was then sealed with a cap and gently heated using heat gun until
clear solution was produced. The mixture was then left standing at RT for 3 weeks, producing single crystals
of [Dy(L")]-3.5H:0 suitable for X-Ray analysis. Similar crystallization experiment with HCIO4 instead of
HBr yielded identical crystals.
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LC-MS Method 2 [Ho(L)]
UV Detection: 200 nm
MS EIC*: 637-639 m/z
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0 1 2 3 4 5 6 7 8 9 10
R, min

Synthesis and LC-MS chromatogram of building block [Ho(L!))]: In a glass vial (4 mL),
L!'2.4TFA-2.5H,0 (76.8 mg, 96.8 umol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (3.0 M, pH
7.0, 1.30 mL, 3.90 mmol, 40 equiv.) followed by addition of ag. HoCl3z (100 mM, 1.03 mL, 103 umol, 1.1
equiv.) and the resulting solution was stirred at RT for 15 mins. The mixture was then purified by
preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined
and lyophilized to give product as pinkish solid. Yield: 61.7 mg (78%; 1 step; based on
L!'2.4TFA-2.5H,0). ESI-HRMS: 638.1424 [M+H]" (theor. [CioH3109NsHoi]* = 638.1420). EA
(C19H30Ns509Ho1-1.1TFA-3.0H20, Mr = 816.8): C 31.2 (31.4); H4.6 (4.3); N 8.6 (8.3); F 7.7 (7.8); Ho 20.2
(19.8).

145



CF3

LC-MS Method 1
UV Detection: 213 nm
MS EIC*: 851-853 mi/z

0 1 2 3 4 5 6 7 8 9 10
R, min

Synthesis and LC-MS chromatogram of intermediate Dy-III: In a glass vial (4 mL), [Dy(LY)]
‘1.2TFA-3.0H20 (12.8 mg, 15.5 pmol, 1.0 equiv.) was dissolved in dry DMSO (764 pL), followed by
addition of Fmoc-Phe {p-CF3}-OH (100 mM in dry DMSO, 389 uL, 38.9 umol, 2.5 equiv.), PyAOP (100
mM in dry DMSO, 389 uL, 38.9 umol, 2.5 equiv.) and DIPEA (13.5 pL, 77.1 umol, 5.0 equiv.). The
resulting solution was sonicated at RT for 2 mins and then further stirred at RT for 30 mins. The mixture
was then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with
Fmoc protected product were joined and lyophilized. The resulting white solid was dissolved in 2% DBU
in DMF (891 pL, 119 umol, 7.7 equiv.) and the solution was stirred at RT for 5 mins. Reaction was
quenched with TFA (8 uL, 105 pmol, 6.8 equiv.) followed by addition of H2O (100 puL). The mixture was
then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with
product were joined and lyophilized to give product as white solid. Yield: 8.5 mg (51%; 2 steps; based on
[Dy(LY] -1.2TFA-3.0H20). ESI-HRMS: 852.1981 [M+H]" (theor. [C20H39010NsF3Dy1]" = 852.1966). EA
(C20H38N6O10F3Dy1-1.1TFA-5.0H20, Mk = 1065.6): C 35.2 (34.8); H4.6 (4.4); N 7.9 (7.7); F 11.2 (10.9).
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LC-MS Method 1
UV Detection: 213 nm
MS EIC*: 852—-854 m/z
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Synthesis and LC-MS chromatogram of intermediate Ho-III: In a glass vial (4 mL), [Ho(L")]
‘1.1TFA-3.0H20 (13.8 mg, 16.9 pmol, 1.0 equiv.) was dissolved in dry DMSO (826 uL), followed by
addition of Fmoc-Phe{p-CF3}-OH (100 mM in dry DMSO, 420 uL, 42.0 umol, 2.5 equiv.), PyAOP (100
mM in dry DMSO, 420 uL, 42.0 umol, 2.5 equiv.) and DIPEA (14.6 uL, 84.0 umol, 5.0 equiv.). The
resulting solution was sonicated at RT for 2 mins and then further stirred at RT for 30 mins. The mixture
was then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with
Fmoc protected product were joined and lyophilized. The resulting pinkish solid was dissolved in 2% DBU
in DMF (906 uL, 121 pumol, 7.2 equiv.) and the solution was stirred at RT for 5 mins. Reaction was
quenched with TFA (9 uL, 118 pmol, 7.0 equiv.) followed by addition of H2O (100 pL). The mixture was
then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with
product were joined and lyophilized to give product as pinkish solid. Yield: 8.7 mg (49%; 2 steps; based
on [Ho(LY)]-1.1TFA-3.0H20 assuming Ho-III-1.0TFA-5.0H20 according to Dy-IV analogy, Mg = 1057).
ESI-HRMS: 853.1985 [M+H]" (theor. [C20H30010NsF3Ho1]" = 853.1978).
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LC-MS Method 2
UV Detection: 213 nm
MS EIC*: 1308-1310 m/z
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Synthesis and LC-MS chromatogram of intermediate Dy-TP1: In a glass vial (4 mL), Dy-
III-1.1TFA-5.0H20 (25.4 mg, 23.8 umol, 1.0 equiv.) was dissolved in dry DMSO (1.28 mL), followed by
addition of Ac-Fmoc-MesL!'-1.9TFA-1.3H20 (100 mM in dry DMSO, 238 uL, 23.8 pumol, 1.0 equiv.),
PyAOP (100 mM in dry DMSO, 596 uL, 59.6 pumol, 2.5 equiv.) and DIPEA (29.0 uL, 166 umol, 7.0
equiv.). The resulting solution was stirred at RT for 30 mins. The mixture was then purified by preparative
HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with protected product were joined
and lyophilized. The resulting white solid was dissolved in a mixture of MeOH (3.68 mL) and H20 (0.41
mL) followed by addition of aq. LiOH (100 mM, 364 uL, 364 umol, 15 equiv.) and the mixture was stirred
at RT for 43 h. Reaction was then quenched by FA (12.5 uL, 331 pmol, 14 equiv.) and the mixture was
evaporated to dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1%
FA additive). Fractions with product were joined and lyophilized to give product as white solid. Yield: 15.5
mg (46%; 2 steps; based on Dy-III-1.1TFA-5.0H20 assuming Dy-TP1-2.5FA, Mg = 1423). ESI-HRMS:
1309.4130 [M+H]" (theor. [C4sH7001sN11F3Dy:]" = 1309.4139).
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LC-MS Method 2
UV Detection: 213 nm
MS EIC*: 1309-1311 m/z
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Synthesis and LC-MS chromatogram of intermediate Ho-TP1: In a glass vial (4 mL), Ho-III (26.3 mg,
24.9 umol assuming Ho-III-1.0TFA-5.0H-0, 1.0 equiv.) was dissolved in dry DMSO (1.33 mL), followed
by addition of Ac-Fmoc-MesL!-1.9TFA-1.3H,0 (100 mM in dry DMSO, 247 uL, 24.7 umol, 1.0 equiv.),
PyAOP (100 mM in dry DMSO, 617 uL, 61.7 umol, 2.5 equiv.) and DIPEA (30.0 uL, 171 umol, 6.9
equiv.). The resulting solution was stirred at RT for 30 mins. The mixture was then purified by preparative
HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with protected product were joined
and lyophilized. The resulting pinkish solid was dissolved in a mixture of MeOH (4.11 mL) and H20 (0.46
mL) followed by addition of aq. LiOH (100 mM, 373 uL, 373 umol, 15 equiv.) and the mixture was stirred
at RT for 43 h. Reaction was then quenched by FA (14.1 uL, 374 pmol, 15 equiv.) and the mixture was
evaporated to dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1%
FA additive). Fractions with product were joined and lyophilized to give product as pinkish solid. Yield:
19.1 mg (54%; 2 steps; based on Ho-III-1.0TFA-5.0H,0 assuming Ho-TP1-2.5FA, Mr = 1425). ESI-
HRMS: 1310.4146 [M+H]" (theor. [C4sH7001sN11F3Ho1]" = 1310.4150).
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DyDy-TP1
LC-MS Method 1
UV Detection: 214 nm
MS EIC*: 1468-1470 m/z
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R:, min

Synthesis and LC-MS chromatogram of DyDy-TP1: In a glass vial (4 mL), Dy-TP1 (7.0 mg, 4.9 pmol
assuming Dy-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 2.0 mL,
1.0 mmol, 200 equiv.) followed by addition of aq. DyCl3 (100 mM, 59 uL, 5.9 umol, 1.2 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: 7.3 mg (94%; 1 step; based on Dy-TP1-2.5FA assuming DyDy-TP1-1.0TFA,
Mg = 1581). NMR (aq. MOPS pH = 7.0, external D20): °F (470.4 MHz, T'=298.2 K) &r —57.33 (CF3,
s). ESI-HRMS: 735.6657 [M+2H]** (theor. [C4sHesO18N11F3Dy2]*" = 735.6634).
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LC-MS Method 1 |
UV Detection: 264 nm \
MS EIC*: 1469-1471 miz '

Synthesis and LC-MS chromatogram of HoDy-TP1: In a glass vial (4 mL), Dy-TP1 (7.0 mg, 4.9 pmol
assuming Dy-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 2.0 mL,
1.0 mmol, 200 equiv.) followed by addition of aq. HoCl3 (100 mM, 59 uL, 5.9 umol, 1.2 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as pinkish solid. Yield: 7.4 mg (95%; 1 step; based on Dy-TP1-2.5FA assuming HoDy-
TP1-1.0TFA, Mr = 1584). NMR (aq. MOPS pH = 7.0, external D>0): "F (470.4 MHz, T =298.2 K) &r
~54.75 (CF3, s). ESI-HRMS: 736.1659 [M+2H]** (theor. [CasHesO13N11F3Dy1Hoi]*" = 736.1640).
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LC-MS Method 1

UV Detection: 264 nm
MS EIC*: 737—-739 mi/z
AN
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Synthesis and LC-MS chromatogram of TmDy-TP1: In a glass vial (2 mL), Dy-TP1 (0.8 mg, 0.56 pmol
assuming Dy-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 100 uL,
50 pumol, 90 equiv.) followed by addition of aq. TmCl3 (100 mM, 12 pL, 1.2 umol, 2.1 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: 0.7 mg (79%; 1 step; based on Dy-TP1:2.5FA assuming TmDy-
TP1-1.0TFA, Mz = 1588). NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =298.2 K) &
—38.16 (CF3, s). ESI-HRMS: 738.1666 [M+2H]*" (theor. [CasHesO18N11F3Dy 1 Tmi]** = 738.1659).
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LC-MS Method 1
UV Detection: 264 nm
MS EIC*: 1470-1472 miz

R:, min

Synthesis and LC-MS chromatogram of DyHo-TP1: In a glass vial (4 mL), Ho-TP1 (9.0 mg, 6.3 pmol
assuming Ho-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 2.0 mL,
1.0 mmol, 160 equiv.) followed by addition of aq. DyCls (100 mM, 76 uL, 7.6 umol, 1.2 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as pinkish solid. Yield: 8.1 mg (81%; 1 step; based on Ho-TP1-2.5FA assuming DyHo-
TP1-1.0TFA, Mz = 1584). NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =298.2 K) &
—62.75 (CF3, s). ESI-HRMS: 736.1651 [M+2H]*" (theor. [CasHesO18N11F3Ho1Dy1]*" =736.1640).
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HoHo-TP1
LC-MS Method 1

UV Detection: 214 nm
MS EIC*: 1471-1473 miz

R:, min

Synthesis and LC-MS chromatogram of HoHo-TP1: In a glass vial (4 mL), Ho-TP1 (9.0 mg, 6.3 pmol
assuming Ho-TP1-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 2.0 mL,
1.0 mmol, 160 equiv.) followed by addition of aq. HoCl3 (100 mM, 76 uL, 7.6 umol, 1.2 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as pinkish solid. Yield: 8.7 mg (87%; 1 step; based on Ho-TP1-2.5FA assuming HoHo-
TP1-1.0TFA, Mr = 1586). NMR (aq. MOPS pH = 7.0, external D:0): F (470.4 MHz, T =298.2 K) dr
—60.19 (CF3, s). ESI-HRMS: 1472.3229 [M+H]" (theor. [C4sHs7018N11F3Ho2]" =1472.3219).
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Direct synthesis of DyHo-TP1 and HoDy-TP1. Conditions: (i) M'Cl3, aq. MOPS/NaOH (pH 7.0); (ii) H-
Phe {p-CF3}-OBn, PyAOP, DIPEA, DMSO, 80 °C; (iii) Hz, PA@C, MeOH; (iv) [MXL")], PyAOP, DIPEA,
DMSO; (v) DBU, DMF.
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LC-MS Method 1
UV Detection: 265 nm
MS EIC*: 858-860 m/z

0 1 2 3 4 5 6 7 8 9 10
Ry, min

Synthesis and LC-MS chromatogram of building block [Dy(Fmoc-L!]: In a glass vial (4 mL), Fmoc-
L!-2.0TFA-1.3FA (58.0 mg, 58.9 umol, 1.0 equiv.) was dissolved in H>O (1 mL) followed by addition of
aq. MOPS/NaOH buffer (3.0 M, pH 7.0, 787 uL, 2.36 mmol, 40 equiv.) followed by addition of aq. DyCls
(100 mM, 700 uL, 70 umol, 1.2 equiv.) and the resulting solution was stirred at RT for 15 mins. The mixture
was then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions
with product were joined and lyophilized to give product as white solid. Yield: 42.0 mg (68%; 1 step; based
on Fmoc-L'2.0-TFA1.3-FA). ESI-HRMS: 881.1928 [M+Na]* (theor. [C34H40011NsDyNa;]* = 881.1908).
EA (C34H40N5011Dy1-1.1TFA-3.5H20, Mr = 1045.7): C 41.6 (41.9); H4.6 (4.4); N 6.7 (6.4); F 6.0 (6.0);
Dy 15.5 (12.5).

LC-MS Method 1
UV Detection: 265 nm
MS EIC*: 859-861 m/z

8 9 10

R, min

Synthesis and LC-MS chromatogram of building block [Ho(Fmoc-L']: In a glass vial (4 mL), Fmoc-
L!-2.0TFA-1.3FA (58.0 mg, 58.9 umol, 1.0 equiv.) was dissolved in H>O (1 mL) followed by addition of
aq. MOPS/NaOH buffer (3.0 M, pH 7.0, 787 uL, 2.36 mmol, 40 equiv.) followed by addition of aq. HoCls
(100 mM, 700 uL, 70 umol, 1.2 equiv.) and the resulting solution was stirred at RT for 15 mins. The mixture
was then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions
with product were joined and lyophilized to give product as pinkish solid. Yield: 38.5 mg (62%; 1 step;
based on Fmoc-L'-2.0TFA-1.3FA). ESI-HRMS: 860.2111 [M+H]" (theor. [C3sHs1011NsHoi]" =
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860.2100). EA (C3:HaNsO11Hoi-1.1TFA-3.5H,0, M = 1048.1): C 41.5 (41.9); H 4.6 (4.5); N 6.7 (6.2); F
6.0 (5.8); Dy 15.7 (13.5).
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LC-MS Method 1 Dy-IV
UV Detection: 265 nm
MS EIC*: 1163—-1165 m/z
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Synthesis and LC-MS chromatogram of intermediate Dy-IV: In a glass vial (4 mL), [Dy(Fmoc-L')]
‘1.1TFA-3.5H20 (15.5 mg, 14.8 pmol, 1.0 equiv.) was dissolved in dry DMSO (460 uL), followed by
addition of H-Phe {p-CF3}-OBn (100 mM in dry DMSO, 204 uL, 20.4 umol, 1.4 equiv.), PyAOP (100 mM
in dry DMSO, 850 pL, 85.0 umol, 5.7 equiv.) and DIPEA (14.6 pL, 84.0 umol, 5.7 equiv.). The resulting
solution was stirred at 80 °C for 5 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: 13.7 mg (76%; 1 step; based on [Dy(Fmoc-L')] -1.1TFA-3.5H>0 assuming
Dy-1V-1.0FA, Mr = 1209). ESI-HRMS: 1164.3113 [M+H]" (theor. [Cs51Hss012N6F3Dy1]" = 1164.3116).
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LC-MS Method 1 Ho-IV
UV Detection: 265 nm
MS EIC*: 1164-1166 m/z
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Synthesis and LC-MS chromatogram of intermediate Ho-IV: In a glass vial (4 mL), [Ho(Fmoc-
LY]-1.1TFA-3.5H20 (15.5 mg, 14.8 umol, 1.0 equiv.) was dissolved in dry DMSO (460 uL), followed by
addition of H-Phe {p-CF3}-OBn (100 mM in dry DMSO, 204 uL, 20.4 umol, 1.4 equiv.), PyAOP (100 mM
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in dry DMSO, 850 uL, 85.0 umol, 5.7 equiv.) and DIPEA (14.6 uL, 84.0 umol, 5.7 equiv.). The resulting
solution was stirred at 80 °C for 5 mins. The mixture was then purified by preparative HPLC (CI18,
H20/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as pinkish solid. Yield: 10.5 mg (59%; 1 step; based on [Ho(Fmoc-L!)] - 1.1TFA-3.5H20 assuming
Ho-IV-1.0FA, Mr = 1211). ESI-HRMS: 1165.3122 [M+H]" (theor. [Cs1Hs5012N¢F3Ho1]" = 1165.3128).
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LC-MS Method 1 Dy-V
UV Detection: 265 nm
MS EIC*: 1073-1075 m/z
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Synthesis and LC-MS chromatogram of intermediate Dy-V: In a pear-shaped glass flask (25 mL),
Pd@C (10%, 5 mg) was three-times secured with Ar followed by addition of solution of intermediate Dy-
IV (12.4 mg, 10.3 umol assuming Dy-IV-1.0FA, 1.0 equiv.) in MeOH (9 mL) through septum. The mixture
was then stirred at RT for 30 min with slow bubbling of Hz (from balloon) through the mixture. Reaction
mixture was filtered through syringe microfilter (PTFE) and the filtrate was evaporated to dryness. Residue
was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with
product were joined and lyophilized to give product as white solid. Yield: 7.0 mg (58%; 1 step; based on
Dy-IV-1.0FA assuming Dy-V-1.0TFA, Mr = 1186). ESI-HRMS: 1074.2655 [M+H]" (theor.
[C44H49012N6F3Dy1]" = 1074.2647).
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LC-MS Method 1 Ho-v
UV Detection: 265 nm
MS EIC*: 1074-1076 m/z
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Synthesis and LC-MS chromatogram of intermediate Ho-V: In a pear-shaped glass flask (25 mL),
Pd@C (10%, 3 mg) was three-times secured with Ar followed by addition of solution of intermediate Ho-
IV (10.3 mg, 8.5 umol assuming Ho-IV-1.0FA, 1.0 equiv.) in MeOH (5 mL) through septum. The mixture
was then stirred at RT for 30 min with slow bubbling of H2 (from balloon) through the mixture. Reaction
mixture was filtered through syringe microfilter (PTFE) and the filtrate was evaporated to dryness. Residue
was purified by preparative HPLC (C18, H:O/MeCN gradient with 0.1% TFA additive). Fractions with
product were joined and lyophilized to give product as pinkish solid. Yield: 7.6 mg (75%; 1 step; based on
Ho-IV-1.0FA assuming Ho-V-1.0TFA, Mr = 1189). ESI-HRMS: 10752663 [M+H]" (theor.

[C44H49012N6F3Ho1]" = 1075.2658).
CF;

Fmoc-HoDy-TP1
LC-MS Method 1
UV Detection: 265 nm
MS EIC*: 1691-1693 m/z J
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Synthesis and LC-MS chromatogram of intermediate Fmoc-HoDy-TP1: In a glass vial (4 mL), Ho-V
(7.6 mg, 6.4 umol assuming Ho-V-1.0TFA, 1.0 equiv.) and [Dy(L!)]-1.2TFA-3.0H,0 (6.3 mg, 7.6 umol,
1.2 equiv.) were dissolved in dry DMSO (550 pL) followed by addition of PyAOP (100 mM in dry DMSO,
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64 uL, 6.4 umol, 1.0 equiv.) and DIPEA (5.7 uL, 32.5 pmol, 5 equiv.). The resulting solution was stirred
at RT for 15 mins. The mixture was then purified by preparative HPLC (C18, H2O/MeCN gradient with
0.1% FA additive). Fractions with product were joined and lyophilized to give product as pinkish solid.
Yield: 3.6 mg (33%; 1 step; based on Ho'1.0TFA assuming Fmoc-HoDy-TP1 ,Mr = 1692). ESI-HRMS:
847.1983 [M+2H]*" (theor. [Cs3H7s020N11F3Ho1Dy1]*" = 847.1980).

CFs;

Fmoc-DyHo-TP1
LC-MS Method 1
UV Detection: 265 nm
MS EIC*: 1691-1693 m/z
I ¥ I ! T‘# ! I ! I 4 I T I M I T I M I M 1
0 1 2 3 4 5 6 7 8 9 10
Rs, min

Synthesis and LC-MS chromatogram of intermediate Fmoc-DyHo-TP1: In a glass vial (4 mL), Dy-V
(7.0 mg, 5.9 umol assuming Dy-V-1.0TFA, 1.0 equiv.) and [Ho(L!)] -1.1TFA-3.0H20 (6.4 mg, 7.8 umol,
1.3 equiv.) were dissolved in dry DMSO (550 pL) followed by addition of PyAOP (100 mM in dry DMSO,
86 uL, 8.6 umol, 1.5 equiv.) and DIPEA (13.6 uL, 78.0 umol, 13 equiv.). The resulting solution was stirred
at RT for 15 mins. The mixture was then purified by preparative HPLC (C18, H2O/MeCN gradient with
0.1% FA additive). Fractions with product were joined and lyophilized to give product as pinkish
solid.Yield: 3.6 mg (36%; 1 step; based on Dy-V-1.0TFA assuming Fmoc-DyHo-TP1 ,Mr = 1692). ESI-
HRMS: 847.1985 [M+2H]*" (theor. [Cs3H78020N1:1F3Ho1Dy 1> = 847.1980).
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LC-MS Method 1
UV Detection: 214 nm
MS EIC*: 1469-1471 m/z

R, min

Synthesis and LC-MS chromatogram of HoDy-TP1: In a glass vial (4 mL), Fmoc-HoDy-TP1 (3.6 mg,
2.1 umol, 1.0 equiv.) was dissolved in 2% DBU in DMF (213 pL, 29 umol, 14 equiv.) and the solution was
stirred at RT for 5 mins. Reaction was quenched with FA (1.1 pL, 29 umol, 14 equiv.). The mixture was
then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with
product were joined and lyophilized to give product as pinkish solid. Yield: 2.8 mg (75%; 1 step; based on
Fmoc-HoDy-TP1). NMR (aq. MOPS pH = 7.0, external D:0): F (470.4 MHz, T =298.2 K) 6r —54.75
(CFs3, s). ESI-HRMS: 736.1645 [M+2H]** (theor. [CiHesO1sNi1FsHoiDy]** = 736.1640). EA
(C4gHesN11018Ho1Dy1-3.6FA-6.3H,0, Mr = 1750): C 35.4 (35.2); H 5.0 (4.7); N 8.8 (9.0); F 3.3 (3.1).
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LC-MS Method 1
UV Detection: 215 nm
MS EIC*: 1470-1472 miz

o 1 2 3 4 5 6 7 8 9 10

Synthesis and LC-MS chromatogram of DyHo-TP1: In a glass vial (4 mL), Fmoc-DyHo-TP1 (3.6 mg,
2.1 umol, 1.0 equiv.) was dissolved in 2% DBU in DMF (213 pL, 29 umol, 14 equiv.) and the solution was
stirred at RT for 5 mins. Reaction was quenched with FA (1.1 pL, 29 umol, 14 equiv.). The mixture was
then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with
product were joined and lyophilized to give product as pinkish solid.Yield: 2.2 mg (59%; 1 step; based on
Fmoc-DyHo-TP1 assuming DyHo-TP1-3.6FA-6.3H20 according to HoDy-TP1 analogy, Mr = 1750).
NMR (aq. MOPS pH = 7.0, external D;0): °F (470.4 MHz, T=298.2 K) 8¢ —62.74 (CF3, s). ESI-HRMS:
736.1645 [M+2H]** (theor. [C4sHesO1sN11F3DyiHo1]** = 736.1640).
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t-Bu

tBusL? M'M?-TP2:

DyDy-TP2: (Mi) = Dy) and (M3 = Dy
HoDy-TP2: (M!) = (H9) and (W3 = (D)

: @=:) and @=D
HoHo-TP2: (MY = (H9) and (M) = (Ho)

Synthesis of M'M2-TP2 tripeptides with Dy*" and Ho*" cations. Conditions: (i) Fmoc-Phe{p-CF3}-OH,
PyAOP, DIPEA, DMSO followed by DBU, DMF; (ii) Ac-Fmoc-MesL!, PyAOP, DIPEA, DMSO followed
by TFA; (iii) M?Cls, aq. MOPS/NaOH buffer (pH 7.0) followed by LiOH, H.0, MeOH; (iv) M!Cl;, aq.
MOPS/NaOH buffer (pH 7.0).

t-Bu
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LC-MS Method 4 t—Bu{ OH

UV Detection: 264 nm \_ t-Bu

MS EIC*: 859-860 m/z t-Bu

I*
ﬂ T T T T T T T T
0 1 2 3 4 5 6
Ry, min

Synthesis and LC-MS chromatogram of intermediate I*: In a glass vial (4 mL), Fmoc-Phe {p-CFs}-OH
(9.7 mg, 21.3 pmol, 0.9 equiv.), PyAOP (11.1 mg, 21.3 umol, 0.9 equiv.) and DIPEA (19 pL, 3106 umol,
4.7 equiv.) were dissolved in dry DMSO (1.0 mL). After 1 min, fBusL?-3.0TFA-3.1H,0 (23.6 mg, 22.7
umol, 1.0 equiv.) was added and solution was stirred at RT for 5 mins. Solution was purified by preparative
HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with Fmoc protected product were
joined and lyophilized. The resulting white solid was dissolved in dry DMF (1.5 mL) followed by addition
of DBU (30 uL, 202 umol, 8.9 equiv.). After 5 mins, the reaction was quenched with TFA (15 pL, 202
pmol, 8.9 equiv.) and diluted with H2O (1 mL). Solution was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: 17 mg (87%; 2 steps; based on fBusL?-3.0TFA-3.1H,0 assuming zwitterionic
form of I, Mr = 859.0). ESI-HRMS: 859.4786 [M+H]" (theor. [C41HssF3010N6]" = 859.4787).
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LC-MS Method 1
UV Detection: 265 nm
MS EIC*: 1454-1455 m/z
0 1 2 3 4 5 6 7 8 9 10
Ry, min

Synthesis and LC-MS chromatogram of intermediate II*: In a glass vial (4 mL), Ac-Fmoc-
MesL!"1.9TFA-1.3H;0 (7.4 mg, 7.1 umol, 1.0 equiv.), PyOAP (3.7 mg, 7.1 umol, 1.0 equiv.) and DIPEA
(6 uL, 35 umol, 5.0 equiv.) was dissolved in dry DMSO (300 pL). The resulting mixture was stirred at RT
for 1 min followed by addition of solution of I* (9.0 mg, 10.5 pmol assuming zwitterionic form, 1.5 equiv.)
in dry DMSO (100 pL) and the mixture was further stirred at RT for 5 mins. Solution was then purified by
preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA additive). Fractions with zert-butyl product
were joined and lyophilized. The resulting solid was dissolved in TFA (0.7 mL) and the resulting solution
was stirred at RT for 16 h. Reaction mixture was evaporated to dryness and twice co-evaporated with
MeOH. Residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive).
Fractions with product were joined and lyophilized to give product as white solid. Yield: 6.3 mg (52%; 2
steps; based on Ac-Fmoc-MesL!''1.9TFA-1.3H,0 assuming II*:2TFA Mr = 1682). ESI-HRMS:
1454.6335 [M+H]" (theor. [CesHo1F3021N11]" = 1454.6338).
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LC-MS Method 2
UV Detection: 192 nm
MS EIC*: 1308—-1309 m/z

R, min

Synthesis and LC-MS chromatogram of intermediate Dy-TP2: In a glass vial (4 mL), IT* (2.0 mg, 1.2
umol assuming IT*-2TFA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 400 pL,
200 pumol, 170 equiv.) followed by addition of aq. DyCls (100 mM, 17 uL, 1.7 umol, 1.4 equiv.). The
resulting solution was stirred at RT for 16 h. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. The resulting white solid was dissolved in a mixture of MeOH (600 uL) and H.O
(50 uL) followed by addition of aq. LiOH (1 M, 40 uL, 40 umol, 34 equiv.) and the mixture was stirred at
RT for 2 d. Reaction was then quenched by FA (2.0 pL, 40 umol, 34 equiv.) and the mixture was evaporated
to dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA
additive). Fractions with product were joined and lyophilized to give product as white solid. Yield: 0.7 mg
(41%; 2 steps; based on II*-2TFA assuming Dy-TP2-2.5FA ,Mr = 1423). ESI-HRMS: 655.2113
[M+2H]** (theor. [C4sH7101sN11F3Dy1]** = 655.2106).
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LC-MS Method 2
UV Detection: 192 nm
MS EIC*: 1310-1311 miz

R, min

Synthesis and LC-MS chromatogram of intermediate Ho-TP2: In a glass vial (4 mL), IT* (2.0 mg, 1.2
umol assuming IT*-2TFA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 400 pL,
200 pumol, 170 equiv.) followed by addition of aq. HoClsz (100 mM, 17 uL, 1.7 umol, 1.4 equiv.). The
resulting solution was stirred at RT for 16 h. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. The resulting white solid was dissolved in a mixture of MeOH (600 uL) and H.O
(50 uL) followed by addition of aq. LiOH (1 M, 40 uL, 40 umol, 34 equiv.) and the mixture was stirred at
RT fot 2 d. Reaction was then quenched by FA (2.0 uL, 40 umol, 34 equiv.) and the mixture was evaporated
to dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA
additive). Fractions with product were joined and lyophilized to give product as white solid. Yield: 0.8 mg
(47%; 2 steps; based on II*-2TFA assuming Ho-TP2-2.5FA, Mr = 1425). ESI-HRMS: 655.7117
[M+2H]?" (theor. [C4sH7101sN 11 F3Ho1]*" = 655.7111).
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LC-MS Method 1 ‘
UV Detection: 193 nm

MS EIC*: 1467-1468 m/z

Synthesis and LC-MS chromatogram of DyDy-TP2: In a glass vial (4 mL), Dy-TP2 (0.3 mg, ~0.2 pmol
assuming Dy-TP2-2.5FA, 1.0 equiv.) was dissolved in aqg. MOPS/NaOH buffer (500 mM, pH 7.0, 500 pL,
250 umol, ~1200 equiv.) followed by addition of aq. DyCls; (100 mM, 4 uL, 0.4 umol, ~1.9 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.2 mg. NMR (aq. MOPS pH = 7.0, external D:0): 'F (470.4 MHz, T =
298.2 K) 6r —90.53 (CF3, s). ESI-HRMS: 735.6636 [M+2H]** (theor. [CasHesO1sN11F3Dy2]*" = 735.6634).
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LC-MS Method 1
UV Detection: 193 nm
MS EIC*: 1470-1471 miz

Synthesis and LC-MS chromatogram of HoDy-TP2: In a glass vial (4 mL), Dy-TP2 (0.3 mg, ~0.2 umol
assuming Dy-TP2-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 uL,
250 pmol, ~1200 equiv.) followed by addition of aq. HoCls (100 mM, 4 uL, 0.4 pmol, ~1.9 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>0O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =
298.2 K) & —91.95 (CF3, s). ESI-HRMS: 736.1637 [M+2H]*" (theor. [CisHesO1sN11F3sHo1Dy:1]*" =
736.1640).
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DyHo-TP2

LC-MS Method 1
UV Detection: 193 nm
MS EIC*: 1470-1471 miz

Synthesis and LC-MS chromatogram of DyHo-TP2: In a glass vial (4 mL), Ho-TP2 (0.4 mg, ~0.3 pmol
assuming Ho-TP2-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 pL,
250 pumol, ~900 equiv.) followed by addition of aq. DyCls (100 mM, 4 uL, 0.4 pmol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.3 mg. NMR (aq. MOPS pH = 7.0, external D>0): F (470.4 MHz, T =
298.2 K) & —75.75 (CF3, s). ESI-HRMS: 736.1645 [M+2H]*" (theor. [CasHesO1sN11F3Dy1Hoi]*" =
736.1640).
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HoHo-TP2

LC-MS Method 1
UV Detection: 193 nm
MS EIC*: 1472-1473 miz

R, min

Synthesis and LC-MS chromatogram of HoHo-TP2: In a glass vial (4 mL), Ho-TP2 (0.4 mg, ~0.3 pmol
assuming Ho-TP2-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 uL,
250 pmol, ~900 equiv.) followed by addition of aq. HoCls (100 mM, 4 pL, 0.4 umol, ~1.4 equiv.) and the
resulting solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: ~0.4 mg. NMR (aq. MOPS pH = 7.0, external D:0): 'F (470.4 MHz, T =
298.2 K) 6r —77.42 (CF3, s). ESI-HRMS: 736.6644 [M+2H]** (theor. [CasHesO1sN11F3H02]*" = 736.6646).
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UV Detection: 200 nm ; '.
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Synthesis and LC-MS chromatogram of building block [Dy(L?)]: In a glass vial (4 mL),
L2-2.4TFA-2.5H20 (30.0 mg, 37.8 umol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (0.5 M, pH
7.0, 759 uL, 380 umol, 10 equiv.) followed by addition of aq. DyCls (100 mM, 778 uL, 77.8 umol, 2.1
equiv.) and the resulting solution was stirred at RT for 15 mins. The mixture was then purified by
preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined
and re-purified by preparative HPLC (C18, H20/MeCN gradient with 0.1% FA additive) lyophilized to
give product as white solid. Yield: 15.2 mg (58%; 1 step; based on L?-2.4TFA-2.5H,0). ESI-HRMS:
637.1410 [M+H]"* (theor. [Ci9H31OoNsDy]" = 637.1408). EA (Ci9H30Ns509Dy1-0.2TFA-0.7H20, Mr =
688.4): C 33.8(34.4); H4.9 (5.0); N 10.2 (9.6); F 1.7 (1.6); Dy 23.6 (20.6). Preparation of single crystals:
In a glass vial (4 mL), aq. solution of [Dy(L?)] (~20 mM, 60 uL, ~1.20 umol, 1.0 equiv.; filtered through
syringe microfilter) was mixed with aq. solution of HC1O4 (~1.0 M, 1.22 uL, 1.22 pumol, ~1.0 equiv.) and
the resulting solution was briefly vortexed. Then, THF (291 pL), /,4-dioxane (100 uL) and H20 (100 uL)
was added, and the resulting mixture was filtered through syringe microfilter to a new glass vial (40 mL).
Then /,4-dioxane (~100 uL) was slowly added dropwise until opalescence occurred. The mixture was then
sealed with a cap and gently heated using heat gun until clear solution was produced. The mixture was then

left standing at RT for 1 week, producing single crystals of [Dy(LL2)]-3H20 suitable for X-Ray analysis.
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Synthesis of intermediate 9: In a round-bottom glass flask (50 mL), cyclen (172 mg, 1.00 mmol, 1.0
equiv.) was dissolved in DCM (10 mL) and tert-butyl (4-nitrophenyl) carbonate (239 mg, 1.00 mmol, 1.0
equiv.) in DCM (10 mL) was added dropwise. Reaction mixture was stirred at RT for 2 h. Mixture was then
evaporated to dryness and residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1%
TFA additive). Fractions with product were joined and immediately lyophilized to give product as white
solid. Yield: 300 mg (57%; 1 step; based on cyclen); NMR (CD3CN): 'H (400.1 MHz, T=300 K) & 1.43
(CH3, s, 9H); 3.01-3.09 (mc, m, 4H); 3.12-3.19 (mc, m, 4H); 3.24-3.30 (mc, m, 4H); 3.42-3.48 (mc, m,
4H). BC{'H} (100.6 MHz, T =300 K) &c28.49 (CHs, s); 45.14 (mc, s); 45.73 (mc, s); 48.64 (mc, s); 48.91
(mc, s); 81.57 (C—CHs, s); 156.71 (CO, s). ESI-HRMS: 273.2288 [M+H]" (theor. [Ci3H2002N4]" =
273.2285). EA (Ci3H2sN4O2-2.1TFA-0.8H20, Mr = 526.2): C 38.3 (38.9); H 6.1 (5.2); N 10.7 (10.2); F
22.7(21.9).

MeOOC\]
/—{N/R—Boc
MeOOC (v/N

10 “coome

Synthesis of intermediate 10: In a glass vial (20 mL), 9-2.1TFA-0.8H20 (79 mg, 0.15 mmol, 1.0 equiv.)
was dissolved in MeCN (5 mL) followed by addition of K2CO3 (76 mg, 0.55 mmol, 3.8 equiv.) and methyl
bromoacetate (52 uL, 0.55 mmol, 3.8 equiv.). The resulting suspension was stirred at RT for 16 h. Mixture
was then filtered through syringe microfilter (PTFE) and the filtrate was evaporated to dryness. Residue
was purified by preparative HPLC (C18, H:O/MeCN gradient with 0.1% TFA additive). Fractions with
product were joined and immediately lyophilized to give product as white solid. Yield: 73 mg (70%; 1 step;
based on 9-2.1TFA-0.8H20 assuming 10-2.0TFA, Mr = 716.6). NMR (CDCl3): 'H (400.1 MHz, T = 300
K) ou 1.44 (CHs-C, s, 9H); 2.86-3.65 (mc, CH>—CO, m, 16H+2H); 3.70 (CH3-0, s, 3H); 3.72 (CH3-0, s,
6H); 3.85 (CH»—CO, bs, 4H). BC{'H} (100.6 MHz, T =300 K) d&c 28.50 (CH3-C, s); 46.64 (mc, s); 50.09
(mc, s); 52.46-56.11 (mc, CH2—CO, CH3—-O, m); 81.87 (C—CHj, s); 156.99 (CO-N, s); 170.30 (CO-O, s);
171.89 (CO-O0, s).
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One-pot synthesis of intermediate 13: In a glass vial (20 mL), 10 (73 mg, 102 pmol assuming 10-2.0TFA,
1.0 equiv.) was dissolved in TFA (3 mL, 39.2 mmol, 385 equiv.) and the resulting solution was stirred at
RT for 2 h. Mixture was evaporated to dryness and twice co-evaporated with MeOH. Residue was purified
by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with intermediate 11
were joined and immediately lyophilized. The resulting solid was dissolved in MeCN (5 mL) followed by
addition of K2COs (40 mg, 291 umol, 2.9 equiv.) and tert-butyl bromoacetate (21 mg, 107 umol, 1.05
equiv.). The resulting suspension was stirred at RT for 2 h. Mixture was then filtered through syringe
microfilter (PTFE) and the filtrate was evaporated to dryness. Residue containing intermediate 12 was
dissolved in TFA (3 mL, 39.2 mmol, 385 equiv.) and the resulting solution was stirred at RT for 16 h.
Mixture was evaporated to dryness and twice co-evaporated with MeOH. Residue was purified by
preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined
and immediately lyophilized to give product as white solid. Yield: 27.2 mg (40%; 3 steps; based on
10-2.0TFA assuming 13-2.0TFA, Mz = 674.5). NMR (CDCl): 'H (400.1 MHz, =300 K) 61 2.95-3.19
(mc, m, 8H); 3.24-3.45 (mc, m, 8H); 3.56-3.73 (CH>—CO, CH3-0O, m, 4H+6H); 3.79 (CH;-O, s, 3H); 3.97
(CH>—CO, bs, 4H). BC{H} (100.6 MHz, T =300 K) &c 49.65 (mc, s); 49.83 (mc, s); 52.16 (mc, s); 52.37
(mc, s); 52.86-55.81 (mc, CH»—CO, CH3-0, m); 168.81 (CO, s); 169.49 (CO-0, s); 172.20 (CO-O, s).
ESI-HRMS: 447.2445 [M+H]" (theor. [C19H3508N4]" = 447.2449).
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LC-MS Method 1
UV Detection: 265 nm
MS EIC*: 796-798 m/z
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Synthesis and LC-MS chromatogram of building block Fmoc-Mes:DOTA-K: In a glass vial (4 mL), 10
(22 mg, 32.6 pmol assuming 10-2.0TFA, 1.0 equiv.), PyAOP (17 mg, 32.6 umol, 1.0 equiv.) and DIPEA
(29 uL, 166 pmol 5.1 ,equiv.) were dissolved in dry DMSO (620 uL). After 1 min of stirring, Fmoc-lysine-
OH (16 mg, 32.6 umol, 1.0 equiv.) was added and the resulting solution was stirred at RT for 5 mins.
Mixture was then purified by preparative HPLC (C18, H:O/MeCN gradient with 0.1% TFA additive).
Fractions with product were joined and immediately lyophilized to give product as white solid. Yield: 11.1
mg (33%; 1 step; based on 10-2.0TFA). ESI-HRMS: 797.4083 [M+H]" (theor. [C4Hs7011Ng]" =
797.4080). EA (Cs0HssN¢O11-1.8TFA-1.3H20, Mr = 1025.5): C 51.1 (51.8); H 5.9 (5.4); N 8.2 (7.4); F
10.0 (9.2).
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Synthesis of intermediate 14: In a pear-shaped glass flask (50 mL), tBusDO3A-HBr (242 mg, 0.41 mmol,
1.0 equiv.), methyl bromoacetate (65 mg, 0.43 mmol, 1.05 equiv.) and K2COs (112 mg, 0.81 mmol, 2.0
equiv.) were mixed in 16 mL of MeCN. The mixture was stirred at RT for 20 h, followed by addition of
H20 (12 mL) and aq. LiOH (1.0 M, 2.03 mL, 2.03 mmol, 5.0 equiv.). The mixture was further stirred at RT
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for 18 h and then it was neutralized by TFA. Mixture was evaporated to dryness and the residue was purified
by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were
joined and lyophilized to give product as white solid. Yield: 225 mg (62%; 1 step; based on
tBusDO3A -HBr). NMR (CD3CN): 'H (400.1 MHz, 7= 300 K) 6u 1.45 (CHs, s, 18H); 1.53 (CHs, s, 9H);
3.03 (mc, bs, 8H); 3.32 (mc, bs, 4H); 3.36 (mc, bs, 4H); 3.55 (CH>—CO, s, 4H); 3.90 (CH>—CO, s, 2H); 4.05
(CH>—CO, s, 2H). BC{!H} (100.6 MHz, T =300 K) & 28.35 (CHj3, s); 28.38 (CH3, s); 49.54 (mc, s); 49.78
(mc, s); 52.26 (2 % s); 54.90 (CH2—CO, s); 55.73 (CH2—CO, s); 55.83 (CH2—CO, s); 83.35 (C—CHj, s); 85.24
(C—CHs, s); 168.78-171.14 (CO, m). ESI-HRMS: 573.3854 [M+H]" (theor. [C2sHs30sN4]" = 573.3858).
EA (C2sHs52N4Os:2.6TFA-1.1H20, Mk = 888.9): C 44.9 (45.1); H 6.4 (6.2); N 6.3 (6.1); F 16.7 (16.4).

t-BuOOC\I
N
COOt-Bu
VAR N
15 kCOOt—Bu
FmocHN
COOH
LC-MS Method 3
UV Detection: 265 nm
MS EIC*: 922924 m/z
0 1 2 3 4 5 6 7 8 9 10
Ry, min

Synthesis and LC-MS chromatogram of intermediate 15: In a glass vial (4 mL), 14-2.6TFA-1.1H20 (66
mg, 74.3 umol, 1.0 equiv.), PyAOP (39 mg, 71.0 umol, 0.95 equiv.) and DIPEA (66 uL, 376 umol, 5.1
equiv.) were dissolved in dry DMSO (1.4 mL). After 1 min of stirring, Fmoc-lysine-OH (37 mg, 75.1 umol,
1.0 equiv.) was added and the resulting solution was stirred at RT for 5 mins. Mixture was then purified by
preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined
and lyophilized to give product as white solid. Yield: 42.5 mg (50%; 1 step; based on 14-2.6TFA-1.1H.0
assuming 15-2.0TFA, Mr = 1151 .(ESI-HRMS: 923.5488 [M+H]" (theor. [C490H75011Nes]" = 923.5488).
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t-BuOOC

LC-MS Method 2 COCH
UV Detection: 210 nm
MS EIC*: 700-702 m/z

R, min

Synthesis and LC-MS chromatogram of intermediate 16: In a glass vial (4 mL), 15 (36.3 mg, 31.5 pmol
assuming 15-2.0TFA, 1.0 equiv.) was dissolved in DMF (2.5 mL) followed by addition of DBU (55 uL,
368 umol, 11.7 equiv.). After 5 mins, the reaction was quenched with TFA (28 uL, 366 umol, 11.7 equiv.)
and diluted with H2O (1 mL). Mixture was then purified by preparative HPLC (C18, H2O/MeCN gradient
with 0.1% TFA additive). Fractions with product were joined and lyophilized to give product as white solid.
Yield: 22.4 mg (69%; 1 step; based on 15.2-0TFA). ESI-HRMS: 701.4805 [M+H]" (theor. [C34Hss09Ns]*
=701.4808). EA (C34H6sN6Oo-2.5TFA-2.3H20, Mr = 1027.3): C 45.6 (44.9); H 7.0 (6.2); N 8.2 (7.7); F
13.9 (13.3).
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N
COOt-Bu
HN S N
17 kCoor Bu
FiC 0
FmocHN  HN
COOH
LC-MS Method 1
UV Detection: 265 nm
MS EIC*: 1137-1139 m/z
I I - I 1 I I 1 1 I ":7 T 1
0 1 2 3 4 5 6 7 8 9 10
Ry, min

Synthesis and LC-MS chromatogram of intermediate 17: In a glass vial (4 mL), Fmoc-Phe {p-CF3}-OH
(100 mM in dry DMSO, 221 pL, 22.1 umol, 1.0 equiv.), PyAOP (100 mM in dry DMSO, 221 uL, 22.1
pumol, 1.0 equiv.) and DIPEA (100 mM in dry DMSO, 221 uL, 22.1 umol, 1.0 equiv.) were mixed. After 1
min, 16 (100 mM in dry DMSO, 221 uL, 22.1 pmol, 1.0 equiv.) was added and the mixture was stirred at
RT for 5 mins. Mixture was then purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA
additive). Fractions with product were joined and lyophilized to give product as white solid. Yield: 20.0
mg 66%; 1 step; based on 16-2.5TFA-2.3H>0 assuming 17-2.0TFA, Mr = 1367) ESI-HRMS: 1138.6048
[M+H]" (theor. [CsoHs3012N7F3]" = 1138.6046).
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CF3

(\N/w H t-Bu
COOt-Bu N '-K

HN{ Q/N\) = A0 Y\_)t.su

t-Bu
COOt—Bu HN

COOCH

HoN - HN Phe{p-CF;}-tBu;DOTA-K
COOH

LC-MS Method 1
UV Detection: 263 nm
MS EIC*: 915-917 miz

R, min

Synthesis and LC-MS chromatogram of building block Phe{p-CF3}-rfBusDOTA-K: In a glass vial (4
mL), 17 (19 mg, 13.9 pumol assuming 19-2.0TFA, 1.0 equiv.) was dissolved in DMF (1.4 mL) followed by
addition of DBU (27 uL, 181 umol, 13.0 equiv.). After 5 mins, the reaction was quenched with TFA (14
uL, 183 umol, 13.1 equiv.) and diluted with H>O (1 mL). Mixture was then purified by preparative HPLC
(C18, H:O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized
to give product as white solid. Yield: 11 mg (66%; 1 step; based on 19-2.0TFA assuming Phe{p-CF}-
BusDOTA-K-2.5TFA, Mr=1201). ESI-HRMS: 916.5364 [M+H]" (theor. [C44H73010N7F3]" = 916.5366).

Mex_., l\* ng

FmocNH
COOH
LC-MS Method 1
UV Detection: 265 nm
MS EIC*: 762-764 miz
0 1 2 3 4 5 6 7 8 9 10
R, min

Synthesis and LC-MS chromatogram of intermediate VI: In a glass vial (4 mL), Fmoc-Me3:DOTA-
K-1.8TFA-1.3H20 (10 mg, 9.8 umol, 1.3 equiv.) was dissolved in dry DMSO (650 uL) followed by
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addition of PyAOP (100 mM in dry DMSO, 95 uL, 9.5 umol, 1.3 equiv.) and DIPEA (17 pL, 97 pmol, 13
equiv.). After 1 min, Phe{p-CF3}-fBusDOTA-K (9.1 mg, 7.6 pmol assuming Phe{p-CF3}-fBusDOTA-
K-2.5TFA, 1.0 equiv.) was added and the mixture was stirred at RT for 5 mins. Mixture was then purified
by preparative HPLC (C18, H.O/MeCN gradient with 0.1% TFA additive). Fractions with zert-butyl
protected product were joined and lyophilized. The resulting white solid was dissolved in TFA (3 mL). The
resulting solution was stirred at RT for 24 h. Mixture was evaporated to dryness and the residue was purified
by preparative HPLC (C18, H2O/MeCN gradient with 0.1% TFA additive). Fractions with product were
joined and lyophilized to give product as white solid. Yield: 6.6 mg (44%; 2 steps; based on Phe{p-CF3}-
BusDOTA-K-2.5TFA assuming VI-4.0TFA, Mz = 1983 .(ESI-HRMS: 763.8729 [M+2H]*" (theor.
[C72H104020N13F3]*" = 763.8731).

LC-MS Method 1
UV Detection: 195 nm
MS EIC*: 711-713 miz

0 1 2 3 4 5 6 7 8 9 10
R, min

Synthesis and LC-MS chromatogram of intermediate Dy-TP3: In a glass vial (4 mL), VI (3.3 mg, 1.7
umol assuming VI-4.0TFA) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 pL, 250 pmol,
150 equiv.) followed by addition of aq. DyCl3 (100 mM, 19 uL, 1.9 pmol, 1.1 equiv.) and the resulting
solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% TFA additive). Fractions with Fmoc/methyl ester protected product were
joined and lyophilized. The resulting white solid was dissolved in MeOH (460 pL) and H20 (40 pL)
followed by addition of aq. LiOH (1.0 M, 42 uL, 42 umol, 25 equiv.) and the mixture was stirred at RT for
24 h. Reaction was then quenched by FA (16 pL, 42 pmol, 25 equiv.) and the mixture was evaporated to
dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA additive).
Fractions with product were joined and lyophilized to give product as white solid. Yield: 2.0 mg (78%; 2
steps; based on VI'4.0TFA assuming Dy-TP3-2.5FA, Mz = 1537. (ESI-HRMS: 712.2681 [M+2H]*
(theor. [Cs4sHssO1sN13F3Dy 1% = 712.2684).
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LC-MS Method 1
UV Detection: 195 nm
MS EIC*: 712-714 miz

o 1 2 3 4 5 6 7 8 9 10
R, min

Synthesis and LC-MS chromatogram of intermediate Ho-TP3: In a glass vial (4 mL), VI (3.3 mg, 1.7
umol assuming VI-4.0TFA) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 pL, 250 umol,
150 equiv.) followed by addition of aq. HoCl3 (100 mM, 19 pL, 1.9 umol, 1.1 equiv.) and the resulting
solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H2O/MeCN gradient with 0.1% TFA additive). Fractions with Fmoc/methyl ester protected product were
joined and lyophilized. The resulting white solid was dissolved in MeOH (460 uL) and H2O (40 uL)
followed by addition of aq. LiOH (1.0 M, 42 uL, 42 umol, 25 equiv.) and the mixture was stirred at RT for
24 h. Reaction was then quenched by FA (16 pL, 42 umol, 25 equiv.) and the mixture was evaporated to
dryness. The residue was purified by preparative HPLC (C18, H2O/MeCN gradient with 0.1% FA additive).
Fractions with product were joined and lyophilized to give product as pinkish solid. Yield: 2.0 mg (78%; 2
steps; based on VI-4.0TFA assuming Ho-TP3-2.5FA, Mr = 1539). ESI-HRMS: 712.7693 [M+2H]*
(theor. [Cs4sHssO1sN13F3Ho1]*" = 712.7690).
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LC-MS Method 2 DyDy-TP3  COOH i

UV Detection: 260 nm
MS EIC*; 791-793 m/z

—_—
0 1 2 3 4 5 6 7 8 9 10
R, min
Synthesis and LC-MS chromatogram of DyDy-TP3: In a glass vial (4 mL), Dy-TP3 (1.0 mg, 0.6 pmol
assuming Dy-TP3-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 uL,
250 pmol, 420 equiv.) followed by addition of aq. DyCls (100 mM, 7 uL, 0.7 pmol, 1.1 equiv.) and the
resulting solution was stirred at RT for 16 h. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as white solid. Yield: 0.7 mg (66%; 1 step; based on Dy-TP3-2.5FA assuming DyDy-TP3-1.0FA,
Mz =1627). NMR (aq. MOPS pH = 7.0, external D20): F (470.4 MHz, T = 298.2 K) &r —62.71 (CF3,

m). ESI-HRMS: 792.7215 [M+2H]?** (theor. [Cs4Hs201sN13F3Dy2]*" = 792.7213).

H
N CFs
(Y N
NHz H HN
LC-MS Method 2

COOH
UV Detection: 260 nm HODY'TP3
MS EIC*; 792—794 m/z

0 1 2 3 4 5 6 7 8
R, min

Synthesis and LC-MS chromatogram of HoDy-TP3: In a glass vial (4 mL), Dy-TP3 (1.0 mg, 0.6 pmol
assuming Dy-TP3-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 pL,
250 pmol, 420 equiv.) followed by addition of aq. HoClz (100 mM, 7 pL, 0.7 pmol, 1.1 equiv.) and the
resulting solution was stirred at RT for 16 h. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as pinkish solid. Yield: 1.0 mg (94%; 1 step; based on Dy-TP3:2.5FA assuming HoDy-TP3-1.0FA
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Mg =1630). NMR (aq. MOPS pH = 7.0, external D»0): 9F (470.4 MHz, T =298.2 K) 8r —62.79 (CF5,
m). ESI-HRMS: 793.2217 [M+2H]?** (theor. [Cs4Hs2018N13F3HoiDy % = 793.2218).

H
N
@) N
NHz H HN
LC-MS Method 2

COOH
UV Detection: 260 nm DyHo-TP3
MS EIC*: 792—794 m/z

~—— Y[
I ' I I ! I M I T 1 ! I v | ' I

0 1 2 3 4 5 6 7 8
R, min

Synthesis and LC-MS chromatogram of DyHo-TP3: In a glass vial (4 mL), Ho-TP3 (1.0 mg, 0.6 pmol
assuming Ho-TP3-2.5FA, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (500 mM, pH 7.0, 500 uL,
250 pmol, 420 equiv.) followed by addition of aq. DyCls (100 mM, 7 uL, 0.7 pmol, 1.1 equiv.) and the
resulting solution was stirred at RT for 16 h. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as pinkish solid. Yield: 0.8 mg (76%; 1 step; based on Ho-TP3-2.5FA assuming DyHo-TP3-1.0FA
Mg = 1630). NMR (aq. MOPS pH = 7.0, external D,0): F (470.4 MHz, T = 298.2 K) &r —62.77 (CF3,
m). ESI-HRMS: 793.2222 [M+2H]** (theor. [Cs4Hs201sN13F3DyiHo1]** = 793.2218).

k-)/ j\k(OLN :)/r @)

LC-MS Method 2

COOH
UV Detection: 260 nm HoHo-TP3
MS EIC*: 793795 m/z
I ! T ! —}FM' T T T T T . T
0 1 2 3 4 5 6
Rs, min

Synthesis and LC-MS chromatogram of HoHo-TP3: In a glass vial (4 mL), Ho-TP3 (1.0 mg, 0.6 pmol
assuming Ho-TP3-2.5FA, 1.0 equiv.) was dissolved in ag. MOPS/NaOH buffer (500 mM, pH 7.0, 500 pL,
250 pmol, 420 equiv.) followed by addition of aq. HoClz (100 mM, 7 uL, 0.7 umol, 1.1 equiv.) and the
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resulting solution was stirred at RT for 16 h. The mixture was then purified by preparative HPLC (C18,
H20/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as pinkish solid. Yield: 1.0 mg (94%; 1 step; based on Ho-TP3-2.5FA assuming HoHo-TP3-1.0FA
Mz = 1632). NMR (aq. MOPS pH = 7.0, external D20): F (470.4 MHz, T = 298.2 K) 8¢ —62.72 (CF3,
m). ESI-HRMS: 793.7226 [M+2H]** (theor. [CssHs201sN13F3Ho2]*" = 793.7224).
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5.2 PET/MRI

Radiolabeling experiments: A solution containing '*F~ produced on a cyclotron was absorbed on the QMA
column (Sep-Pak, Waters) in either a CO3™ or OTf cycle. Preconditioning of the column to the CO;3™ cycle
was done by washing the QMA column with NaHCOs (0.5 M, 10 mL) followed by washing with H>O (20
mL) and blowing with air (20 mL). Elution of '*F" from CO; preconditioned column was done by solution
of TBAHCO3 or K222 in a mixture of H,O and MeCN. A volume containing the desired activity was
transferred to a 4 ml glass vial with a stirring bar preheated to 120 °C and a stream of argon was introduced.
The aqueous solution was evaporated for 5 minutes, and 300 pl of dry MeCN was introduced and
evaporated again for 2 minutes. This step was performed twice. Preconditioning of the column to the OT{
cycle was done by washing the QMA column with KOTT (0.48 M, 10 mL) followed by washing with H.O
(10 mL), air (10 mL) and blowing dry with argon for 20 minutes. Elution of '*F- from OTf preconditioned
column was done by solution of TBAOTTf in dry methanol. The precursor for radiolabeling was introduced
in DMSO or MeCN or in mixture of DMSO and MeCN. For elimination of the residual '*F from the
reaction mixture, an alumina SPE Cartridge (Sep-Pak light) was used. After that, the reaction mixture was
analyzed on a HPLC equipped with a gamma and UV detector, a YMC-Triart analytical column (5 um, 120
A, 150 x 4.6 mm) with a C18 precolumn and equilibrated with isocratic aqueous 3% MeOH in the case of
[GA(*®FLY)] preparation or isocratic aqueous 3% MeOH, 10 mM ammonium formate, and 0.005% formic

acid in water in the case of [Gd(**FL?)]. Analyses were performed at flow rate of 1 mL min™".

PET/MRI Imaging: Phantom and in vivo MR imaging were acquired on a 7 T preclinical MR scanner
(Bruker Clinscan, Bruker BioSpin, Ettlingen, Germany) using an 86-mm diameter 'H transceiver volume
coil (Bruker), provided with a small-animal PET insert developed in cooperation with Bruker. For in vivo
imaging, healthy female C57BL/6 mice (Charles River) were kept under anesthesia using 1.5 % isoflurane
in pure oxygen. A cocktail of radioactive [Gd(*®FL')] and nonradioactive [GA(FL')] dissolved in saline
solution was prepared for each mouse and administered at the beginning of the PET scan as bolus via a
catheter placed in a tail vein, to an average final dose of 0.116 = 0.006 mmol/Kg body weight,
corresponding to 0.885 £+ 0.074 MBq (n = 3). In vivo experiments were conducted according to the German
federal regulations regarding use and care of experimental animals and were approved by the local

authorities (Regierungsprasidium Tiibingen).

MRI sequences: Phantoms of 0.1-0.5 mM [Gd(FL")], [Gd(FL?)] and Magnevist (Bayer) dissolved in 50
mM Tris buffer were prepared in 0.3 mL tubes. 71-weighted MR images of phantoms were acquired using
a 2D T1-FLASH sequence with the following parameters: TE 4 ms, TR 100 ms, flip angle 50°, field of view
50x50 mm?, 10 slices, slice thickness 1 mm, matrix size 192x192, resolution 0.260x0.260x1 mm?>. T} maps

were acquired using a standard 2D RARE VTR sequence with 15 TRs: 50, 100, 200, 300, 400, 500, 600,
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700, 800, 900, 1000, 1500, 2500, 3000 ms. Other parameters: TE 8 ms, field of view 50x50 mm, 2 slices,
slice thickness 1 mm, matrix size 192x192, resolution 0.260x0.260x1 mm®. T>-weighted MR images were
acquired using a 2D 7>-TurboRARE sequence with the following parameters: TE 28 ms, TR 1800 ms, flip
angle 90°, field of view 50x50 mm?, 20 slices, slice thickness 1 mm, matrix size 256x192, resolution
0.195x0.260x1 mm®. 7> maps were acquired using a standard 2D MSME sequence with 60 TEs ranging
from 8 to 480 ms. Other parameters: TR 3000 ms, field of view 50x50 mm®, 5 slices, slice thickness 1 mm,

matrix size 192x192, resolution 0.260x0.260x1 mm?.

For in vivo imaging, 30 pre- and 100 post-contrast 7;-weighted images were acquired using a 3D FLASH
protocol with the following parameters: TE 2.2 ms, TR 17.5 ms, flip angle 10°, field of view 64x32x21
mm’, matrix size 231x102x21, resolution 0.277x0.314x] mm’, image acquisition time 37.5 s, 130

repetitions.

PET Imaging: For phantom experiments, [Gd(**FL")] was diluted in [Gd(FL")] dissolved in PBS to a final
concentration of 0.49 mM, corresponding to 0.49 MBq. Phantoms containing 0.048-0.49 mM [Gd(**FL})]
(0.29-0.49 MBq) were prepared in 0.3 mL tubes and placed in the PET/MR scanner. A 600 second single
frame PET scan was acquired simultaneously with MR the images. For in vivo imaging, a 3750 second scan

was started after the acquisition of the first 30 MR images after injection of the radiolabelled contrast agent.

The PET data were saved as list-mode files and reconstructed using an ordered-subsets expectation
maximization 2D (OSEM-2D) algorithm written in-house. /n vivo datasets were reconstructed into 100
frames (37.5 s each) in order to temporally match the MR scans. Decay correction was applied during

reconstruction.

Image analysis: PET and MRI images were co-registered using Inveon Acquisition Workplace (Siemens

Healthcare).

[GA(FL")] Cytotoxicity: Cytotoxicity of [GA(FL")] was evaluated using a MTS assay (Promega, Madison,
WI, USA). MC-38 cells (Kerafast) were cultured in T175 flasks with DMEM supplemented with 10% FCS,
1% penicillin/streptomycin, L-glutamine, sodium pyruvate, and 15 mM HEPES in a humidified incubator
(5% CO», 37°C). For experiments, cells were trypsinized, counted with Trypan Blue and seeded at a density
of 2000 cells/well in 96-well plates. After 24 h, cells were incubated for 2 h with 1-10 uM [Gd(FL")] or
Magnevist, then the MTS reagent mix was added. After further incubation at 37°C for 2 or 4 h, absorbance
at 490 nm was measured. Cytotoxicity was determined as the metabolic inhibition rate by comparing the
absorbance of treated cells to control cells, expressed as %. Experiments were run in triplicate, the results

are reported as mean inhibition rate £ SEM.
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Synthesis of 2-(chloromethyl)-4-nitropyridine (1): In a 250 mL round bottom glass flask, 2-methyl-4-
nitropyridine N-oxide (5.15 g, 33.4 mmol, 1.0 equiv.) was dissolved in DCM (200 mL). Solution of TFAA
(14mL, 101 mmol, 3.0 equiv.) in DCM (35 mL) was added dropwise and the resulting suspension was
stirred for 96 h at RT. Saturated aqueous solution of K,COs (40 mL) was added in four portions over period
of 1 h and reaction mixture was stirred until bubbling stopped. Water phase was extracted with DCM (2 x
200 mL) and solvent was evaporated on rotary evaporator. The residue was purified by preparative HPLC
(C18, H,O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized.
The resulting white solid was dissolved in DCM (340 mL) followed by addition of DMF (46 uL, 0.60
mmol, 0.02 eqiv.) and SOCl; (5.5 mL, 75.1 mmol, 2.25 equiv.) dropwise. After 6 hours of stirring at RT
the reaction mixture was put on ice bath and was quenched by careful addition of saturated aqueous solution
of NaHCOs3 (200 mL). Phases were separated, and the water phase was extracted with DCM (200 mL). The
organic phase was dried over Na,SOs, filtered and liquids were evaporated on a rotary evaporator. The
residue was purified by column chromatography (SiO2, 100% DCM to 10% MeOH in DCM). Fractions
containing the product were pooled and evaporated to dryness to yield the product as yellow oil. Yield: 2.2
g (38%; 2 steps; based on 2-methyl-4-nitropyridine N-oxide). NMR (CDCl;): "H (400.1 MHz, T = 300
K) 6n 4.80 (CHy—arom, s, 2H); 7.98 (arom, dd, *Jun= 5, *Jun = 2, 1H); 8.24 (arom, d, *Jun =2, 1H); 8.87
(arom, d, *Juu =5, 1H). BC{'H} (100.6 MHz, T = 300 K) dc 45.8 (CHr—arom, s); 115.6 (arom, s); 115.8
(arom, s); 151.8 (arom, s); 154.8 (arom, s); 160.2 (arom, s). EI-HRMS: 172.0033 [M]" (theor.
[CeHsO2NLCli " = 172.0034).

Z/

Br
NO,

Synthesis of 2-(bromomethyl)-6-nitropyridine (2): In a 50 mL pear-shaped glass flask, 2-methyl-6-
nitropyridine (224 mg, 1.62 mmol, 1.0 equiv.), NBS (577 mg, 3.24 mmol, 2.0 equiv.) and AIBN (42
mg, 0.26 mmol, 0.16 equiv.) were dissolved in CCl4 (6 mL). The reaction mixture was heated under reflux
for 19 hours.The solvent was evaporated on a rotary evaporator. The residue was purified by preparative

HPLC (C18, MeCN/H»O gradient with 0.1% FA additive). Fractions containing the product were pooled
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and DCM was added until separation of phases occurred. The organic phase was separated and washed with
saturated aqueous NaHCOj3. The organic phase was concentrated on a rotary evaporator,giving the product
as colorless solid. Yield: 79 mg (23 %, 1 step, based on 2-methyl-6-nitropyridine). NMR (CDCl3): 'H
(400.1 MHz, T =300 K) oy 4.63 (CHr-arom, s, 2H); 7.87 (arom, dd, *Juu = 7.6, *Jun= 0.9, 1H); 8.07
(arom, t, *Juu= 7.8, 1H); 8.19 (arom, dd, *Jun = 8.0, Jun = 0.8, 1H). BC{'H} (100.6 MHz, T = 300 K) dc
31.7 (CHy—arom, s); 117.3 (arom, s); 129.3 (arom, s); 141.1 (arom, s); 156.2 (arom, s); 157.5 (arom, s).
CI-HRMS: 216.9605 [M+H]" (theor. [CeHsO>BriN,]" = 216.9607).
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Synthesis of (4-fluoropyridin-2-yl) methyl methanesulfonate (3): In a 50 mL round bottom glass flask,
methyl 4-fluoropicolinate (250 mg, 1.61 mmol, 1.0 equiv.) was dissolved in MeOH (16 mL) and NaBH4
(180 mg, 4.78 mmol, ~3.0 equiv.) was added while stirring. The reaction was stirred for 3 hours at RT,
after which H,O (1 mL) was added. Liquids were evaporated on a rotary evaporator and the residue was
suspended in a saturated aqueous solution of K,CO3 (25 mL). The water phase was extracted with DCM (2
x 25 mL) and the solvent was evaporated a on rotary evaporator. The residue was dissolved in DCM (11
mL) and Et;N (280 pL, 2.02 mmol, 1.3 equiv.) was added. The reaction mixture was put on ice bath. After
20 minutes on the ice bath, methanesulfonyl chloride (146 pL, 1.88 mmol, 1.23 equiv.) was added and the
reaction mixture was stirred on the ice bath. After 15 minutes the reaction mixture was let warm to RT a
was let stirring for 1 hour. The reaction mixture was diluted with DCM (40 mL) and washed with H,O (2
x 40 mL), brine (40 mL). The organic phase was dried over Na,SOs, filtered and liquids were evaporated
on a rotary evaporator to yield the product as dark orange oil. Yield: 240 mg (77%; 2 steps; based on methyl
4-fluoropicolinate) NMR (CDCI;): 'H (400.1 MHz, T =300 K) 6n3.12 (CHs, s, 3H); 5.33 (CHxr-arom,
s, 2H); 7.04 (arom.,ddd, J= 8, 6, 3 Hz 1H); 7.24 (arom., dd, J=9, 3 Hz, 1H); 8.58 (arom., dd, J=8, 6 Hz,
1H). BC{'H} (100.6 MHz, T= 300 K) éc 38.2 (CHs, s); 70.4 (CHy—arom, s); 110.5 (arom, d, *Jcr = 18 Hz);
111.7 (arom, d, “Jcr = 17 Hz); 152 (arom, d, *Jcr = 7 Hz); 157.2 (arom, d, *Jcr = 7 Hz); 169.5 (arom, d, 'Jcr
= 265 Hz). PF{'H} (376.5 MHz, T = 300.0 K) ¢ —99.3 (s). CI-HRMS: 206.0281 [M+H]" (theor.
[C7H9O3N F1S1]" = 206.0282).
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Synthesis of 2-(chloromethyl)-4-fluoropyridine (4): In a 50 mL round bottom glass flask, (4-
fluoropyridin-2-yl)methanol (227 mg, 1.79 mmol, 1.0 equiv.) was dissolved in DCM (35 mL) and DMF
(4 uL, 0.05 mmol, 0.01 equiv.) was added. The reaction mixture was put on ice bath. After 20 minutes on
ice bath, thionyl chloride (400 uL, 5.36 mmol, 3.0 equiv.) was added dropwise and reaction mixture was
let stir on ice bath. After 15 minutes, the reaction mixture was allowed to let warm to RT. After 1 hour of
stirring at RT the reaction mixture was put on ice bath and quenched by careful addition of saturated
aqueous solution of NaHCO3 (10 mL). Phases were separated, and the water phase was extracted with DCM
(2 x 40 mL). Organic phase was dried over Na,SQs, filtered and liquids were evaporated on rotary
evaporator to yield the product as colorless oil. Yield: 217 mg (83%; 1 step; based on (4-fluoropyridin-2-
yl)methanol) NMR (CDCl;): 'H (400.1 MHz, 7= 300 K) 614.69 (CHy—arom, s, 2H); 7.00 (arom., ddd,
J=38, 6,2 Hz 1H); 7.24-7.30 (arom., m, 1H); 8.55 (arom., dd, J = 8, 6 Hz H). BC{'H} (100.6 MHz, T =
300 K) ¢ 70.8 (CHy—arom, d, *Jcr =3 Hz); 110.9 (arom, d, *Jor = 18 Hz); 111.2 (arom, d, *Jcr = 17 Hz);
151.8 (arom, d, *Jcr = 7 Hz); 160.0 (arom, d, *Jcr = 7 Hz); 169.4 (arom, d, 'Jcr = 263 Hz). YF{'H} (376.5
MHz, T = 300.0 K) ¢ —100.9 (s). ESI-MS: 146.0 [M+H]"(theor. [C¢HeNF,Cl1]" = 146.0).

NO,
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Synthesis of ligand NO,L': Solution of 1 (168 mg, 0.97 mmol, 1.1 equiv.) was added to a solution of -
BuDO3A-HBr (527 mg, 0.89 mmol, 1.0 equiv.) in MeCN (18 mL) followed by addition of dried K,COs
(489 mg, 3.54 mmol, 4.0 equiv.) and the resulting suspension was stirred for 24 hours at RT. The solids
were filtered off and the filtrate was concentrated on rotary evaporator. Resulting oil was purified on
preparative HPLC (C18, H,O/MeCN gradient with 0.1% FA additive). Fractions containing pure product

in the form of fert-butyl ester were pooled, evaporated to dryness, and several times co-evaporated with
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MeOH to remove MeCN. The residue was dissolved in neat TFA (6 mL) and stirred for 16 h at RT. Volatiles
were removed on a rotary evaporator and the residue was purified on preparative HPLC (C18, H,O/MeCN
gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give a product in
the form of TFA salt as a yellowish solid. Yield: 342 mg (56 %, 2 steps, based on --BuDO3A-HBr). NMR
(D20): ™H (600.1 MHz, T = 323 K) Ju 3.09-3.70 (mc, CH>—~COOH, m, 22H); 4.35 (CH,—arom, bs, 2H);
8.14 (arom, dd, 1H, *Jus = 6 Hz, *Jun = 2 Hz); 8.40 (arom, d, 1H, *Juu = 2 Hz); 8.87 (arom, d, 1H, *Jun =
6Hz). BC{'H} (150.9 MHz, T =323 K) dc 49.7 (mc, s); 50.6 (mc, s); 51.0 (mc, s); 54.7 (mc, s); 55.8 (CH,—
COOH, s); 57.8 (CHy—arom, s); 117.4 (arom, s); 118.6 (arom, s); 152.0 (arom, s); 155.8 (arom, s); 173.0
(CO, s); 175.5 (CO, s). ESI-HRMS: 483.2195 [M+H]" (theor. [C2H3Ne¢Os]” = 483.2198). EA
(C20H30N6Os-1.8TFA-1.0H,O, Mg = 687.7): C 41.2 (42.0); H4.7 (5.2); N 12.2 (12.8); F 14.9 (15.9).
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Synthesis of ligand NO;L?: Solution of 1 (376 mg, 2.18 mmol, 1.0 equiv.) was added to a solution of ¢-
BuDO2A (873 mg, 2.18 mmol, 1.0 equiv.) in MeCN (109 mL) followed by the addition of dried K,CO3
(301 mg, 2.18 mmol, 1.0 equiv.) and the resulting suspension was stirred for 39 hours at RT. The solids
were filtered off and the filtrate was concentrated on a rotary evaporator. Resulting oil was purified on
preparative HPLC (C18, H;O/MeCN gradient with 0.1% TFA additive). Fractions containing pure product
in the form of fert-butyl ester were pooled, evaporated to dryness, and several times co-evaporated with
MeOH to remove MeCN. The residue was dissolved in neat TFA (6 mL) and stirred for 14 h at RT. Volatiles
were removed on rotary evaporator and the residue was purified on preparative HPLC (C18, H.O/MeCN
gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to give product in the
form of TFA salt as a yellowish solid. Yield: 358 mg (26 %, 2 steps, based on £~-BuDO2A). NMR (D,0):
'H (600.1 MHz, T = 298.1 K) §u 2.88-3.74 (mc, CH,—COOH, m, 20H); 4.91 (CH>—arom, s, 2H); 8.21
(arom, dd, 1H, *Juu = 5 Hz, “Jun = 2 Hz); 8.27 (arom, dd, 1H, *Jus = 2 Hz, *Jun = 1 Hz); 8.85 (arom, dd,
1H, *Jun = 5 Hz, *Jun = 1 Hz). BC{'H} (150.9 MHz, T = 298.1 K) éc 43.0 (mc, s); 49.1 (mc, s); 50.1 (mc,
s); 52.7 (mc, s); 54.5 (CH,—COOH, s); 57.8 (CHy—arom, s); 117.3 (arom, s); 118.1 (arom, s); 152.5 (arom,
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s); 153.1 (arom, s); 175.0 (CO, s). ESI-HRMS: 425.2143 [M+H]" (theor. [C1sHxN¢Oe]" = 425.2143). EA
(C1sHasN¢Og-1.7TFA-1.4H,0, My = 643.5): C 39.9 (39.8); H 5.1 (4.4); N 13.1 (12.4); F 15.1 (14.8).

T K\FQ
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Synthesis of ligand NO,L?: Solution of 3 (74 mg, 0.34 mmol, 1.1 equiv.) in MeCN (2 mL) was added to
a solution of ~-BuDO3A-HBr (185 mg, 0.31 mmol, 1.0 equiv.) in MeCN (42 mL) followed by addition of
dried K,CO; (215 mg, 1.55 mmol, 5 equiv.) and the resulting suspension was stirred for 24 hours at RT.
The solids were filtered off and the filtrate was concentrated on a rotary evaporator. Resulting oil was
purified on preparative HPLC (C18, H,O/MeCN gradient with 0.1% FA additive). Fractions containing
pure product in the form of ters-butyl ester were pooled, evaporated to dryness, and several times co-
evaporated with MeOH to remove MeCN. The residue was dissolved in neat TFA (3 mL) and stirred for
16 h at RT. Volatiles were removed on a rotary evaporator and the residue was purified on preparative
HPLC (C18, H,O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and
lyophilized to give product in the form of FA salt as a yellowish solid. Yield: 50 mg (31 %, 2 steps, based
on ~BuDO3A-HBr). NMR (D,0): 'H (600.1 MHz, T = 298.1 K) dy 2.94-3.18 (mc, m, 8H); 3.33-3.51
(mc, m, 8H); 3.54 (CH,—COOH, s, 2H); 3.61-3.82 (CH,—COOH, m, 4H); 4.05 (CH>—arom, s, 2H); 8.16
(arom, t, 1H, *Juu = 8 Hz); 8.24-8.33 (arom, m, 2H). BC{'H} (150.9 MHz, T =298.1 K) dc 48.6 (mc, s);
51.1 (mc, s); 52.2 (mc, s); 54.1 (CH,—~COOH, s); 56.8 (CH,—COOH, s); 58.2 (CHz—arom, s); 118.5 (arom,
s); 132.2 (arom, s); 143.6 (arom, s); 155.9 (arom, s); 157.8 (arom, s); 169.9 (CO, s); 175.3 (CO, s). ESI-
HRMS: 483.2196 [M+H]" (theor. [C2H32NsO6]" = 483.2198). EA (C20H30NeOs:0.8FA, Mr = 519.3): C
48.1 (47.6); H6.2 (6.1); N 16.3 (16.2).
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Synthesis of ligand FL!: Solution of 4 (70 mg, 0.48 mmol, 1.02 equiv.) in MeCN (0.7 mL) was added to
a solution of ~BuDO3A-HBr (281 mg, 0.47 mmol, 1.0 equiv.) in MeCN (9 mL) followed by the addition
of dried K»COs (266 mg, 1.92 mmol, 4 equiv.) and the resulting suspension was stirred for 24 hours at RT.
The solids were filtered off and the filtrate was concentrated on a rotary evaporator. Resulting oil was
purified on preparative HPLC (C18, HoO/MeCN gradient with 0.1% FA additive). Fractions containing
pure product in the form of fert-butyl ester were pooled, evaporated to dryness, and several times co-
evaporated with MeOH to remove MeCN. The residue was dissolved in neat TFA (5 mL) and stirred for
16 h at RT. Volatiles were removed on rotary evaporator and the residue was purified on preparative HPLC
(C18, HoO/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and lyophilized to
give a product in the form of TFA salt as a white solid. Yield: 208 mg (58 %, 2 steps, based on #-
BuDO3A -HBr). NMR (DO, pH 8): 'H (600.1 MHz, T = 333 K) Ju 3.02 (mc, m, 4H); 3.13 (mc, m, 4H);
3.36 (mc, m, 4H); 3.40-3.48 (mc, CH-COOH, m, 6H); 3.55 (CH>—COOH, bs, 4H); 3.99 (CH,—arom, s,
2H); 7.20 (arom, ddd, 1H, *Jur = 8 Hz, *Jun = 6 Hz, “Juu = 3 Hz); 7.54 (arom, dd, 1H, *Jur = 10 Hz, *Jus =
3 Hz); 8.53 (arom, dd, 1H, *Jur = 8 Hz, *Jun = 6 Hz). BC{'H} (150.9 MHz, T =333 K) dc 48.7(mc, s); 49.0
(mc, s); 51.1 (mc, s); 51.9 (mc, s); 56.6 (CH,—COOH, s); 56.9 (CH,—COOH, s); 58.3 (CHx—arom, s); 112.2
(arom, d, *Jcr = 17 Hz ); 113.6 (arom, d, *Jcr = 18 Hz); 151.9 (arom, d, *Jcr = 8 Hz); 159.3 (arom, bs);
169.9 (arom, d, 'Jcr =263 Hz); 177.5 (CO, s). F{'H} (376.5 MHz, T=2300.0 K) 6 —99.1 (s). ESI-HRMS:
456.2250 [M+H]" (theor. [C20H31NsO¢F ]" = 456.2253). EA (C20H30F1N5sO4-2.6TFA-0.3H,0, Mg = 757.3):
C40.0(39.9); H4.4 (4.5); N 9.3 (9.1); F 22.1 (22.2).
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Synthesis of ligand FL?: Solution of 4 (127 mg, 0.87 mmol, 1.00 equiv.) in MeCN (1 mL) was added to a
solution of --BuDO2A (350 mg, 0.87 mmol, 1.0 equiv.) in MeCN (44 mL) followed by the addition of dried
K>COs (121 mg, 0.87 mmol, 1 equiv.) and the resulting suspension was stirred for 24 hours at RT. The
solids were filtered off and the filtrate was concentrated on a rotary evaporator. The resulting oil was
purified on preparative HPLC (C18, HoO/MeCN gradient with 0.1% TFA additive). Fractions containing
pure product in the form of fert-butyl ester were pooled, evaporated to dryness, and several times co-
evaporated with MeOH to remove MeCN. The residue was dissolved in neat TFA (5 mL) and stirred for
16 h at RT. Volatiles were removed on a rotary evaporator and the residue was purified on preparative
HPLC (C18, H,O/MeCN gradient with 0.1% TFA additive). Fractions with product were joined and
lyophilized to give a product in the form of TFA salt as a white solid. Yield: 206 mg (36 %, 2 steps, based
on ~BuDO2A). NMR (D,0): 'H (500.0 MHz, 7= 298.1 K) Ju 2.96-3.60 (mc, CH>—~COOH, m, 20H); 4.70
(CHy—arom, s, 2H); 7.29 (arom, ddd, 1H, *Jur = 8 Hz, *Jun = 6 Hz, *Jun = 3 Hz); 7.34 (arom, dd, 1H, *Jur
=9 Hz, *Jus = 3 Hz); 8.51 (arom, dd, 1H, *Jur = 8 Hz, *Jun = 6 Hz). *C{'H} (125.7 MHz, T=298.1 K) 6c
43.0 (mc, s); 49.2 (mc, s); 50.0 (mc, s); 52.4 (mc, s); 54.5 (CH—COOH, s); 57.8 (CH,—arom, d, *Jcr = 3
Hz); 112.5 (arom, d, *Jcr = 19 Hz ); 113.5 (arom, d, *Jor = 17 Hz); 152.6 (arom, d, *Jcr = 8 Hz); 153.0
(arom, d, *Jcr = 8 Hz); 170.3 (arom, d, 'Jor = 264 Hz); 174.9 (CO, s). “F{'H} (376.5 MHz, T =300.0 K)
or —100.1 (s). ESI-HRMS: 3982197 [M+H]" (theor. [CisHNsOsF]" = 398.2198). EA
(CisH2sF1N5042.2TFA-0.9H,0, Mr = 664.5): C 40.0 (39.9); H 4.4 (4.5); N 9.3 (9.1); F 22.1 (22.2).
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Synthesis and LC-MS chromatogram of [GA(NO:L")]: In a glass vial (25 mL), NO,L'1.8TFA-1.0H,O
(138 mg, 0.20 mmol, 1.0 equiv.) was dissolved in ag. MOPS/NaOH buffer (3M, pH 7.0, 2 mL, 6 mmol, 30
equiv.) followed by the addition of aq. GdCl; (100 mM, 2.1 mL, 0.21 mmol, 1.05 equiv.) and the resulting
solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H,O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as a white solid with yellow tint. Yield: 111 mg (81%, 1 step, based on NO,L!-1.8TFA-1.0H,0).
ESI-HRMS: 638.1203 [M+H]" (theor. [C20H2sNsOsGd]" = 638.1204). EA (C20H27N60sGd-2.5H,0, My =
687.0): C35.0(35.4); H4.7 (4.4); N 12.2 (11.9); Gd 22.9 (19.4).
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Synthesis and LC-MS chromatogram of [La(NO,L")]: In a glass vial (4 mL), NO,L!-0.8TFA-0.2FA (10
mg, 17.2 umol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (0.5M, pH 7.0, 1032 uL, 516 pmol,
30 equiv.) followed by the addition of aq. LaCl; (100 mM, 206 puL, 20.6 pmol, 1.2 equiv.) and the resulting
solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18, H,O/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give product as a
white solid with yellow tint. Yield: 12 mg (93 %, 1 step, based on L!'-0.8TFA-0.2FA). ESI-HRMS:
619.1025 [M+H]" (theor. [C20H2sNOsLa]™ = 619.1027). EA (C20H27N¢OsLa-2.0H.0-2.0FA, My = 746.5):
C354(34.4);H4.7(4.2); N11.3 (11.2); La 18.6 (18.4).
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Synthesis and LC-MS chromatogram of [Pr(NO;L")|: In a glass vial (4 mL), NO,L!-0.8TFA-0.2FA (10
mg, 17.2 umol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (0.5M, pH 7.0, 1032 uL, 516 umol,
30 equiv.) followed by the addition of aq. PrCl; (100 mM, 206 pL, 20.6 umol, 1.2 equiv.) and the resulting
solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18, H O/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give product as a
white solid with green tint. Yield: 10 mg (87 %, 1 step, based on NO,L!-0.8TFA-0.2FA). ESI-HRMS:

643.0860 [NH‘NB.]+ (theor. |:C20H27N608Na1Pl‘l]+ = 643.0859). EA (C20H27N608P1‘1‘2.0H20'0.3FA, My =
670.2): C 36.4 (34.8); H 4.8 (4.5); N 12.5 (12.6); Pr 21.0 (19.3).
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Synthesis and LC-MS chromatogram of [Eu(NO,L")|: In a glass vial (4 mL), L'-0.8TFA-0.2FA (10 mg,
17.2 pmol, 1.0 equiv.) was dissolved in ag. MOPS/NaOH buffer (0.5M, pH 7.0, 1032 uL, 516 pmol, 30
equiv.) followed by the addition of aq. EuCl; (100 mM, 206 pL, 20.6 pumol, 1.2 equiv.) and the resulting
solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18, H O/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give product as a
white solid with yellow tint. Yield: 9.5 mg (77 %, 1 step, based on L'-0.8TFA-0.2FA). ESI-HRMS:

633.1171 [NH‘H]+ ('[hCOI‘. [C20H23N608Eu1]+ =633.1 175). EA (C20H27N608EU.1'2.7H20‘0.9FA, MR = 721.5)2
C 34.8 (34.6); H4.8 (4.5); N 11.6 (11.9); Eu 21.1 (20.4).
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Synthesis and LC-MS chromatogram of [Tb(NO:L")]: In a glass vial (4 mL), NO,L!-0.8TFA-0.2FA (10
mg, 17.2 umol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (0.5M, pH 7.0, 1032 uL, 516 umol,
30 equiv.) followed by the addition of aq. TbCl; (100 mM, 206 pL, 20.6 pmol, 1.2 equiv.) and the resulting
solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18, H O/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give product as a
white solid with yellow tint. Yield: 10 mg (78 %, 1 step, based on NO,L!-0.8TFA-0.2FA). ESI-HRMS:
661.1037 [M+Na]" (theor. [C20H27NOsNa; Tb]" = 661.1036). EA (C20H27NsOsTb1-2.2H,0-1.4FA, Mg =
742.5): C34.6 (34.5); H4.6 (4.5); N 11.3 (11.4); Tb 21.4 (22.1).

198



LC-MS Method 2 o \/ ;\L
UV Detection: 300 nm 0O~ ~0
MS EIC*: 645-646 m/z
[Ho(NO,L")]
0 1 2 3 4 5 6 7 8 9 10
Rs, min

Synthesis and LC-MS chromatogram of [Ho(NO,L")]: In a glass vial (4 mL), NO,L!-0.8TFA-0.2FA (10
mg, 17.2 umol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (0.5M, pH 7.0, 1032 uL, 516 umol,
30 equiv.) followed by the addition of aq. HoCl3; (100 mM, 206 pL, 20.6 pmol, 1.2 equiv.) and the resulting
solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18, H O/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give product as a
pinkish solid. Yield: 11 mg (85 %, 1 step, based on NO,L'-0.8TFA-0.2FA). ESI-HRMS: 667.1087
[M+Na]" (theor. [C20H27N¢OsNajHoi]" = 667.1086). EA (C20H27NsOsHoi-1.2H,0-1.9FA, Mr = 753.5): C
349 (34.3); H4.4 (3.8); N 11.2 (11.8); Ho 21.9 (22.2).
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Synthesis and LC-MS chromatogram of [Tm(NO:L")|: In a glass vial (4 mL), NO,L!-0.8TFA-0.2FA
(10 mg, 17.2 pumol, 1.0 equiv.) was dissolved in ag. MOPS/NaOH buffer (0.5M, pH 7.0, 1032 pL, 516
umol, 30 equiv.) followed by the addition of agq. TmCl; (100 mM, 206 pL, 20.6 umol, 1.2 equiv.) and the
resulting solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give

product as a white solid with yellow tint. Yield: 9.4 mg (73 %, 1 step, based on NO,L!-0.8TFA-0.2FA).

ESI-HRMS: 671.1123 [M+Na]™  (theor. [CooH27N6OsNa; Tm;]” = 671.1125). EA

(C20H27N6OsTm;-1.8H,0-1.4FA, My = 745.3): C 34.5 (34.2); H4.5 (4.2); N 11.3 (11.6); Tm 22.7 (22.9).
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Synthesis and LC-MS chromatogram of [Lu(NO:L")]: In a glass vial (4 mL), NO,L!-0.8TFA-0.2FA (10
mg, 17.2 umol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (0.5M, pH 7.0, 1032 uL, 516 umol,
30 equiv.) followed by the addition of aq. LuCl; (100 mM, 206 pL, 20.6 pmol, 1.2 equiv.) and the resulting
solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18, H O/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give product as a
white solid with yellow tint. Yield: 10 mg (77 %, 1 step, based on NO,L!-0.8TFA-0.2FA). ESI-HRMS:
677.1188 [M+Na]" (theor. [C20H27NOsNa;Lu;]" = 677.1190). EA (C20H27N¢OsLu;-1.5H,0-1.5FA, Mg =
750.5): C34.4 (34.2); H4.4 (4.2); N 11.2 (11.4); Lu 23.3 (23.5).
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UV Detection: 300 nm
MS EIC*: 579-580 m/z
[GA(NO,L?)]
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Synthesis and LC-MS chromatogram of [GA(NO:L?)]: In a glass vial (25 mL), NO,L*1.7TFA-1.4H,0
(129 mg, 0.20 mmol, 1.0 equiv.) was dissolved in ag. MOPS/NaOH buffer (3M, pH 7.0, 2. mL, 8.02 mmol,
40 equiv.) followed by the addition of aq. GACl; (100 mM, 2.2 mL, 0.22 mmol, 1.1 equiv.) and the resulting
solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18, H,O/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give a product as a
solid with a yellow tint. Yield: 92 mg (64 %, 1 step, based on NO,L*1.7TFA-1.4H,0). ESI-HRMS:
580.1152 [M+H]" (theor. [CisH2NcOsGdi]™ = 580.1149). EA (CisH26N6OsGdi-3FA, My = 717.8): C 35.1
(349); H4.5(4.1); N 11.7 (12.1); Gd 21.9 (19.9).
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UV Detection: 300 nm |
MS EIC*: 637-638 m/z
[GA(NO,LY)] |
|
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0 1 2 3 4 5 6 7 8 9 10
Rs, min

Synthesis and LC-MS chromatogram of [Gd(NO:L?)]: In a glass vial (4 mL), NO,L3-0.8FA (37.4 mg,
71.5 umol, 1.0 equiv.) was dissolved in ag. MOPS/NaOH buffer (3M, pH 7.0, 0.95 mL, 2.85 mmol, 40
equiv.) followed by the addition of aq. GdCl; (100 mM, 0.78 mL, 78 umol, 1.1 equiv.) and the resulting
solution was stirred at RT for 1 hour. The mixture was then purified by preparative HPLC (C18, HO/MeCN
gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give product as a
solid with yellow tint. Yield: 33 mg (62 %, 1 step, based on NO,L3-0.8FA). ESI-HRMS: 638.1201 [M+H]"
(theor. [C20H2sN6OsGd]" = 638.1204). EA (C20H27NsOsGd-2.1FA-1.4H,0, Mr = 758.6): C 35.0 (34.9); H
4.5(4.4); N 11.1 (11.2); Gd 20.7 (20.8).
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LC-MS Method 2
UV Detection: 254 nm

MS EIC*: 610-611 m/z

[Gd(FL")]
4 5 6
Rs, min

10

Synthesis and LC-MS chromatogram of [Gd(FL")]: In a glass vial (25 mL), FL!-2.6TFA-0.3H,0 (156

mg, 0.21 mmol, 1.0 equiv.) was dissolved in aqg. MOPS/NaOH buffer (3M, pH 7.0, 1.9 mL, 5.8 mmol, 28
equiv.) followed by the addition of aq. GdCI; (100 mM, 2.16 mL, 0.22 mmol, 1.05 equiv.) and the resulting

solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,

H,O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give

product as a white solid. Yield: 82 mg (59 %, 1 step, based on FL!-2.6TFA-0.3H,0). ESI-HRMS: 611.1275
[NH-H]+ (thGOI'. [C20H28N506Gd1F1]+ = 611.1259). EA (C20H27N506Gd1F1‘2.5H20, MR = 654.7): C 36.7
(36.2); H4.9 (5.0); N 10.7 (10.5); Gd 24.0 (19.8); F 2.9 (2.8).
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UV Detection: 254 nm
MS EIC*: 553-554 m/z
[Gd(FL?)]
0 1 2 3 4 5 6 7 8 9 10
Rs, min

Synthesis and LC-MS chromatogram of [Gd(FL?)|: In a glass vial (25 mL), FL22.2TFA-0.9H,O (152
mg, 0.22 mmol, 1.0 equiv.) was dissolved in aq. MOPS/NaOH buffer (3M, pH 7.0, 1.64 mL, 4.9 mmol, 21
equiv.) followed by the addition of ag. GdCl; (100 mM, 2.34 mL, 0.23 mmol, 1.05 equiv.) and the resulting
solution was stirred at RT for 15 mins. The mixture was then purified by preparative HPLC (C18,
H>O/MeCN gradient with 0.1% FA additive). Fractions with product were joined and lyophilized to give
product as a white solid. Yield: 116 mg (77 %, 1 step, based on FL?-2.2TFA-0.9H,0). ESI-HRMS:
553.1214 [M+H]" (theor. [CisH2sNsO4GdiFi]" = 553.1204). EA (CisH26NsO4GdF-3.1H,0, Mg = 681.2):
C33.9(34.5); H4.7 (4.5); N 10.3 (9.9); Gd 23.1 (19.6); F 7.8 (7.4).
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