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Zusammenfassung

Kernresonanzspektroskopie (NMR) und die verwandte Kernresonanztomographie (MRT)

ermöglichen es uns Informationen über Moleküle auf atomarer Ebene zu gewinnen und somit

Bilder von humanen Geweben und Organen zu erstellen, ohne dabei die Moleküle oder das

Gewebe zu zerstören oder mit starker (Röntgen oder radioaktiver) Strahlung zu belasten. Kerne

mit magnetischen Momenten ordnen sich in äußeren Magnetfeldern entlang der Magnetfeldlinien

an und können durch Radiofrequenzpulse so angeregt werden, dass sie ein Spektrum (NMR) oder

ein Bild (MRT) erzeugen. Jedoch nutzen beide Technologien nicht ihr volles Potential aus. Selbst

in modernsten Hochfeldmagneten tragen nur ein Bruchteil der beobachtbaren Moleküle zum

detektierten Signal bei. Diese geringe sogenannte thermische Polarisation limitiert die

Möglichkeiten der Technologie sich Veränderungen auf molekularer Ebene unter physiologischen

Bedingungen zu anzuschauen. Der wissenschaftliche Fortschritt ermöglicht es jedoch, dass durch

geschickte Manipulation der magnetischen Momente mehr Atome zum detektierten Signal

beitragen und somit die Intensitätssteigerungen von bis zu 100.000-fach möglich sind. Mittels der

sogenannten Hyperpolarisation lassen sich selbst geringst konzentrierte Moleküle verfolgen. So

könnte sich mit bildgebenden Verfahren der Einfluss von Krankheiten auf den menschlichen

Körper untersuchen, ohne dabei auf zeitintensive Untersuchungen oder andere, invasive Methoden

angewiesen zu sein.

Eine weitverbreitete Methode Moleküle in diesen hyperpolarisierten Zustand zu versetzen, wird

gemeinhin „Parawasserstoffinduzierte Hyperpolarisation“ (PHIP) genannt. Dabei verwendet man

ein Kernspinisomer des Wasserstoffmoleküls, dass sogenannte Parawasserstoff (pH2), das durch

die chemische Reaktion mit einem ungesättigten, isotopisch angereicherten Kontrastmolekül das

Molekül selbst hyperpolarisiert. Falls es nicht möglich ist, das gewünschte Produkt durch die

Hydrierung direkt herzustellen, kann auf einen ungesättigten Seitenarm zurückgegriffen werden,

der nachfolgend durch den Einsatz weiterer Chemikalien abgespalten werden kann.

Durch die Entwicklung hyperpolarisierter Metabolite, das heißt körpereigner Stoffe, könnten

zukünftig Kontrastmittel zur Verfügung stehen, die Medizinern nicht nur Auskunft über die

Lokalisation, sondern auch über den Status der Krankheit liefern. Metabolite sind Stoffe, die im

Körper zum Beispiel zur Energiegewinnung verwendet werden und somit Teil von

überlebenswichtigen Prozessen sind. Krebs oder kardiovaskuläre Erkrankungen zählen zu den

häufigsten Todesursachen westlicher Länder und haben in ihrer Wirkungsweise erheblichen

Einfluss auf den menschlichen Stoffwechsel und die Durchblutung.
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Zielsetzung dieser Arbeit war es, biologisch relevante Substanzen, die nicht direkt hydrierbar sind,

für die Hyperpolarisation mittels PHIP zugänglich zu machen. Dies umfasste:

1) Der Protonen-Deuterium Austausch an Kontrastmolekülen zur Verlängerung der

Verfolgbarkeit.

2) Die Entwicklung von Synthesestrategien zur Herstellung neuartiger Seitenarme mit

spezifischen Eigenschaften und deren Kopplung an Metabolite.

3) Die Entwicklung eines Markierungsmoleküls zur Angiographie.

4) Die Hyperpolarisation und die Freisetzung der zu beobachtenden Metabolite in

biokompatiblen Lösungen zur Analyse in magnetresonanzbasierten Verfahren.

Dazu wurden zunächst Modifikationen am wichtigen metabolischen Zwischenprodukt Pyruvat

durchgeführt. Dieses Molekül entsteht bei der Verdauung von Glukose und stellt einen zentralen

Verzweigungspunkt des menschlichen Metabolismus dar. Das Zusammenspiel der neuen

Stoffwechselwege ausgehend vom Pyruvat werden je nach Bedarf gesteuert und lokal durch

Krankheiten sehr stark beeinflusst. Das langfristige Ziel ist es, hyperpolarisiertes Pyruvat in

bildgebenden Verfahren zur Darstellung dieser Veränderung zu nutzen. Darüber hinaus soll auf

Grund der veränderten Gewichtung der ausgehenden Stoffwechselwege die Möglichkeit gegeben

werden, diese Veränderungen zu quantifizieren und somit differenzierte Diagnosen stellen zu

können. Um das Pyruvat im menschlichen Körper länger verfolgbar zu machen, wurden neue,

milde Protonen-Deuterium Austauschreaktionen untersucht. Diese Reaktionen ermöglichen in

weiteren synthetischen Transformationen einen effektiveren Einsatz der isotopisch markierten

Ausgangsstoffe, um effiziente Wege hin zum Kontrastmolekül zu ermöglichen. Deuteriertes

Pyruvat wurde im Anschluss an einen neuartigen Seitenarm gekoppelt, der es erstmals ermöglicht,

das Metabolit, ohne die Verwendung weiterer Chemikalien, nach der Hyperpolarisation

freizusetzen. Diese neue Klasse an Seitenarmen verkürzt so die Aufarbeitungszeit drastisch, sodass

ein einfacherer Zugang zu hyperpolarisierten Stoffen geschaffen wurde. Mit diesem auf einer 2-

Nitrobenzylstruktur basierenden Seitenarm wurden hochgradig polarisierte Moleküle (über 60%

Protonenpolarisation für 1-13C-Acetat, bis zu 30% Protonenpolarisation für 1-13C-Pyruvat)

hergestellt, die selbst in wässrigen Lösungen biologische Messungen ermöglichen könnten (13C

Polarisationen bis zu 8% in Wasser).

Neben der Untersuchung von metabolischen Prozessen und deren Bildgebung sind gerade für das

MRT die Entwicklung neuer Kontrastmittel für zur zum Beispiel die Angiographie von großem

Interesse. Die bisher häufig zum Einsatz kommenden Gadolinium Verbindungen lagern sich im
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Gehirn ab, wirken sich potentiell auf Kalziumkanäle aus und werden mit allergischen Reaktionen

in Verbindung gebracht, weshalb deren Einsatz stark eingeschränkt wurde. Besonders wiederholte

Injektionen am selben Tag sind nicht möglich. Insbesondere zur Angiographie bieten sich daher

metabolische Endprodukte an, die an keinen weiteren Stoffwechselprozessen beteiligt sind,

sondern bis zur Absonderung nur noch im Blutkreislauf zirkulieren. Einer dieser Stoffe ist eine

acetyliere Aminosäure aus der Proteindegeneration, das Acetyl-Alanin. Dieser körpereigene Stoff

wurde mit einer Vinylgruppe als hyperpolarisierbaren Seitenarm versehen. Die nachfolgende

Hyperpolarisation erreichte die höchst gemessenen Polarisationen in injizierbaren Lösungen für

stickstoffhaltige Moleküle durch PHIP. Mit Polarisationswerten von über 6% sollten

Anwendungen in Lebewesen möglich sein. So böte das N-Acetyl-Vinyl-Alanin ein mögliches

Kontrastmittel für die Angiographie mittels MRT ohne die Nachteile eines Metallion-basierten

Kontrastmittels wie Gadolinium.
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Summary

Nuclear magnetic resonance spectroscopy (NMR) and related nuclear magnetic resonance imaging

(MRI) allow us to acquire information about molecules at an atomic level and thereby create images

of human tissues and organs without destroying the molecules or the tissue itself nor exposing

them to strong (X-ray or radioactive) radiation. Nuclei with magnetic moments arrange themselves

along magnetic field lines when placed in an external magnetic field and can be excited by radio

frequency pulses to produce a spectrum (NMR) or an image (MRI). However, neither of these

technologies exploits their full potential. Even in state-of-the-art high-field magnets, only a fraction

of the observable molecules contributes to the detected signal. This low so-called thermal

polarization limits the technology's ability to look directly at changes at the molecular level under

physiological conditions. However, scientific progress made it possible to increase the number of

atoms contributing to the detected signal by clever manipulation of the magnetic moments, thus

enabling an increase of intensity by up to 100,000-fold. The so-called hyperpolarization can be used

to track even the smallest concentration of molecules. Therefore, imaging techniques could be used

to investigate the influence of diseases on the human body without having to rely on long

measurements or other methods.

A widely used technique to bring molecules into this hyperpolarized state is called "parahydrogen-

induced hyperpolarization" (PHIP). This involves the use of the nuclear spin isomer of a hydrogen

molecule, known as parahydrogen (pH2), which hyperpolarizes an unsaturated, isotopically

enriched molecule through chemical reaction. In case it is not possible to produce the desired

product directly by hydrogenation, it is necessary to use an unsaturated side arm, which

subsequently has to be cleaved by the use of further chemicals.

The development of hyperpolarized metabolites, i. e. substances that are specific to the body, could

make contrast agents available in the future that provide medical experts with information not only

on the localization but also on the status of the disease. Metabolites are substances that are used in

the body, for example to generate energy, and are thus part of processes that are essential for

survival. Cancer or cardiovascular diseases are among the most frequent causes of death in western

countries, and their mode of action has a considerable influence on human metabolism and blood

circulation.

The purpose of this work was to make biologically relevant substances that are not accessible for

hyperpolarization using PHIP by direct. This included:

1) The proton-deuterium exchange on tracer molecules to extend their traceability.
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2) The development of synthetic strategies to produce novel sidearms with specific properties

and their coupling to metabolites.

3) The development of a labeling molecule for angiography.

4) The hyperpolarization and release of the metabolites to be observed in biocompatible

solutions for analysis in magnetic resonance-based techniques.

For this purpose, modifications were first performed on the important metabolic intermediate

pyruvate. This molecule is formed during the digestion of glucose and represents a branch point

of human metabolism. The interplay of new metabolic pathways starting from pyruvate are

controlled as needed and are strongly influenced locally by diseases. The long-term goal is to use

hyperpolarized pyruvate in imaging techniques to visualize the change in favoring certain pathways.

Based on the quantification of these changes, access to differential diagnosis should be possible.

To make pyruvate traceable in the human body for longer periods of time, new mild proton-

deuterium exchange reactions were investigated to allow effective use of the substances isotopically

labelled in the following. Deuterated pyruvate was subsequently coupled to a novel sidearm that,

for the first time, allows the metabolite to be released without the use of additional chemicals after

hyperpolarization. This new class of sidearm thus dramatically shortens the work-up time, thereby

providing easier access to hyperpolarized materials. This sidearm, based on a 2-nitrobenzyl

structure, was used to produce highly polarized molecules (over 60% proton polarization for 1-13C

acetate, up to 30% proton polarization for 1-13C pyruvate) that could allow biological

measurements even in aqueous solutions (13C polarizations up to 8% in water).

In addition to the study of metabolic processes and their imaging, the development of new contrast

agents for angiography, for example, are of great interest, especially in MRI. Gadolinium

compounds, which have been commonly used up to now, are deposited in the brain, which is why

their use has been severely restricted. Metabolic end products, which do not participate in any

further metabolic processes but only circulate in the bloodstream until they are secreted, are

particularly suitable for the purpose of angiography. One of these substances is an acetylated amino

acid from protein degeneration, the acetyl-alanine. This endogenous substance was equipped with

a vinyl group as a hyperpolarizable side arm. The subsequent hyperpolarization achieved the

highest polarizations measured in injectable solutions for nitrogen-containing molecules using

PHIP. With polarization values above 6%, applications in living organisms should be possible.

Thus, N-acetyl-vinyl-alanine would offer a possible contrast agent for angiography by MRI.
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1 Introduction

Medical breakthroughs over the last century have dramatically increased the average life expectancy

and healthy lifespan of human.[1] Developments of small molecules that allow to effectively treat

bacterial infections, for example, have contributed their part to the steady increase in general

health.[2, 3] However, the aging of society, especially in western countries, has led to an elevated

occurrence of diseases such as cancer, neuronal degeneration or circulatory disorders.[4, 5] These

pathologies and their consequences accounted for a large proportion of the pre-pandemic deaths

and are therefore the focus of worldwide research.[6, 7] It is of fundamental interest to investigate

the mode of action of these diseases in depth, especially at the cellular level.[8] This may lead to

better therapeutic approaches in the future or to an understanding of a holistic relationship.

In order to observe changes at the cellular level, many imaging techniques have been developed

that are particularly well suited for visualizing larger structures such as proteins or entire cell

organelles.[9] An excellent example for that is fluorescence microscopy, which makes it possible to

visualize proteins and their interactions with the help of so-called fluorescence tags. However, this

kind of projection is only possible if the molecule to be observed is sufficiently larger than the

available tag. Especially the small molecules, like metabolites, can only be imaged indirectly, if at

all. Techniques such as mass spectrometry are capable of detecting even the smallest concentrations

of metabolites, but at the expense of the cells' integrity. The technology that allows direct

observation of the atoms of a molecule without destroying the cell is nuclear magnetic resonance

(NMR) and its sister technique magnetic resonance imaging (MRI). The biggest challenge to the

development of contrast agents for MRI is its intrinsically low sensitivity. Only a handful out of a

million observable atoms contribute to the detected signal resulting in long measurement times.

That said, techniques have been developed to overcome this obstacle in NMR. By enhancements

up to 100,000-fold even low concentrated compounds (below 2 mM) provide signals that in the

normal regime could only be generated by concentrations of several moles. These methods are

based on the phenomenon called hyperpolarization.[10] Hyperpolarization offers the possibility of

achieving such a strong signal amplification, that metabolic processes, fast movements or small

impacts can be probed and imaged not only in studies at the cellular level but also in whole living

organisms or such as humans.[11-13]

Most of diseases mentioned manifest changes in the metabolism of humans, often in a localized

manner. In general, what is usually meant when talking about metabolism are the in-cell processes

to generate energy, the production of building blocks and the elimination of waste. But many
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diseases massively influence the cellular metabolism, especially energy production.[14-17] Either the

disease itself can cause massive shifts in the way metabolic processes are performed (such as

cancer), or the healthy tissue might react to e. g. infections with a strong immune response which

needs more energy compared to healthy tissue. Regarding the energy metabolism, one of the main

sources to generate adenosine triphosphate (ATP), nicotinamide adenine dinucleotide phosphate

hydrate (NADPH) or flavin adenine dinucleotide (FADH2) as energy carriers, is the glycolysis and

related downstream pathways. Glycolysis is the degradation of one molecule of glucose into two

molecules of pyruvate while generating two ATP and two NADPH. Pyruvate itself is a major

branching point in the human metabolism as it can be (1) consumed in the tricarboxylic acid (TCA)

cycle to reach the full potential of energy production, (2) used as a nitrogen carrier in form of

alanine participating in the glucose alanine cycle or (3) converted into lactic acid as for example

under heavy muscular load (Figure 1). Usually, the most effective energy production is the preferred

pathway for healthy cells, but many diseases are known to alter the balance of these in pyruvate

connecting pathways. The most prominent example is cancer with the Warburg effect which

describes the phenomenon that many tumors favor the conversion of pyruvate into lactate over

suppling the α-keto acid to the TCA cycle.[18, 19] The reason why highly proliferating tumors change

the metabolism in this direction is not fully understood.[20] Many tumors have mutations in the

regulation of the oxidative phosphorylation or the mitochondrial uptake of pyruvate and thus need

to fuel the glycolysis by eliminating pyruvate to keep up with the high amounts of energy needed

to keep the unlimited proliferation going.[21, 22] Other theories state that the reason might be the low

amount of oxygen available to the inner areas of tumors (especially bigger ones), leading to a similar

effect observed in muscles under heavy load over a longer period of time.[23]

Currently, the investigation of cancer undergoes several steps from the initial suspicion until the

final diagnosis. Usually, a lot of examinations have to be performed, starting from laboratory test

of liquid biopsies, tissue biopsies as well as imaging with computed tomography (CT), MRI,

positron emission tomography (PET) or ultrasound, in order to validate the diagnosis. The gold

standard for cancer imaging is PET. This method uses a radioactively labelled glucose analogue

called 18F-fluorodesoxyglucose (FDG) which accumulates in cells with high energy need and then

can be visualized via ionizing radiation.[24] The higher the energy demand, the more FDG is taken

up, which can be used to identify and map potential tumor areas and metastases or sites of

inflammation.[25]

Creating a radiation-free method for clinical applications to not only image where the tumor can

be found but also to investigate conversion rates to further understand how the individual cancer

behaves can potentially enable a better and more effective treatment.[26-28]
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Figure 1 Metabolic pathway of glucose towards pyruvate and the involvement of the mitochondria. Pyruvate is produced from

glucose through the glycolysis via phospho-enol-pyruvate (P-Enol-Pyruvate) by the pyruvate kinase (PK). In a bidirectional

equilibrium pyruvate can then be converted into lactate by the lactate dehydrogenase (LDH) or into Alanine by the alanine

transaminase (ALT). The transport into the mitochondria is performed by the mitochondrial pyruvate carrier (MPC) where pyruvate

can access the tricarboxylic acid (TCA) cycle either through decarboxylation by pyruvate dehydrogenase (PDH) providing Acetyl-

Coenzyme A (Acetyl-CoA) or by oxalacetate produced prior in the liver or kidney through the pyruvate carboxylase (PC).

For cardiovascular diseases however, not only metabolic information can help to understand how

the disease impact the patient. To successfully fight these diseases, medical personnel is highly

dependent on good imaging techniques to visualize issues and impacts on the whole system.[14, 27, 29,

30] Thus, the ability to perform both, perfusion studies and fast image acquisition are highly in need.

Especially, regarding the imaging of the heart.[31] The continuous movement of the muscle itself

severely diminishes imaging quality, which is why the development of contrast agents enabling

quick acquisition instead of long measurements would significantly improve the diagnostic

information. A major improvement over the currently used contrast agents would be the access to

endogenous molecules in form of metabolic end-products to image circulatory disorders. Such

metabolic contrast agents could solve safety concerns regarding currently used gadolinium contrast

agents. In 2017 many Gd-based contrast agents were banned due to their accumulation in the brain
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and their general toxicity as they were found to interfere with calcium-dependent signal

transduction pathways.[32-34] Not only do hyperpolarized contrast agents offer a non-toxic

alternative to currently used substances. The ability to acquire metabolic data in the form of

conversion kinetics offers the possibility to make differentiated statements about the nature and

distribution of the diseases.[35-37]

The following chapters will discuss methods and techniques used to enhance signals of molecules

in magnetic resonance. This involves the discussion of the physical and chemical requirements for

good contrast agents. To understand these, a fundamental knowledge of NMR is required but the

concepts needed to understand the experiments performed are explained.



Introduction

24

1.1 Magnetic resonance

NMR describes the interaction between a magnetically active nucleus and an externally applied

magnetic field. A basic requirement is that the total angular momentum of the nucleus (also called

nuclear spin) I is not equal to 0. The number of energy states that can be assumed in a magnetic

field depends on the magnetic spin quantum number mI. A nucleus with a spin of ܫ = ଵ
ଶ

results in

two energy levels (݉ூ = 2 ∙ ܫ + 1) which are degenerate without an external magnetic field B0 i. e.

energetically equivalent. Only by applying a magnetic field the splitting occurs. Upon an interaction

of a nucleus with ܫ = ଵ
ଶ

like 1H or 13C and an external B0, the nucleus can align itself with or against

the magnetic field. These two states correspond to the energy levels N0 and N1 (Figure 2).

Figure 2 Illustration of the nuclear Zeeman effect. 1) No external B0 is applied, the energy levels are energetically equal. 2) Exited

energy level N1 in an external magnetic field. 3) Ground state energy level N0 in an external magnetic field.

This splitting phenomenon is described by the nuclear Zeeman effect. The population difference

of the respective energy levels can be calculated by means of the Boltzmann distribution (equation

1), as for ܫ = ଵ
ଶ

nuclei at 7 T it holds:

݊ଵ
݊଴

= ݁
ିఊ௛஻బ
ଶగ௞ಳ் = ݁

ିଶ଺଻.ହହଶ∙ଵ଴ల ଵ
்∙௦∙଺.଺ଷ∙ଵ଴షయర ௃

ு௭ ∗଻ ்

ଶగ∙ଵ.ଷ଼∙ଵ଴షమయ ௃௄∗ଶଽଷ ௄ = 0,99995 1
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where n0 is the number of nuclei in the ground state N0, n1 is the number of nuclei in the excited

state N1, γ is the gyromagnetic ratio, h is the Planck constant, B0 is the magnetic field strength, kB

is the Boltzmann constant and T is the absolute temperature in Kelvin. The here calculated

population difference corresponds to the for this work used 7 T magnets. This field strength is

quite common for NMR standard and equals the current limits in clinical full-body MRI systems.

The Boltzmann distribution results in a small overpopulation of the ground state which can be

explained by the small energy difference (ΔE) between the two states (equation 2):

Where for ேబܧ holds the negative equation, ேభܧ holds the positive equation, h is the Planck

constant, γ is the gyromagnetic ratio and B0 is the magnetic field strength. Therefore, the net

polarization is considered to be fairly limited due to the small difference in population. Considering

the distribution formula (equation 1), the only value to be variable (since temperature, especially in

biological applications, is strictly limited) is the magnetic field strength. In the field of magnets,

nowadays NMR devices with a field strength of up to 28 T are used, for MRI field strengths of 7

T are common. However, at room temperature, in a magnetic field of 7 T only 25 at 28 T only 100

spins per million contribute to the detected signal. The relative increase is huge, but still not enough

to trace a dynamic system such as metabolism in real time. Therefore, techniques to shift the

polarization out of the thermal equilibrium are needed.

1.2 Thermal polarization

Polarization by itself is the normalized ratio of the population differences of the energy levels of a

given system. For ܫ = ଵ
ଶ

nuclei reads:

where n0 and n1 describes the respective populations of spin states N0 and N1. Here, for P = 100%,

all spins of a system contribute to the measured signal and no signal can be detected for a

polarization equal to 0%. In the thermal equilibrium the polarization (Pthermal) can be calculated by

the population differences of the two spin states. For a 7 T magnet and 1H as observed nucleus it

states:

ܧ∆ =
ℎ

ߨ2 ∙ ߛ ∙ ଴ܤ 2

ܲ =
݊଴ − ݊ଵ
݊଴ + ݊ଵ 3
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where EN describes the energy of the respective spin states N0 and N1, kB as the Boltzmann constant

and T is the absolute temperature. With such low natural polarization values, it is obviously difficult

to observe metabolites and other substances at physiological concentrations in living organisms.

To illustrate, a thermal polarization of 2.4 ∙ 10ିଷ % corresponds to only the volume of a sugar cube

being detectable when observing a bathtub full of water. Since cooling down is not realistic in a

biological context, other methods of manipulating spin populations must be considered. These so-

called hyperpolarization techniques obtain their overpopulation of an energy level from other

sources which allows significant overpopulation of one spin state to generate strongly enhanced

signals without the usage of a higher substance concentration. By comparing the signals from

thermally polarized spectra and those from hyperpolarization experiments it is possible to calculate

how many spins contributed to the hyperpolarized signals.

1.3 Hyperpolarization

The spectrum of techniques with the task of producing high spin states that are not in equilibrium

are grouped under the term hyperpolarization (Figure 3). Hyperpolarization is defined as a state

where more nuclei participate in the generation of the signal compared to thermally polarized

counterpart. This means that with a theoretical 100% polarization of the observed nuclei, a signal

amplification of up to approx. 50,000-fold at 1H and approx. 160,000-fold at 13C at room

temperature are possible. Thus, even with fractions of the possible polarization it is possible, to

generate information, which otherwise would have required enormous amounts of measurement

time. Some important techniques will be outlined in the following chapters 1.3.1 and 1.3.3.

௧ܲ௛௘௥௠௔௟ =
݁
ିாಿబ
௞ಳ் − ݁

ିாಿభ
௞ಳ்

݁
ିாಿబ
௞ಳ் + ݁

ିாಿభ
௞ಳ்

௧ܲ௛௘௥௠௔௟ = 2.44 ∙ 10ିହ

௧ܲ௛௘௥௠௔௟% = 0.00244%

4
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Figure 3 Illustration of a comparison of the spin states of thermally and hyperpolarized samples with arrows representing the

alignment direction of the spins. The signals below were acquired within 7 h (64 scans) for the left and 1 second for the right signal.

The right signal is 150 times more intense than the left.

1.3.1 Dynamic Nuclear Polarization

One of the most widely used hyperpolarization techniques is dynamic nuclear polarization (DNP),

which takes advantage of the much higher polarization of electrons (compared to nuclear spin

polarization) to transfer their spin order onto nuclei. DNP comes in a wide variety of styles, with

dissolution DNP (dDNP) being the most successful for studying metabolically active molecules

such as 1-13C pyruvate.[38, 39]

Figure 4 Hyperpolarization by dDNP. Irradiation of a glass matrix containing a free radical R and a 13C-labelled metabolite M with

microwaves (MW). The transfer of polarization from the electrons of the radical to the heteronucleus yields a polarized metabolite

(M, red) in the glass matrix (blue).[40]

For successful hyperpolarization one needs a so-called hyperpolarization juice consists of a stable

free radical compound such as 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) and the material to be

hyperpolarized in solution. It is important that the solvent forms a glass matrix at the targeted

temperatures below 2 K, so that the transfer of electron polarization to the heteronucleus can be

stimulated by the irradiation of strong microwaves (Figure 4). This process is performed in strong

magnetic fields (> 3 T) and leads to the slow build-up of the polarization. Initially, only very long
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build-up times were possible (up to 1.5 h)[38], but these could be reduced down to 15 min[41] by not

hyperpolarizing the heteronucleus directly but by temporally polarizing the nearby protons and

subsequently transferring the acquired polarization to the heteronucleus. After this procedure, the

sample must be thawed as quickly as possible to use the solution in NMR studies or to inject it into

living organisms ( or even in humans). Thus, polarization values of up to 70% have been achieved

in the raw juice, however, polarization values for the injectable solution of the hyperpolarized

compound are much lower.[42]

Nevertheless, human clinical studies investigating prostate cancer using 1-13C-pyruvate are in

progress. With an average polarization of 17% (although polarization attempts under 15% and out

of the pH range of 6.7 to 8 were dismissed) 31 patients were investigated to observe the kinetics

of 1-13C-lactate formation consistent with the numbers achieved by preclinical trials. It was possible

to generate hyperpolarized images of a prior biopsy proven tumor, which was not detectable during

the staging examination.[11] That said, bringing more of the many preclinical models for lymphoma,

prostate, liver, breast and bone cancers using hyperpolarized metabolites to human studies may

help to implement hyperpolarized 13C MRI as a valid and secure method to investigate potential

cancerous tissue.[27, 43]

In general, hyperpolarization of pyruvate can be seen as an alternative to PET imaging for cancer

with overwhelming advantages. Beside the much larger availability of MRI compared to PET

instruments, bypassing radioactive radiation allows for new patient populations because clinicians

would no longer need to perform a risk-benefit assessment regarding the harmfulness of

radioactivity. Despite the excellent polarization values, there are concerns about the safety of free

radical injections into humans leading to studies adding free radical scavengers such as vitamin C

to the solution.[44, 45] However, pyruvate is not the only molecule studied using dDNP. In addition

to studies with 13C metabolites such as glucose[46], choline[47, 48], a variety of amino acids[49, 50] or

bicarbonate[51], even hyperpolarized H2O[52] was used for angiography studies. These studies, in

contrast to 1-13C-pyruvate, where performed in animals, not in humans.

Regardless of the very exciting research and the advancing applications of DNP in biological

applications, the technique suffers from several drawbacks. The hyperpolarization process itself is

associated with high costs for purchase of a DNP machine as well as maintenance due to the

required infrastructure. In addition to the high magnetic field strengths (> 3T), strong microwave

emitters and large amounts of liquid helium are required for operation. Not only has the price of

the liquid noble gas increased dramatically, but also the availability has decreased significantly due

to the COVID-19 pandemic. These aspects, especially in potential clinical applications,

considerably limit the access to this powerful technology.
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A further concern is that in order to achieve good polarization of the heteronucleus in a short

period of time, protons must be hyperpolarized before the polarization can be transferred to

heteronuclei. This leads to significantly shorter longitudinal relaxation times T1 of the 13Cs or 15Ns

which should be pursued as long as possible. Direct polarization of deuterated metabolites such as

pyruvate would need considerably more time and thus, again is harder to implement in clinical

applications. Other hyperpolarization methods, such as PHIP, allow the use of deuteration

strategies to significantly extend the T1 of the heteronuclei.

1.3.2 Parahydrogen

Another intensively studied method is hyperpolarization using parahydrogen (para-H2 or pH2 for

short) which is one of four spin isomers of the hydrogen molecule. In addition to the parahydrogen

induced polarization (PHIP) where the hydrogen molecule is chemically added to an unsaturated

bond, pH2 is also used in a second approach in the form of the signal amplification by reversible

exchange (SABRE). SABRE utilizes a reversable binding of the pH2 to a catalyst to transfer the

polarization onto the desired substrate.

A simplified way of looking at the origin of different spin isomers is based on the previously

presented consideration of the behavior of spins with ܫ = ଵ
ଶ
. Thus, it was defined that this spin can

be in two orientations in the applied magnetic field, with and against the direction of the field. In

a molecule like hydrogen however there are two spins which are connected by a covalent bond. As

a result, the orientation of the spins with respect to each other is fixed when entering a magnetic

field. Simply spoken, this results in two states, a parallel (ortho) and an antiparallel arrangement

(para).[53] A more detailed explanation of why there are four spin isomers in total, however, requires

the consideration of the quantum mechanics of the molecule.

With the help of the wave function, it is possible to completely define the entirety of the states of

this system. This means that if all parts of the wave function of a particle are known, all properties

of that particle can be determined. The total wave function consists thus of several partial functions

as for example the spin wave function. But quantum mechanics distinguishes between two types

of particles in the case of nuclei with a spin. A discrimination is made between particles with an

integer spin quantum number, the bosons, and the fermions as particles with a half-integer spin.

Fermions, like hydrogen is as an atom with the spin ଵ
ଶ
, behave according to the Fermi-Dirac

statistics. Thereby also the Pauli Principle of indistinguishability of identical particles has to be

applied.[54]
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Singlet, para

What does this mean for the H2 molecule?

The two protons are considered as indistinguishable particles from each other and must therefore

be considered as a whole. The consequence is that the total wave equation of the atoms Ha and Hb

(when Ha-Hb is the H2 molecule) is antisymmetric (due to the Pauli Principle). This means the total

wave equation of the atoms Ha and Hb are equal in value but with a different sign. The wave

function of the H2 molecule is a result of the product of the different wave functions, which are

among others for example the spin wave function and the rotational wave function. Thus, the total

wave function is antisymmetric if one (partial) function is symmetric while the other is

antisymmetric (equation 5).

For the hydrogen molecule, this means that four spin states are possible. If the spin is symmetric,

that is I = 1 (when both spins point in the same direction), then three further states fall on the

magnetic spin quantum numbers -1, 0 and 1. These spin isomers are called orthohydrogen (oH2)

in their entirety (equation 6).

For the singlet state of parahydrogen, the symmetry of the rotational wave function is the rotational

quantum number J. This is satisfied when J adopts an even numerical value. Consequently, the spin

must be antisymmetric, that means I = 0. An important physical discrimination between oH2 and

pH2 is based exactly on the difference between the rotational quantum numbers. This resulted in

the experimental proof of the existence of H2 spin isomers. The para-isomer is at a lower energy

level than is possible for oH2 due to the proportional dependence of the rotational energy on the

rotational quantum number J. As described earlier, this J is 0 for pH2, but is at least 1 for oH2 (due

to anti-parallelism). Phenomenologically, in 1929, Karl-Friedrich Bonhoeffer and Paul Harteck

thus succeeded in demonstrating experimentally the thermal conductivity differences of the

isomers(which is proportional to the heat capacity).[55]

௔ܪ)௧௢௧ߖ (௕ܪ, = (௔ܪ,௕ܪ)௧௢௧ߖ− 5

|૚,૚⟩ ⟨ࢻ,ࢻ|=

|૚,૙⟩ =
૚
√૛

⟨ࢼ,ࢻ| ⟨ࢻ,ࢼ|+

|૚,−૚⟩ = ⟨ࢼ,ࢼ|

|૙,૙⟩ =
૚
૛

⟨ࢼ,ࢻ| − ⟨ࢻ,ࢼ|

6

Triplet, ortho
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The transition from oH2 to pH2+hν is a so-called 'forbidden transition', which has the advantage

that without ferromagnetic materials pH2 has a potential half-life of several years. However, this

also means that without appropriate conditions the enrichment would be not possible.[56] At room

temperature, H2 is equally populated over all four spin states (further referred as rtH2). Yet, by

cooling hydrogen down to 20 K in the presence of an appropriate catalyst (e. g. iron oxide), pH2

can be enriched to almost 100% (Figure 5). When removing the catalyst, the gas can be warmed to

room temperature while remaining in the singlet state. Due to the pure spin order in the

parahydrogen, the molecule in contrast to the orthohydrogen is NMR silent. This logically is due

to the total spin of I = 0. The consequence is that 1) by comparing the signal of oH2 and pH2 the

actual enrichment level can be determined (equation 7) and 2) in order to make use of the spin

order, the hydrogen molecule must interact with the substrate to be hyperpolarized, either by

symmetry breaking through chemical reactions or by interaction across a catalyst. The fraction of

pH2 enrichment ൫ ௣݂ுమ൯ is determined by the following equation 7:[57, 58]

where ܵ௣ுమ and ܵ௥௧ுమ represent the integrals of the respective signals of pH2 and room temperature

H2.

Figure 5 Schematic drawing of a parahydrogen generator consisting of a hydrogen cylinder, a helium cooling compressor and the

reaction chamber. A H2 bottle is connected to the to 20 K cooled reaction chamber. The cooling is ensured by a helium compressor

driven cryostat. The cooled H2 gas is blown over the paramagnetic catalyst yielding after warming to rt in 99.9% enriched

parahydrogen.

௣݂ுమ = 1 − ቆ
3 ܵ௣ுమ
4 ܵ௥௧ுమ

ቇ 7
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1.3.3 Hyperpolarization by means of parahydrogen

After the preparation of highly enriched pH2, there are two methods commonly used to achieve

hyperpolarization, one non-hydrogenative (SABRE)[59] and one hydrogenative (PHIP)[60] technique

(Figure 6a). In the late 2000s, the spontaneous polarization transfer from pH2 to a substrate with

the help of a Crabtree-like Ir catalyst was first demonstrated. To allow the transfer, it is essential

that both hydrogen atoms and the substrate coordinate simultaneously to the metal center.[61, 62]

This process is commonly carried out at low magnetic field strengths matching to the couplings of

the system but also a pulsed high-field transfer is possible.[63, 64] For both cases, the polarization

transfer is only possible if there is a scalar coupling between the protons and the nucleus of the

substrate to be hyperpolarized. In addition to the direct hyperpolarization of substrates via the

catalyst, so-called carrier molecules are being used to transfer the polarization to the final molecule

of interest but with comparably low polarization levels.[65]

However, the centerpiece of the SABRE method is the catalyst and its modifications, which,

depending on the substrate, were able to massively increase the efficiency of the transfer. Due to

the wide variety of coupling partners, SABRE is able to polarize not only 1H and 13C[66] atoms but

also 15N[67], 19F[68], 31P[69] or 29Si[70], thus providing a very broad spectrum of potential molecules.

While the general polarization values tend to be found in the single-digit percentage range, it was

possible to successfully polarize free 1-13C pyruvate to over 10% 13C polarization in DMSO, which

takes the method one step closer to potential biological applications.[71]

Figure 6 a) Schematic of the SABRE mechanism with the arrows indicating a reversable exchange at the catalytic center of the

Iridium complex. b) Hydrogenative addition of parahydrogen on an unsaturated carbon-carbon bond with subsequent polarization

transfer.
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1.3.3.1 Parahydrogen induced Polarization (PHIP)

The most widely used method to access the spin order of parahydrogen is the catalytic

hydrogenation of unsaturated bonds. For this purpose, an appropriate syn-adding catalyst (more

on this in Chapter 1.3.3.2) has to be used, whereby a pH2 molecule is hydrogenated as a whole to

the unsaturated bond.[10] This catalyst must have extremely high conversion rates to perform the

reaction faster than the T1 of the protons newly added to the molecule can decompose the

polarization. There are two methods to perform the hydrogenation. In the PASADENA method

(parahydrogen and synthesis allow dramatically enhanced nuclear alignment), both hydrogenation

and detection are performed in high field magnets while under ALTADENA conditions (adiabatic

longitudinal transport after dissociation engenders net alignment) the unsaturated bond is

hydrogenated in weak magnetic fields (around 50 µT equal to the earth magnetic field) and

subsequently measured in high field magnets.[72, 73] The type of magnetic field applied during the

hydrogenation directly affects the nature of the J-coupling regime of the two protons. While under

PASADENA conditions there is a weak coupling regime, under ALTADENA conditions there is

a strong coupling between the two protons. The difference between strong and weak coupling is

that the coupling constant for weak couplings is much smaller than the difference in chemical shift.

For strong coupling regimes exactly the other way around. However, both procedures lead to a

significantly different NMR spectrum compared to rtH2.

Figure 7 Schematic overview of a hydrogenation with rtH2 with the respective NMR spectrum. The eigenstates of the AX system

are equally populated and represented by horizontal lines.

To understand what changes using pH2 for hydrogenation reactions, one need to understand how

the NMR spectrum arises by hydrogenation with rtH2. Through the addition the spin system of

the dihydrogen changes from an A2 to an AX system, which can be described by the eigenfunctions

of the Zeeman base. The symmetry break leads to a combination of the individual spins. Four

different states are formed, where the states αβ and βα have a total spin of 0 and the αα and ββ
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have one of 1 and -1, respectively.[74] Now, transitions between the energy levels can be excited by

the irradiation of rf pulses, inverting one of the two spins. An inversion of both spins is quantum

mechanically forbidden (allowed: αβ → ββ forbidden: αα → ββ). Thus, four possible transitions

result in four lines in the spectrum (Figure 7). The intensity of the lines corresponds to the initial

polarization (calculated in chapter 1.2).

Figure 8 Schematic overview of a hydrogenation with pH2 under PASADENA conditions for an AX spin system with the respective

NMR spectrum. Thick horizontal lines represent overpopulation of the respective energy level, whereas thin lines represent a less

populated state. The hydrogenation of the target molecule with the singlet isomer of H2 leads to an equal population of the

eigenstates αβ and βα. After the reaction, the typical anti-phase doublets can be acquired.

In the case of hydrogenation with pH2 under PASADENA conditions, only the S0 state is

populated in the A2 system (corresponding to the degree of pH2 enrichment). The hydrogenation

divides the population equally between αβ and βα. Thus, according to the excitation, a positive and

a negative line are formed for αβ and βα, respectively (Figure 8). Without considering possible

relaxation processes, the intensity of the lines corresponds to ଶ
ଷ
ܲ As in the spectrum of the .ߝ−+

reaction with rtH2, the distance between the lines is equal to the coupling constant J.

Figure 9 Schematic overview of a hydrogenation with pH2 under ALTADENA conditions for an AX spin system with the respective

NMR spectrum. Thick horizontal lines represent overpopulation of the respective energy level, whereas thin lines represent a less

populated state. The hydrogenation of the target molecule at low magnetic fields leads to the overpopulation of the βα eigenstate.

After the reaction, the typical two peaks with opposing phases can be acquired.
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Under ALTADENA conditions however, the singlet state follows the eigenstates of the magnetic

field, whereby the magnetization bound in S0 ends up in the βα eigenstate of the AX system. As a

result, the NMR spectrum differs massively. Due to the overloading of the βα state, only two

transitions are possible, resulting in two lines with twice the intensity compared to PASADENA

lines (in the idealized case, i.e. no relaxation, no time loss due to hydrogenation outside the

measuring magnet; Figure 9).

To understand how spins can be manipulated in a way that the introduced polarization is

transferred to the heteronuclei a quantum mechanical description of the system has to be given. In

order to describe the situation of the pH2 protons under PASADENA and ALTADENA

conditions, the density operator formalism has to be applied to PHIP. The density operator itself

is able to describe the effects of pulses or delays on the spin. For an isolated spin ܫ = ଵ
ଶ

the density

operator ߩ can be described as (equation 8):

with i as identity operator, and Ix to Iz as magnetization of the single spin in the rotating frame in

association to the cartesian system for x, y and z. For the two-spin system as pH2 the operator

reads:

with I1 and I2 representing the entirety of the magnetization for each proton. PASADENA

conditions cause the evolution of the terms ଶ௫ܫଵ௫ܫ + ଵܫ
௬ܫଶ

௬, however the hydrogenation reactions

occur over time leading to the scramble of the transversal states. Thus, these terms are negated

leaving the following state:

If a RF pulse is applied on the molecule in a high magnetic field with a certain phase (γ) and flip

angle (α) the density operator transforms into:

ߩ =
1
2 ݅ + ௫ܫ + ௬ܫ + ௭ܫ

8

ܵ଴ = |ܵ଴⟩⟨ܵ଴| =
1݅
4 − ൫ܫଵ௫ܫଶ௫ + ଵܫ

௬ܫଶ
௬ + ଶ௭൯ܫଵ௭ܫ =

1݅
4 − ଵܫ ∙ ଶܫ 9

௉஺ௌ஺஽ாே஺ߩ = ௭ଵܫ ∙ ௭ଶܫ 10
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That said, only the second term ௫ଶܫ௭ଵܫ) + (௭ଶܫ௫ଵܫ is able to create a current in the receiver after the

application of a pulse. This is the typical anti-phase signal with a maximal peak intensity at ߙ = గ
ସ
.

A typical PASADENA NMR experiment thus consists of the reaction time Δ1 (also called the

bubbling time), a settling time Δ2, and the 45° pulse to measure the maximum detectable signal

(Figure 10).

Figure 10 NMR pulse sequence used to perform hyperpolarization experiments at high field with subsequent 1H acquisition. The

rectangle represents a 45° pulse with the subscript indicating the phase. Δ1 represents the bubbling time needed to fully hydrogenate

the substrate and Δ2 the time for the liquid to settle before performing a 45° pulse. The latter following sequences continue after

Δ2 instead of the 45° pulse.

For ALTADENA conditions however the magnetization evolves under the selective population at

the low B-field. Since the spins can occupy either |ߚߙ⟩⟨ߚߙ| or |ߙߚ⟩⟨ߙߚ| , the following density

operator can be described:

which evolves to

when applying a pulse with a phase (γ) and flip angle (α). The term is composed of the already

known part cos(ߙ) sin(ߙ) (௫ଶܫ௭ଵܫ) from the PASADENA experiment leading to the generation of

an anti-phase signal while the other part ± ଵ
ଶ

sin(ߙ) ௫ଵܫ) − (௫ଶܫ yields a doublet formation. When

(ߙ)௉஺ௌ஺஽ாே஺ߩ = cosଶ(ߙ) ௭ଶܫ௭ଵܫ + cos(ߙ) sin(ߙ) ௫ଶܫ௭ଵܫ) + (௭ଶܫ௫ଵܫ + sinଶ(ߙ) ௫ଶܫ௫ଵܫ
11

஺௅்஺஽ாே஺ߩ = ௫ଶܫ௫ଵܫ ±
1
2 ௭ଵܫ) − (௭ଶܫ

12

(ߙ)஺௅்஺஽ாே஺ߩ = cos(ߙ) sin(ߙ) (௫ଶܫ௭ଵܫ) ±
1
2 sin(ߙ) ௫ଵܫ) − (௫ଶܫ

13
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applying a pulse with a flip angle of α = 90° pure in-phase signals for each proton are generated,

however the phase is altered by 180°.

1.3.3.2 Catalytic hydrogenation and precursor design

To incorporate the protons from pH2 into the molecule a catalytic reaction is needed. The initial

PHIP experiments were performed using the Wilkinson’s Catalyst, rodium thriphenylphosphine

chloride (Rh(PPh3)3Cl).[72, 75] The intrinsically stable PPh3 is able to dissociate from the pre-catalyst

allowing the hydrogen molecule to bind by oxidative addition yielding in a RhIII catalytic center.

Thus, it is possible for the unsaturated bond to bind to the metal (side-on), whereby the insertion

can take place by hydrogenation. The reductive elimination of the now end-on bound alkyl residue

can be carried out under recovery of the active catalyst (Scheme 1).

Scheme 1 Syn-hydrogenation of hydrogen to an unsaturated carbon-carbon bond by the Wilkinson’s Catalyst. After the catalyst

activation (0), the hydrogen molecule is attached to the catalyst by oxidative addition (1). The unsaturated substrate coordinates

side-on onto the metal center forming the fully coordinated catalyst (2). Through the insertion the substrate is reduced (3) before

the catalyst can undergo reductive elimination (4).
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For this work another rhodium-based catalyst [1,4-Bis(diphenylphosphino)butane](1,5-

cyclooctadiene)rhodium(I) tetrafluoroborate was mainly used due to the higher turn-over rate,

which allows higher polarization values for the systems investigated. The catalytic cycle, however,

is running comparably to the Wilkinson’s Catalyst. The binding of the hydrogen molecule binding

leads to the active catalyst form dissociated from the cyclooctadiene. These catalysts allow to

generate polarization levels comparable to those achieved by DNP, leading to promising molecules

to investigate biological questions.

An intensively investigated molecule with PHIP, as it is already in use for hyperpolarized in vivo

studies of small animals is fumarate. The carboxylic acid made it possible to investigate the

detection of necrotic processes and was one of the first PHIP hyperpolarized molecules in animal

studies.[76] The precursor with the intrinsic triple bond generates access to the metabolic active

molecule without any previous modifications. With a polarization of 12% directly after the transfer

(no data on the polarization values of the injected solution available), Stewart et al. were able to

show conversion of from 1-13C-fumerate to 1-13C-malate and 4-13C-malate in vivo using an

acetaminophen-induced hepatitis mouse model (Figure 11).

Figure 11 Hyperpolarization process generating 1-13C-fumerate from 1-13C-acetylenedicarboxylate. Subsequently the in vivo

conversion from fumarate to malate was observed.

For other biologically relevant metabolites such as pyruvic acid or small amino acids like L-alanine,

it is not possible to generate the molecule of interest by simple hydrogenation of an unsaturated

carbon-carbon bond. An alternative way to access these molecules is the so-called PHIP side arm

hydrogenation (SAH) approach.[77-92] The method describes the introduction of an unsaturated

bond via the addition of a side arm acting as the hyperpolarization site. The simplest possible side

arm, in terms of atom count and resulting AAX spin system is the vinyl ester, in particular the

vinyl-d3. To make use of SAH, the unsaturated bond has to be placed in proximity to the

biologically active moiety of the molecule coupling to the added protons enabling the observation

of changes in the chemical shifts of the hyperpolarized atoms. The coupling of the pH2 protons to

a heteronucleus like 13C or 15N even across functional groups allows the use of hyperpolarization

transfer techniques to generate a high spin order in the molecule of interest (MOI).[77, 78, 93, 94] After
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the successful completion of the hydrogenation and polarization transfer is completed successfully

the side arm has to be removed to enable the molecules’ biological activity.[81, 82, 95] Beside high

polarization values long trackabilities of the MOIs are very important to follow biological

processes.[96] The relaxation of the observed nucleus needs to be long enough to perform a) the

hyperpolarization experiment, b) the purification, c) the release of the metabolite plus the transfer

of it into an isotonic aqueous solution, d) the subsequent injection and e) the observation of the

biochemical conversions. Since no automated polarizer is commercially available yet, the procedure

needs to be well-choreographed to succeed in using these molecules as possible contrast agents.

A very critical part of the PHIP SAH approach is the cleavage of the side arm, which has to be

performed fast and to full conversion. Usually, a basic cleavage solution is used to remove the

unwanted side arm within a few tens of seconds with a subsequent pH adjustment. To generate a

biologically compatible injection solution, the remaining hyperpolarization catalyst has to be

removed for example by filtration.[82, 87, 88, 97] All these work up steps require a long half-life of the

polarization. A very important way to increase the T1 and thus reduce escape routes for the

polarization is to chemically exchange coupling protons with deuterium atoms.[98, 99] In comparison

to protons, deuterium as a quadrupolar nucleus owns a more than 6 times smaller gyromagnetic

ratio reducing its interaction with 13C or 15N. Thus, longer T1 values are commonly seen for many

small metabolites like 1-13C-lactate, 1-13C-alanine or 1-13C-glycine. All molecules increased their T1

values by more than 10%.[99] Notably, deuteration of the hyperpolarization site also leads to 10

times longer T1 (for vinylated metabolites) resulting in much higher polarization values (vinyl-

pyruvate: 6%[90] vinyl-1-13C-pyruvate-d6: 59%[81]). In general, the synthesis of a good precursor for

PHIP SAH must therefore consider the following points:

- Biological relevance of the metabolite

- High polarization values on the target molecule

- Removability of the side arm

- Removability of all toxic components

- Long traceability which may require deuteration

Since the development of PHIP SAH a lot of different molecules have been synthesized to allow

for highly polarized pyruvate which is likely to be a suitable contrast agent for a large variety of

MRI studies due to its central role in the metabolism.[26, 28, 100] Since many cancer types display an

altered pyruvate metabolism, hyperpolarized pyruvate could serve as an endogenous molecule to
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image tumors with high accuracy. However, working with pyruvate, itself creates certain challenges.

The oxygen, moisture and most probably light-sensitive molecule can undergo many intra- and

intermolecular modifications such as dimerization, hydration or cyclization.[101-104] In the biological

context it is very useful for the organism to have such a flexible and fast reacting molecule as a

branching point of many metabolic pathways, whereas a chemist has to find mild reaction

conditions to generate PHIP SAH ready pyruvate esters.

Scheme 2 Proposed mechanism of the transvinylation using palladium acetate. By side-on coordination of vinyl acetate-d6 a π-

complex is formed (1). Through a rearrangement a σ-complex is formed resulting in the nucleophilic attack of a free carboxylate

(2). The decomposition of the σ-complex (3) results in the catalyst regeneration and release of the final products.[105]

Most vinylation methods with other substrates are based on the catalytic transvinylation of an

access of vinyl acetate, a catalyst (usually palladium-based catalysts are preferred) and a hydroxide

together with the to-be-vinylated carboxylic acid.[106, 107] For pyruvate however, the yields of the

reaction are very low and for deuterated compounds very expensive due to the needed vinyl-

acetate-d6 (Scheme 2 Figure 12).

Recently, two successful syntheses of vinyl-1-13C-pyruvate-d6 were published, both have found

alternative ways to generate the ester, however with relatively low yields[81] or with not fully

characterized side products[83], compared to other ways to excess well polarized 1-13C-pyruvate-d3,

(alternative precursors shown in Figure 12). Nevertheless, hyperpolarization of the vinyl ester led

to the highest 13C polarization measured in aqueous solutions of 1-13C-pyruvate-d3. The difficulty

of synthesizing vinyl pyruvate today shows that further options for the preparation of

hyperpolarized pyruvate still need to be identified in form of new side arms. One factor in the
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work-up of the hyperpolarized material that costs time and thus polarization is the basic cleavage

of the side arm. At present, there are no side arms that can be removed without the use of additional

chemicals.

The first in vivo studies of 1-13C-pyruvate were performed by Cavallari et. al. in 2018 using a

propargyl pyruvate ester with a ready-to-inject 13C polarization of up to 4%.[97] However, the image

quality lacked in resolution resulting the localization of 1-13C-lactate and 1-13C-pyruvate to surpass

the physical borders of the mouse itself. In 2022 Hune et al. were able to obtain metabolic tumor

images of mice diseased with a human melanoma. In their study, 1-13C-pyruvate-d3 generated

through the hyperpolarization of  vinyl-1-13C-pyruvate-d6 with an injection polarization of 12% was

used to image metabolic conversions and localize the tumor of the mice.[12] Due to their high

polarization, conversions to 1-13C-lactate-d3 and 1-13C-alanine-d3 and their kinetics were described.

Comparing these results with the initial data derived from dDNP (see Chapter 1.3.1) a PHIP-based

approach was able to yield comparable data, which could enable clinical studies in the future.

Figure 12 Commonly used 1-13C-Pyruvate PHIP SAH precursor molecules. A) 3-(phenyl-d5)prop-2-yn-1-yl-1-13C-1,1-d2-2-

oxopropanoate-1-13C[82], B) prop-2-yn-1-yl 2-oxopropanoate-1-13C[78], C) vinyl 2-oxopropanoate-1-13C[108], D) but-3-yn-2-yl-1,1,1,4-

d4-2-oxopropanoate-1-13C, E) allyl 2-oxopropanoate-1-13C[90] F) vinyl-d3 2-oxopropanoate-1-13C-d3[81, 83]

Not only metabolic processes are investigated by PHIP. In the early 2000s, extensive investigations

of 13C-labeled, hyperpolarized hydroxyethyl propionate as contrast agents for angiography were

performed.[109] High polarization values of 25% directly on 13C immediately after the

hyperpolarization (injection values not known) even allowed the in vivo investigation of higher

mammals. The in-plane resolution of 0.6 mm2 gave the opportunity to investigate in detail the

perfusion and the cardiovascular system. However, the molecule used was not approved for human

studies due to its high toxicity.[109] Further experiments were performed with hyperpolarized water

(by DNP, but not PHIP), but due to the short T1 of the H2O protons the polarization decays
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relatively fast (within seconds).[52, 110, 111] Molecules that have little to no metabolic activity and thus

are considered metabolic end products are particularly suitable for observing perfusion. A simple

metabolic end product is acetylated amino acids from protein degradation, which are transported

from the cells into the bloodstream and then excreted via the kidneys.[112, 113] N-acetyl-alanine in

particular is a good starting point from the perspective of precursor synthesis. Alanine and its

derivatives have already been successfully hyperpolarized, so this is a promising molecule for

angiography.[84, 114]

1.3.3.3 NMR pulse sequences for heteronuclear polarization transfer

The experiments presented in this work were performed under PASADENA conditions. The

following chapter therefore assumes that the symmetry breaking of pH2 is performed in high

magnetic fields with fully enriched pH2.

For the transfer from the protons to a heteronucleus, a spin system must be formed between the

two hydrogen atoms and another NMR-active nucleus. Thus, polarization can be transferred even

across functional groups as long as the coupling between nuclei is measurable. In the (bio-)

chemical analysis of structures, be it small molecules or proteins, polarization transfer pulse

sequences have been used as standard analysis methods.[115-117] Heteronuclear multiple bond

correlation (HMBC)[118] and insensitive nuclei enhanced by polarization transfer (INEPT)[119] NMR

pulse sequences are used to study chemical structures and to transfer the higher natural polarization

of protons to nuclei with a lower gyromagnetic ratio such as 13C or 15N. Both methods exploit the

J coupling between the nuclei, while other polarization transfer methods based on the Nuclear

Overhauser Effect (NOE, not further discussed in this work) rely on cross-relaxation through

space.[120]

In order to understand how the spins are manipulated in the used pulse sequence allowing to

hyperpolarize the heteronuclei of interest, it is helpful to first review the underlying INEPT

sequence. An INEPT experiment derives its signal amplification from two factors:

1) The larger gyromagnetic ratio of the protons compared to 13C and 15N.

2) The faster relaxation of the nuclei with larger gyromagnetic ratios, as this allows the

experiment to be repeated more often.
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In terms of the INEPT both factors aim to drastically shorten the measurement time of

heteronuclear experiments. The pulse sequence itself is based on a combination of a spin echo, the

refocusing of spin magnetization and a selective population inversion (SPI). In a spin echo part, a

90° pulse is used on the proton channel to align the magnetization perpendicular to the direction

of the magnetic field (± y axis) causing the spins to rotate (i. e. de-phase) at different speeds. After

a time t these are fanned out by the irradiation of a 180° pulse (i.e. the inversion of the spins), after

a further time t the spins have converged again (i. e. re-phase). The SPI part is performed by

simultaneous irradiation of a 180° pulse on S while the 180° of the echo is applied on I. After a

further time t another 90° pulse is applied on both channels I and S, which leads to the polarization

transfer. During this pulse, the polarization is rotated on the z-axis resulting in the evolution of an

antiphase alignment of the magnetization along the same axis. Subsequently, acquisition can be

performed on the channel of the more insensitive nucleus, which is directly attached to the proton

(Figure 13).

Figure 13 Graphical representation of the INEPT NMR experiment with the dimension I as the sensitive and S as the insensitive

nuclei. The thin and large rectangles represent 90° pulses whereas the bolt rectangles represent 180° pulses with their subscripts

indicating the phase.

To apply the principle of polarization transfer from the INEPT sequence onto a hyperpolarized

ester, Korchak et al. developed the so-called ESOTHERIC (efficient spin order transfer to

heteronuclei via relayed INEPT chains) pulsed NMR sequence.[79] For the sequence a three-spin

system AAX is at least necessary. Beyond, a variant to transfer the polarization from X to X´, a

second heteronucleus coupling to the system, is described. As the hydration was performed under

PASADENA conditions, the initial spin order ௭ଶܫ௭ଵܫ was manipulated into the antiphase



Introduction

44

magnetization ௭ଵܫ + ܵ௭ଷ with S as heteronuclear 13C spin. In case of the detection of the polarization

on X an INEPT block converts the antiphase magnetization to the 13C3 (Figure 14). The J coupling

of the respective nuclei for the formation of coherence is decisive for the delays between the pulses,

denoted by Δ in the INEPT sequence, and must be adjusted for optimal transfer to the target atom

(with respect to the J coupling) depending on the molecule used. As it is chemically challenging to

introduce a vinyl group onto every MOI, the variant to transfer polarization from X to X´ uses

another INEPT chain (from 13C3 to 13C4). The first heteronucleus (13C3) here sits on the side arm

(see Figure 12 molecule a).

Figure 14 NMR pulse sequence for the transfer of spin order from protons onto heteronuclei in a three-spin system (ESOTHERIC).

The thin and large rectangles represent 90° pulses whereas the bolt rectangles represent 180° pulses with their subscripts indicating

the phase. The vertical dashed lines indicate the separation of logical blocks within the sequence. The circled numbers and their

description on the right describe the density operators of the spins at the certain position.

Based on this pulse sequence (Figure 14), two modifications are important for this work. For the

hyperpolarization of amino acids Kaltschnee et al. used an adapted variant with selective C-3

methyl group decoupling (see chapter 3.3.2, Figure 22).[84] For this purpose, a refocusing block with

a selective pulse was used for effective decoupling. In 2021, Dagys et al. used a proton relayed

approach for non-vinyl side arms to replace the previously used 13C on the side arm as a four-spin

system (Figure 15).[86] With this variant, an increased accessibility of new side arm variants was

given. The sequence is composed of three consecutive INEPT blocks transferring the polarization

to the relay proton H3 adapting the delays between the pulses to the respective couplings of the

protons. To transfer the polarization onto the 13C an adapted INEPT block was used, as proton-
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carbon coupling is often in the same regime as .ுభுయܬ Thus, a delay was calculated by numerical

simulation of the spin system to take the scalar coupling into account, while still hyperpolarizing

the heteronucleus. Since the transfer to the 13C of the MOI is highly dependent on the efficient

transfer to the relay proton, a partial sequence can be used to generate a pure in-phase spectrum

of the hyperpolarized H3.

Figure 15 NMR pulse sequence for the transfer of the spin order from protons onto heteronuclei in a four-spin system (Relay-

ESOTHERIC). The thin and large rectangles represent 90° pulses whereas the bolt rectangles represent 180° pulses with their

subscripts indicating the phase. The vertical dashed lines indicate the separation of logical blocks within the sequence. The circled

numbers and their description on the right describe the density operators of the spins at the certain position.
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1.4 Aim of the work

The goal of this work was to synthesize precursors to release hyperpolarized endogenous molecules

that provide polarization levels enabling the investigation of cellular models and implementation

preclinical imaging studies with high polarization and long traceability. This includes, on the one

hand, the necessary design of novel side arms for hyperpolarization by means of parahydrogen for

molecules that cannot be produced through the hydrogenation of an internal double bond. On the

other hand, it also includes the development of effective proton deuterium exchange reactions on

isotopically enriched substances as well as the linkage of the contrast agents to the corresponding

side arm.

Deuteration at the side arm as well as at the target molecule itself is necessary to eliminate relaxation

pathways for polarization, allowing longer observation times by extending the relaxation time T1.

Especially for the isotopically enriched contrast molecules it is particularly important to elaborate

clean and efficient deuteration procedures. These often very small molecules are usually very

difficult to purify and are used directly after the deuteration for further reactions. Here, focus was

the avoidance of by-products, as these lead to lower conversions when linked to the side arm.

For the synthesis of the side arms special attention was paid on providing a novel way to release

the metabolites. To this end, cleavage agents such as bases have to be dispensed and novel release

mechanisms were employed to shorten the purification process. The longer the time between the

hydrogenation reaction and the addition of the hyperpolarized material to the biological organism

(cells or animals), the more polarization is lost. By reducing the steps needed to extract the polarized

compound, more polarization can be maintained. This could also eliminate possible sources for

errors (e. g. incorrect dosing of the base, wrong pH value, etc.) and thus ensure a more stable

process to the hyperpolarized compound. To achieve these objectives, modifications were made

to the light-sensitive 2-nitrobenzyl moiety, which is known to be used as a light-sensitive protecting

group for alcohols and carboxylic acids. By introducing a C-C triple bond as well as its terminal

deuteration, high degrees of polarization were reached. The introduced polarization can be

transferred to the desired heteronucleus of the target molecule using appropriate pulse sequences

such as the proton relayed ESOTHERIC version.

In order to broaden the spectrum of possible MRI applications, an amino acid based biocompatible

contrast agent was aimed to be established. Using a deuterated vinyl group as a side arm and specific

deuteration of certain sites in the target molecule ensured long traceability and high polarization

values. These findings may contribute to place parahydrogen-based hyperpolarization methods in
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clinical applications that offer new diagnostic pathways and information to improve imaging

dependent medical care.
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2 Material and Methods

2.1 General material and methods

In the following section the used chemicals, solvents and consumables are listed. All chemicals and

solvents were used without any further purification directly from the bottle (expect otherwise

mentioned). Chemicals and solvents stored under inert conditions were transferred under Schlenk

conditions using nitrogen as inert atmosphere. The used glassware was cleaned in an acid (2-6 M

HCl in H2O solution) and base (saturated KOH pallets in 2-isopropanol) bath, rinsed with

deionized water and dried in an oven. All reactions were carried out under inert conditions with

nitrogen as atmospheric gas in flame-dried round bottom flasks equipped with

polytetrafluoroethylene (PTFE) coated magnetic stirring bars. If required, due to light sensitivity,

all reactions were carried out in brown round bottom glass ware. If not otherwise stated all reactions

were performed at 25 °C referred as room temperature. Thin layer chromatography (TLC) was

performed under standardized conditions. The (crude) product was applied as a small spot on

Macherey-Nagel TLC SIL G UV254 silica-on-glass TLC plates 1 cm above the lower edge. The

prepared plates were developed for 6 min in closed chambers containing 5-6 mL solvent mixture.

Visualization of the isolated products was performed under UV light (λ = 254 nm), by I2 in silica,

by phosphomolybdic acid (10 g of the acid in 100 mL EtOH), or by potassium permanganate (1.5

g KMnO4, 10 g K2CO3, 100 mg NaOH dissolved in 200 mL H2O) staining solutions.

If not otherwise stated synthesized compounds were purified with an INTERCHIM puriFlash®

XS520Plus system with a UV-Vis detector and the corresponding software InterSoft X with Genius

mode which automatically calculate a solvent gradient according to the generated TLC data of the

impure compound mixture. The crude mixture was loaded on Celite 503 (2 g of celite for 1 g of

crude compound) stuffed into pruiFlash® Dry load Flash column (PF-DLE-F0012). Purification

itself was performed using prepacked puriFlash® Silica HP Flash column (PF-30SIHP) in different

sizes (F0012, F0020, F0040, F0120) depending on the weight of the crude material.

Concentration in vacuo was performed using an IKA® RV 8 rotary evaporator connected to a

VACUUBRAND® MZ 2C membrane pump equipped with a pressure regulator.

The used chemicals and solvents are listed in alphabetical order (Table 1):
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Table 1 Chemicals, their abbreviation or formula and their supplier which were used for this work.

Chemical Abbreviation
/chemical
formula

Supplier

[1,4-Bis(diphenylphoshino)butane](1,5-
cyclooctadiene)rhodium(I) tetrafluoroborate

Sigma Aldrich

1,1-13C-acetic anhydride-d6 Ac2O-1,1-13C-
d6

Sigma Aldrich

1-13C-L-alanine 1-13C-ala Sigma Aldrich
1-13C-pyurvic acid Sigma Aldrich
1-13C-sodium pyruvate Sigma Aldrich
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide-
hydrochloride

EDC HCl PEPTIPURE

2-Nitrobenzaldehyde 2-NBn Sigma Aldrich
4,5-Dimethoxy-2-Nitrobenzaldehyde 2-NV Sigma Aldrich
4-Dimehtylaminopyridine DMAP Carl Roth®
Acetic anhydride Ac2O Sigma Aldrich
Acetic anhydride-d6 Ac2O-d6 Sigma Aldrich
Acetone Honeywell Riedel-de

Haen
Acetone-d6 VWR Chemicals
Ammonia in H2O 25% NH4OH in

H2O
Sigma Aldrich

Ammonium chloride NH4Cl Thermo Scientific
Celite 503 Macherey-Nagel
Chloroform-d CDCl3 Sigma Aldrich
Deuterium chloride 38% in D2O DCl in D2O Carl Roth®
Deuterium oxide D2O Sigma Aldrich
Dichloromethane DCM Honeywell Riedel-de

Haen
Diethyl ether Et2O Honeywell Riedel-de

Haen
Dowex X-8 Sigma Aldrich
Ethyl acetate EtOAc Honeywell Riedel-de

Haen
Ethynyl magnesium bromide solution 0.5 M in
THF

Sigma Aldrich

L-alanine L-ala Sigma Aldrich
Methane sulfonyl chloride MsCl Sigma Aldrich
Methanol MeOH Thermo Scientific
Palladium acetate Pd(OAc)2 Sigma Aldrich
Petroleum ether PE Honeywell Riedel-de

Haen
Potassium hydroxide KOH Merck
Pyridine Sigma Aldrich
Pyruvic acid Pyr Sigma Aldrich
Ruthenium on carbon Ru/C Sigma Aldrich
Sodium bicarbonate NaHCO3 Merck
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Sodium carbonate Na2CO3 Merck
Sodium chloride NaCl Carl Roth®
Sodium hydroxide NaOH Sigma Aldrich
Sodium sulphate Na2SO4 Thermo Scientific
Sulfuric acid-d2 98% in D2O D2SO4 Sigma Aldrich
Tetrahydrofuran THF Honeywell Riedel-de

Haen
Triethylamine Et3N Sigma Aldrich
Vinyl acetate Sigma Aldrich
Vinyl acetate-d6 CDN ISOTOPES
Vinyl magnesium bromide solution 1 M in THF Sigma Aldrich

2.2 NMR experiments

All analytical NMR spectra were recorded on a BRUKER®  AVANCE III HD operating a

BRUKER® ULTRASHIELDTM 300 7 T magnet or on a BRUKER® AVANCE NEO operating

a BRUKER® ASCENDTM 300 WB 300 7 T magnet. Typically, for all compounds synthesized 1H

spectra (300 MHz) were recorded. For relevant compounds 2H (300 MHz) and 13C spectra (75

MHz) were measured. If not otherwise stated, 13C spectra where recorded while decoupling protons

during the acquisition (inverse gated decoupling (zgig), quantitative analysis) or during the whole

experiment (power gated decoupling, (zgpg), maximal signal intensity). For deuterated compounds

a double decoupled (proton and deuterium) 13C spectra were recorded to massively decrease

measurement time. The analytes were dissolved in deuterated solvents (Acetone-d6, CDCl3 or D2O)

and transferred to WILMAD® 5 mm high throughput NMR tubes. The 1H NMR shifts (δ) were

calculated relative to tetramethyl silane (TMS; δ = 0.0 ppm) and the respective solvent (Acetone-

d6: δ= 2.20 ppm, Chloroform-d: 7.26 ppm, D2O: δ= 4.81 ppm for 1H; Acetone-d6: δ= 206.26 ppm,

Chloroform-d: 79.19 ppm) and expressed in ppm. Spin multiplicities of the protons were reported

as s (singlet), d (doublet), t (triplet), q (quartet), qu (quintet) m (multiplet) and br (broad singlet)

and the coupling constants were reported in Hz.

2.3 Analysis of deuteration reactions

1H, 2H and 13C (zgig experiments for more precise integration) NMR spectra were measured to

analyze deuteration reactions. The integrals of the to be replaced protons were related to each other

before and after the reaction (see equation 14).
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In this case, the NMR experiments must be performed under the same conditions (number of

scans, receiver gain, temperature, concentration, sample volume). For the deuteration of mixtures

(e. g. pyruvic acid and pyruvate hydrate), the sum of the integrals of the to be replaced protons was

set in relation to each other before and after the reaction. Since it cannot be assumed that the

concentration of the substances of a mixture is the same before and after the reaction and the

reaction velocity of the respective possible deuteration is the same, the ratio of similar carbon atoms

(e. g. carboxylic acids in similar chemical environment) was included. Deuterium NMR spectra

were used purely as a positive control since the line width leads to strong overlaps of the signals of

chemically similar substances.

2.4 Analysis of hyperpolarization experiments

The thermal polarization of nuclei with a spin of ଵ
ଶ

can be described using their gyromagnetic ratio

γ, the applied magnetic field B0, the temperature T, along with the constants h and kB in equation

15:

The hyperpolarized signal was integrated in the appropriate region (for example, 1-13C acetate at

about 162 ppm) and expressed as Hhyp. The thermal signal was measured from experiments before

(for 1H polarizations) or after (13C polarizations) the hyperpolarization experiment. The

hyperpolarization is calculated from the ratio between the integrals of the hyperpolarized and the

thermal signal as well as the receiver gain rg, the number of scans ns and the flip angle θ of the

respective experiments(see equation 16).

100 − ቆ100 ∗
஺௙௧௘௥ܫ
஻௘௙௢௥௘ܫ
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௧௛ܫ
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∙
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The hyperpolarization experiments which were performed to release the metabolites were carried

out in 200 µL of the appropriate solvent. After the transfer of polarization to the heteronucleus,

the NMR tube was taken out of the magnet, the polarization setup was unscrewed and the aqueous

solution was added. Depending on the molecule, cleavage of the esters was accomplished using

isotonic aqueous solutions containing 150 mM NaCl concentration.

2.5 Design and execution of the hyperpolarization experiments

Parahydrogen was produced in a pH2 generator at 20 K using a Sumitomo Heavy Industries HC-

4A He compressor connected to a ColdEdge Technologies reaction chamber controlled by a Lake

Shore Cryotronics, Inc. temperature regulator.

Parahydrogenation experiments were performed using a home-built valve and tubing system

controlled by the NMR console (Figure 16). The samples containing the analyte in a desired

concentration together with the catalyst ((1,5-cyclooctadiene)rhodium(I) tetrafluoroborate) in

acetone-d6 were degassed by bubbling N2 gas for one minute through the solution. The

hydrogenation was performed by bubbling parahydrogen at 8 bar for a sample optimized time

through the solution inside the probe head of the 7 T magnets. The 1H spin order added to the

molecule of interest and transferred to the desired atom as described in chapter 1.3.3.3.

Figure 16 Home-built valve and tubing system. From left to right: light blue bypass; green nitrogen; red parahydrogen; black injection

tube. A needle combining the gas supply reaching to the bottom of the 5 mm NMR tube as well as a bypass for pressure release

and an injection line are passed the sealing.
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2.6 Optical rotation measurements

Optical rotation was determined on a Jasco P-2000 polarimeter. The polarimeter was operated with

a Na lamp of wavelength λ = 589 nm. To determine the rotation, five cycles were measured with

cycle intervals of 10 s between each measurement. The average was determined from the

measurements and compared to reference values and literature. The samples were prepared freshly

and in concentrations according to the literature.

2.7 Experimental section

In the following chapter the procedures to synthesize the in this work used chemicals are described
including the corresponding analytical data. The respective spectra can be found in the Appendix.

2.7.1 2-oxopropanoicd3 acid

Sodium pyruvate (100 mg, 0.909 mmol, 1 eq.) was dissolved in a 1:1 mixture of THF and D2O

(total volume 1 mL) at 0 °C. Triethyl amine (92 mg, 127 µL, 0.909 mmol, 1 eq.) was added in a

dropwise fashion. After 16 h, the reaction was terminated by the addition of solid NaCl (150 mg).

The aqueous phase was extracted 20 times with Et2O (each 2 mL). The combined organic fractions

were dried over Na2SO4 and concentrated under reduced pressure. The pure acid 1 was found as a

clear liquid (D%: 99%, 41 % yield).

2H NMR (46 MHz, D2O) δ = 2.5 (s, 3 D) ppm.

13C NMR (75 MHz, D2O) δ = 203.4 (CD3-CO-COOH) 170.2 (CD3-CO-COOH), 25.6 (CD3-CO-

COOH) ppm.
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2.7.2 2-oxopropanoic-1-13C-d3 acid

Procedure a:

Sodium pyruvate-1-13C (1 g, 9 mmol, 1eq.) was solved in 9 mL D2O in three neck round bottom

flask equipped with a condenser. After cooling the solution to 0 °C D2SO4 (98% in D2O; 0.406 g,

4.053 mmol, 0.218 mL, 0.45 eq.) was added dropwise to the stirring solution. After full addition

the reaction was warmed for 5 h to reflux. The deuteration was monitored by NMR. If by that time

the pyruvic acid was not fully deuterated another 0.108 mL D2SO4 (98% in D2O; 0.203 g, 2.026

mmol, 0.23 eq.) were added and the reaction was warmed to reflux for another 2 h. After cooling

the solution to room temperature 0.75 g solid NaCl was added (fully dissolved by shaking) and the

aqueous phase was extracted with Et2O (20 times 3 mL). The combined organic layers were dried

over Na2SO4, filtered and concentrated in vacuo (rotary evaporator with a cooling bath temperature

of 30 °C). The deuterated acid was found as a pale-yellow oil (yield: 60%, impurity: Et2O).

Procedure b:

1-13C-pyruvic acid (1 g, 11.23 mmol, 1 eq.) was solved in 9 mL D2O. After cooling the solution to

0 °C, NaHCO3 was added in small portions over 45 min (to avoid strong bubbling). The reaction

was allowed to warm to room temperature and stirred for 16 h. After this time the pH was adjusted

to pH=2 to deuterate the carboxylic acid with 38% DCl in D2O. 0.85 g solid NaCl was added to

the solution (fully dissolved by shaking) and the aqueous phase was extracted with Et2O (20 times

3 mL). The combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo

(rotary evaporator with a cooling bath temperature of 30 °C).

Procedure c:

Sodium 1-13C-pyruvate (100 mg, 0.901 mmol, 1 eq.) was dissolved in a 1:1 mixture of THF and

D2O (total volume 1 mL) at 0 °C. Triethyl amine (91 mg, 126 µL, 0.901 mmol, 1 eq.) was added in

a dropwise fashion. After 16 h, the reaction was terminated by the addition of solid NaCl (150 mg).

The aqueous phase was extracted 20 times with Et2O (each 2 mL). The combined organic fractions
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were dried over Na2SO4 and concentrated under reduced pressure. The pure acid 1 was found as a

clear liquid (D%: 99%, 40 % yield).

2H NMR (46 MHz, D2O) δ = 2.5 (s, 3 D) ppm.

13C NMR (75 MHz, D2O) δ = 203.4 (CD3-CO-COOH) 170.2 (CD3-CO-COOH), 25.6 (CD3-CO-

COOH) ppm.

2.7.3 3-benzoyloxy-4-methoxybenzaldehyde

Vanillin (1 g, 6.572 mmol, 1 eq.), benzyl bromide (1.124 g, 6.572 mmol, 1 eq.), potassium carbonate

(0.908 g, 6.572 mmol, 1 eq.) and acetonitrile (25.78 mL) were added together in a round bottom

flask. The reaction mixture was warmed to reflux for 24 h. After reaction completion, the solvent

was evaporated under reduced pressure before taking the resulting residue up with water (25 mL)

and dichloromethane (25 mL). The organic layer was dried over Na2SO4 and filtered before

concentrating the product under reduced pressure. The pure ether 3 was found as a white powder

(yield: 99%).

1H NMR (300 MHz, CDCl3) δ = 9.84 (s, 1 H, -CHO), 7.40 (m, 7 H, Ar), 7.02 (d, J = 8.1 Hz, 1H,

Ar), 5.27 (s, 2 H, Ar-CH2-O-Bn), 3.98 (s, 3 H, -OMe), 1.58 ppm.

13C NMR (75 MHz, CDCl3) δ = 190.91 (-CHO), 153.62 (Ar-CH2-O-Bn), 150.10 (Me-O-Bn),

136.03 (Ar), 130.32 (Ar), 128.74 (Ar), 128.22(Ar), 127.21 (Ar), 126.59 (Ar), 112.42 (Ar), 109.38 (Ar),
70.89 (Ar-CH2-OBn), 56.08 (Me) ppm.



Material and Methods

56

2.7.4 3-methoxy-4-benzyloxybenzaldehyde

Isovanillin (1 g, 6.572 mmol, 1 eq.), benzyl bromide (1.124 g, 6.572 mmol, 1 eq.), potassium

carbonate (0.908 g, 6.572 mmol, 1 eq.) and acetonitrile (24.78 mL) were added together in a round

bottom flask. The reaction mixture was warmed to reflux for 24 h. After reaction completion the

solvent was evaporated under reduced pressure before taking the resulting residue up with water

(25 mL) and dichloromethane (25 mL). The organic layer was dried over Na2SO4 and filtered before

concentrating the product under reduced pressure. The pure ether 4 was found as a white powder

(yield: 99%).

1H NMR (300 MHz, CDCl3) δ = 9.84 (s, 1 H, -CHO), 7.40 (m, 7 H, Ar), 7.04 (d, J = 8.1 Hz, 1H,

Ar), 5.20 (s, 2 H, Ar-CH2-O-Bn), 3.99 (s, 3 H, -OMe), 1.58 ppm.

13C NMR (75 MHz, CDCl3) δ = 190.92 (-CHO), 155.19 (Ar-CH2-O-Bn), 148.84 (Me-O-Bn),

136.42 (Ar), 130.13 (Ar), 129.14 (Ar), 128.91 (Ar), 128.76 (Ar), 128.24 (Ar), 126.98 (Ar), 111.55

(Ar), 110.91 (Ar), 70.99 (Ar-CH2-OBn), 56.31 (Me) ppm.

2.7.5 3-benzyloxy-4-methoxy-2-nitrobenzaldehyde

Fuming nitric acid (1 mL) was cooled to 0 °C in acetic acid (10 mL) before 3-benzoyloxy-4-

methoxybenzaldehyde (0.26 g, 1.074 mmol) was added in small protions. After full addition

reaction was stirred for 16 h at 0 °C before pouring the solution on ice. The crude is stirred for

another 30 min before filtering the precipitate. The precipitate was washed with cold water (3 x 30

mL) and recrystallized form ethyl acetate. The aldehyde 5 was found as a pale-yellow powder (yield:

75%).
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1H NMR (300 MHz, CDCl3) δ = 9.83 (s, 1 H, -CHO), 7.45 (m, 6 H, Ar), 7.00 (d, J = 8.15 Hz, 1H,

Ar), 5.25 (s, 2 H, Ar-CH2-O-Bn), 3.98 (s, 3 H, -OMe), 1.58 ppm.

13C NMR (75 MHz, CDCl3) δ = 190.95(-CHO), 153.63 (Ar-CH2-O-Bn), 150.10 (Me-O-Bn),

140.73 (Bn-NO2), 136.01 (Ar), 130.31 (Ar), 128.74 (Ar), 128.22 (Ar), 127.22 (Ar), 126.62 (Ar),
112.42 (Ar), 109.39 (Ar), 70.89 (Ar-CH2-OBn), 56.08 (Me) ppm.

2.7.6 3-methoxy-4-benzyloxy-2-nitrobenzaldehyde

Fuming nitric acid (1 mL) was cooled to 0 °C in acetic acid (10 mL) before 3-methoxy-4-

benzoyloxybenzaldehyde (0.26 g, 1.074 mmol) was added in small protions. After full addition

reaction was stirred for 16 h at 0 °C before pouring the solution on ice. The crude is stirred for

another 30 min before filtering the precipitate. The precipitate was washed with cold water (3 x 30

mL) and recrystallized form ethyl acetate. The aldehyde 6 was found as a pale-yellow powder (yield:

55%).

1H NMR (300 MHz, CDCl3) δ = 9.83 (s, 1 H, -CHO), 7.39 (m, 6 H, Ar), 6.99 (d, J = 8.75 Hz, 1H,

Ar), 5.21 (s, 2 H, Ar-CH2-O-Bn), 4.01 (s, 3 H, -OMe), 1.58 ppm

13C NMR (75 MHz, CDCl3) δ = 190.82 (-CHO), 153.57 (Ar-CH2-O-Bn), 148.74 (Me-O-Bn),

136.79 (Bn-NO2), 136.31 (Ar), 130.02 (Ar), 128.66 (Ar), 128.13 (Ar), 127.49 (Ar), 126.88 (Ar),

122.47 (Ar), 111.45 (Ar), 110.80 (Ar), 70.89(Ar-CH2-OBn), 56.21 (Me) ppm.
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2.7.7 1-(2-nitrophenyl)prop-2-yn-1-ol

In a 250 mL two-neck flask, equipped with a dropping funnel 2-Nitrobenzaldehyde (5 g,

33.08 mmol, 1 eq.) was dissolved in dry THF (4 mL) and cooled to 0 °C in an ice bath. The ethynyl

magnesium bromide 0.5 M in THF (99 mL of the solution containing 49.62 mmol ethynyl

magnesium bromide, 1.5 eq.) was transferred to the dropping funnel and added to the stirring

solution over 30 min. After full addition the reaction was allowed to warm to room temperature.

The full conversion after 2 h was visualized by TLC (1:5 EtOAc PE) and the reaction was quenched

with 50 mL of a saturated NH4Cl in H2O solution. The aqueous solution was extracted with EtOAc

(three times 25 mL). The combined organic fractions were dried over Na2SO4, filtered and

concentrated in vacuo and purified by column chromatography. After purification the pure alkyne 9
was found as a yellow powder (yield: 99%).

1H NMR (300 MHz, CDCl3) δ = 7.99 (dt, J = 1.15, 7.85 Hz, 2 H, BnH3&4), 7.70 (dt, J = 1.15,

7.85 Hz, 1 H, BnH2), 7.53 (dt, J = 1.15 7.85 Hz 1 H, BnH5), 6.03 (d, J = 2.15 , 1 H, Bn-CHOHR),

3.20 (br, 1 H, OH), 2.66 (d, J = 2.15 Hz, 1 H, Alkyne-H) ppm.

13C NMR (75 MHz, CDCl3) δ =147.80 (Ar), 138.84 (Ar), 133.90 (Ar), 129.54 (Ar), 129.45 (Ar),

125,16 (Ar), 81.7 (-C≡CH), 75.22 (-C≡CH), 60.99 (Bn-CHOHR) ppm.

2.7.8 1-(4,5-dimethoxy-2-nitrophenyl)pro-2-yn-1-ol

In a 250 mL two-neck flask, equipped with a dropping funnel 4,5-dimethoxy-2-Nitrobenzaldehyde

(5 g, 23,678 mmol, 1 eq.) was dissolved in dry THF (3 mL) and cooled to 0 °C in an ice bath. The

ethynyl magnesium bromide 0.5 M in THF (71 mL of the solution containing 35.516 mmol ethynyl

magnesium bromide, 1.5 eq.) was transferred to the dropping funnel and added to the stirring
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solution over 30 min. After full addition the reaction was allowed to warm to room temperature.

The full conversion after 5 h was visualized by TLC (1:5 EtOAc PE) and the reaction was quenched

with 50 mL of a saturated NH4Cl in H2O solution. The aqueous solution was extracted with EtOAc

(three times 25 mL). The combined organic fractions were dried over Na2SO4, filtered and

concentrated in vacuo and purified by column chromatography. After purification the pure alkyne

10 was found as a brown powder (yield: 99%).

1H NMR (300 MHz, CDCl3) δ = 7.66 (s, BnH, 1 H), 7.47 (s, BnH, 1 H), 6.12 (d, J = 2.3 Hz,

BnCHOHR, 1 H), 4.05 (s, OMe, 3 H), 4.00 (s, OMe, 3 H), 2.66 (d, Alkyne-H, J = 2.3 Hz, 1 H)

ppm.

13C NMR (75 MHz, Acetone-d6) δ = 156.80 (Ar), 137.62 (Ar), 129.75 (Ar), 129.24 (Ar), 128.15 (Ar),

125.05 (Ar), 80.8 (-C≡CH), 74.78 (-C≡CH), 60.49 (Bn-CHOHR), 56.1 (OMe) 56,02 (OMe) ppm.

2.7.9 1-(2-nitrophenyl)prop-2-yn-3-d-1-ol

In a 10 mL round bottom flask 9 (0.5 g, 2.82 mmol, 1 eq.) was dissolved in a 1:1 mixture of D2O

and THF (each 2.5 mL) at 0 °C.Et3N (0.628 g, 6.21 mmol, 0.865 mL, 2.2 eq.) was added dropwise

to the vigorously stirring solution. After the addition the cooling bath was removed and the reaction

allowed to warm to room temperature. After 16 h the aqueous phase was extracted with EtOAc

(three times 10 mL The combined organic fractions were dried over Na2SO4, filtered and

concentrated in vacuo and purified by column chromatography (1:5 EtOAc PE). The purified

deuterated alkyne 11 was found as a pale-yellow powder (yield: 80%, deuteration degree: 95-99%).

1H NMR (300 MHz, CDCl3) δ = 8.00 (dt, J = 1.15, 7.85 Hz, 2 H, BnH3&4), 7.70 (dt, J = 1.15,

7.85 Hz, 1 H, BnH2), 7.53 (dt, J = 1.15 7.85 Hz 1 H, BnH5), 6.04 (s, 1 H, Bn-CHOHR), 3.20 (br,

1 H, OH) ppm.

13C NMR (75 MHz, CDCl3) δ =147.62 (Ar), 134.93 (Ar), 133.87 (Ar), 129.45 (Ar), 129.34 (Ar),
125.10 (Ar), 81.31 (-C≡CH), 75.05 (-C≡CH), 60.99 (Bn-CHOHR) ppm.
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2.7.10 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-3-d-1-ol

In a 10 mL round bottom flask 10 (1.158 g, 6.536 mmol, 1 eq.) was dissolved in a 1:1 mixture of

D2O and THF (each 7 mL) at 0 °C.Et3N (1.455 g, 14.380 mmol, 1.993 mL, 2.2 eq.) was added

dropwise to the vigorously stirring solution. After the addition the cooling bath was removed and

the reaction allowed to warm to room temperature. After 16 h the aqueous phase was extracted

with EtOAc (three times 10 mL The combined organic fractions were dried over Na2SO4, filtered

and concentrated in vacuo and purified by column chromatography (1:5 EtOAc PE). The purified

deuterated alkyne 12 was found as a pale-yellow powder (yield: 85%, deuteration degree: 95-99%).

1H NMR (300 MHz, CDCl3) δ = 7.74 (s, BnH, 1 H), 7.56 (s, BnH, 1 H), 6.19 (s, BnCHOHR,

1 H), 4.13 (s, OMe, 3 H), 4.07 (s, OMe, 3 H) ppm.

13C NMR (75 MHz, Acetone-d6) δ = 156.82 (Ar), 137.72 (Ar), 129.72 (Ar), 129.15 (Ar), 128.01 (Ar),
125.15 (Ar), 80.45 (-C≡CH), 74.38 (-C≡CH), 60.78 (Bn-CHOHR), 56.15 (OMe) 56.08 (OMe)

ppm.

2.7.11 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate

The alkyne 12 (0.097 g, 0.548 mmol, 1 eq.) was dissolved in dry DCM (2.5 mL) at 0 °C. 4-DMAP

(0.01 g, 0.048 mmol, 0.15 eq.) and Et3N (0.11 g, 1.095 mmol, 0.152 mL, 2 eq.) were added. Acetic

anhydride (0.084 g, 0.821 mmol, 0.078 mL, 1.5 eq.) was added to the stirring solution. The reaction

was warmed to reflux for 3 h. D2O (1 mL) was added to the reaction mixture. The aqueous phase

was extracted with DCM (three times 1 mL). The combined organic fractions were dried over

Na2SO4, filtered and concentrated in vacuo and purified by column chromatography (1:5
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EtOAc PE). The purified ester 3 was found as white solid (yield: 70%; deuteration degree: >95%).

From time to time the alkyne was exchanging its’ deuterium with a proton. In such cases, the

protocol of the synthesis of 12 was repeated with the ester. These reactions led to reduction in yield

up to 50%.

1H NMR (300 MHz, CDCl3) δ = 8.00 (dt, J = 1.15, 7.85 Hz, 2 H, BnH3&4), 7.72 (dt, J = 1.15,

7.85 Hz, 1 H, BnH2), 7.56 (dt, J = 1.15 7.85 Hz 1 H, BnH5), 7.06 (s, 1 H, Bn-CHOAcR), 2.13 (s,

3 H, OAc) ppm.

13C NMR (75 MHz, CDCl3) δ = 169.05 (-COOCH3) 147.79 (Ar), 133.56 (Ar), 131.50 (Ar), 129.85

(Ar), 129.32 (Ar), 124.98 (Ar), 61.54 (Bn-CHOHR), 20.58 (COOCH3) ppm.

2.7.12 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate

The alkyne 12 (0.3 g, 1.259 mmol, 1 eq.) was dissolved in dry DCM (12.5 mL) at 0 °C. 4-DMAP

(0.023 g, 0.189 mmol, 0.15 eq.) and Et3N (0.225 g, 2.519 mmol, 0.308 mL, 2 eq.) were added. Acetic

anhydride (0.192 g, 1.738 mmol, 1.776 mL, 1.5 eq.) was added to the stirring solution. The reaction

was warmed to reflux for 3 h. D2O (3 mL) was added to the reaction mixture. The aqueous phase

was extracted with DCM (three times 2 mL). The combined organic fractions were dried over

MgSO4, filtered and concentrated in vacuo and purified by column chromatography (1:5

EtOAc PE). The purified ester 14 was found as white solid (yield: 65%; deuteration degree: >95%).

From time to time the alkyne was exchanging its’ deuterium with a proton. In such cases, the

protocol of the synthesis of 12 was repeated with the ester. These reactions led to reduction in yield

up to 50%.

1H NMR (300 MHz, CDCl3) δ = 7.74 (s, BnH, 1 H), 7.56 (s, BnH, 1 H), 6.19 (s, BnCHOHR,

1 H), 4.13 (s, OMe, 3 H), 4.07 (s, OMe, 3 H), 1.65 (s, OAc, 3H) ppm.

13C NMR (75 MHz, Acetone-d6) δ = 169.0 (OCOCH3) 156.82 (Ar), 137.72 (Ar), 129.72 (Ar), 129.15

(Ar), 128.01 (Ar), 125.15 (Ar), 80.45 (-C≡CD), 74.38 (-C≡CD), 60.78 (Bn-CHOHR), 56.15 (OMe)

56.08 (OMe) ppm.
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2.7.13 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxoproanoate

To a to 0 °C cooled solution of 10 (0.107 g, 0.604 mmol, 1 eq.), pyruvic acid (0.1 g, 1.208 mmol,

0.084 mL, 2 eq.) and pyridine (0.239 g, 3.02 mmol, 0.244 mL, 5 eq.) in THF (5 mL) methane

sulfonyl chloride (0.138 g, 1.208 mmol, 0.093 mL, 2 eq.) was added dropwise. The reaction was

stirred at room temperature for 3 h. D2O was added to the mixture. The aqueous phase was

extracted with Et2O (three times 1 mL), the organic fractions combined, dried over Na2SO4, filtered

and concentrated in vacuo. The crude product was purified by column chromatography (10:90

DCM:PE). The pure pyruvate ester 15 was found as a white solid (yield 45%, deuteration degree

95-99%).

1H NMR (300 MHz, CDCl3) δ = 8.10 (dd, J = 1.1, 8.15 Hz, 1 H, BnH), 7.98 (dd, J = 1.1, 8.15 Hz,

1 H, BnH), 7.75 (dt, J = 1.1, 8.10 Hz, 1 H, BnH), 7.60 (dt, J = 1.1 8.10 Hz 1 H, BnH), 6.98 (s, 1

H, Bn-CHOPyrR), 2.5 (s, 3 H, OPyr) ppm.

13C NMR (75 MHz, CDCl3) δ= 190.29 (-COOCOCH3) 159.01 (-COOCOCH3) 147.71 (Ar), 134.14

(Ar), 130.62 (Ar), 130.01 (Ar), 129.69 (Ar), 125.43 (Ar), 77.75 (-C≡CD), 75.35 (-C≡CD), 63.50

(Bn-CHOHR), 26.90 (COOCOCH3) ppm.

2.7.14 1-(4,5-dimethoxy-2-ntirophenyl)prop-2-yn-1yl-3-d-2-oxopropanoate

To a to 0 °C cooled solution of 12 (0.500 g, 2.108 mmol, 1 eq.), pyruvic acid (0.186 g, 2.108 mmol,

0.146 mL, 1 eq.) and pyridine (0.417 g, 5.27 mmol, 0.424 mL, 2.5 eq.) in THF (7.5 mL) methane

sulfonyl chloride (0.29 g, 2.529 mmol, 0.196 mL, 1.2 eq.) was added dropwise. The reaction was

stirred at room temperature for 8 h. D2O was added to the mixture. The aqueous phase was
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extracted with Et2O (three times 2 mL), the organic fractions combined, dried over Na2SO4, filtered

and concentrated in vacuo. The crude product was purified by column chromatography (10:90

DCM:PE). The pure pyruvate ester 16 was found as a white solid (yield 25%, deuteration degree

95-99%).

1H NMR (300 MHz, CDCl3) δ = 7.68 (s, BnH, 1 H), 7.46 (s, BnH, 1 H), 7.23 (s, BnCHOPyrR,

1 H), 4.02 (s, OMe, 3 H), 3.97 (s, OMe, 3 H), 2.50 (s, OPyr, 3 H) ppm.

13C NMR (75 MHz, CDCl3) δ = 190.87 (-COOCOCH3), 159.13 (-COOCOCH3), 153.65 (Ar-
OMe), 149.59 (Ar-OMe), 140.28(Ar), 124.76 (Ar), 111.21 (Ar), 108.45 (Ar), 77.20 (-C≡CD), 75.75

(-C≡CD), 63.54 (Bn-CHOPyrR), 56.22 (BnOMe), 56.70 (BnOMe) 26.85 (-COOCOCH3) ppm.

2.7.15 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate-1-13C-d3

The alkyne 11 (0.200 g, 1.123 mmol, 1 eq.) was dissolved in dry DCM (8.5 mL) at 0 °C. 4-DMAP

(0.021 g, 0.168 mmol, 0.15 eq.) and Et3N (0.200 g, 2.245 mmol, 0.275 mL, 2 eq.) were added. 1,1-
13C Acetic anhydride-d3 (0.185 g, 1.684 mmol, 0.172 mL, 1.5 eq.) was added to the stirring solution.

The reaction was warmed to reflux for 3 h. D2O (5 mL) was added to the reaction mixture. The

aqueous phase was extracted with DCM (three times 7 mL). The combined organic fractions were

dried over Na2SO4, filtered and concentrated in vacuo and purified by column chromatography (1:5

EtOAc PE). The purified ester 17 was found as white solid (yield: 73%; deuteration degree: >95%).

From time to time the alkyne was exchanging its’ deuterium with a proton. In such cases, the

protocol of the synthesis of 11 was repeated with the ester. These reactions led to reduction in yield

up to 50%.

1H NMR (300 MHz, acetone-d6) δ = 8.10 (dd, J = 1.3, 8.15 Hz, 1 H, BnH), 7.98 (dd, J = 1.3, 8.15

Hz, 1 H, BnH), 7.75 (dt, J = 1.3, 8.10 Hz, 1 H, BnH), 7.60 (dt, J = 1.3 8.10 Hz 1 H, BnH), 7.10

(d, J = 2.85, 1 H, Bn-CHOAcR) ppm.
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13C NMR (75 MHz, acetone-d6) δ = 169.05 (-COOCH3) 147.79 (Ar), 133.56 (Ar), 131.50 (Ar),
129.85 (Ar), 129.32 (Ar), 124.98 (Ar), 77.74 (-C≡CD), 75.36 (-C≡CD), 61.54 (Bn-CHOHR), 20.58

(COOCH3) ppm.

2.7.16 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-3-d3

A solution of EDC•HCl (0.195 g, 1.016 mmol, 0.9 eq.) in DCM (2 mL) was added to a mixture of

1-13C-pyruvate-d3 (0.087 g, 0.96 mmol, 0.069 mL, 0.85 eq.), 11 (0.2 g, 1.129 mmol, 1 eq.) and 4-

DMAP (0.117 g, 0.96 mmol, 0.85 eq.) in DCM (5 mL) at -15 °C. The resulting mixture was stirred

at -15 °C for 30 min before warming the reaction to room temperature for further 14 h. After this

time, D2O (5 mL) was added, the aqueous phase was extracted with DCM (three times 5 mL), the

combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo. The crude

mixture was purified by column chromatography (10:90 DCM:PE). The deuterated pyruvate ester

18 was found as an off-white solid (yield: 25%, deuteration: 95% (alkyne) and 99% (pyruvate)).

1H NMR (300 MHz, CDCl3) δ = 8.10 (dd, J = 1.1, 8.15 Hz, 1 H, BnH), 7.98 (dd, J = 1.1, 8.15 Hz,

1 H, BnH), 7.75 (dt, J = 1.1, 8.10 Hz, 1 H, BnH), 7.60 (dt, J = 1.1, 8.10 Hz 1 H, BnH), 6.98 (s, 1

H, Bn-CHOPyrR), 2.5 ppm.

13C NMR (75 MHz, CDCl3) δ = 158.85 (-COOCOCH3) 147.85 (Ar), 134.21 (Ar), 130.68 (Ar),
130.05 (Ar), 129.35 (Ar), 125.05 (Ar), 77.93 (-C≡CD), 73.35 (-C≡CD), 62.74 (Bn-CHOHR), 23.90

(COOCOCH3) ppm.

2H NMR (46 MHz, CDCl3) δ = 2.5 (Pyr) ppm.

2.7.17 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1yl-3-d-acetate-1-13C-d3
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The alkyne 12 (0.300 g, 1.123 mmol, 1 eq.) was dissolved in dry DCM (12.5 mL) at 0 °C. 4-DMAP

(0.023 g, 0.189 mmol, 0.15 eq.) and Et3N (0.225 g, 2.519 mmol, 0.308 mL, 2 eq.) were added. 1,1-
13C Acetic anhydride-d3 (0.208 g, 1.889 mmol, 0.193 mL, 1.5 eq.) was added to the stirring solution.

The reaction was warmed to reflux for 3 h. D2O (7 mL) was added to the reaction mixture. The

aqueous phase was extracted with DCM (three times 7 mL). The combined organic fractions were

dried over MgSO4, filtered and concentrated in vacuo and purified by column chromatography (1:5

EtOAc PE). The purified ester 19 was found as white solid (yield: 43%; deuteration degree: >95%).

From time to time the alkyne was exchanging its’ deuterium with a proton. In such cases, the

protocol of the synthesis of 12 was repeated with the ester. These reactions led to reduction in yield

up to 50%.

1H NMR (300 MHz, CDCl3) δ = 7.71 (s, BnH, 1 H), 7.42 (s, BnH, 1 H), 7.20 (s, BnCHOAcR,

1 H), 4.09 (s, OMe, 3 H), 4.02 (s, OMe, 3 H) ppm.

13C NMR (75 MHz, Acetone-d6) δ = 168.66 (-COOCD3) 153.28 (Ar), 152.58 (Ar), 149.07 (Ar),
148.49 (Ar), 110.71 (Ar), 108.01 (Ar), 77.22 (-C≡CD), 75.73 (-C≡CD), 61.55 (Bn-CHOHR), 56.15

(OMe) 56.05 (OMe) 23.89 (R-O13COCD3) ppm.

2H NMR (500 MHz, CDCl3) δ = 2.5 (Pyr) ppm.

2.7.18 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-d3

To a to 0 °C cooled solution of 12 (0.300 g, 1.259 mmol, 1 eq.), pyruvic acid (0.174 g, 1.889 mmol,

0.161 mL, 1.5 eq.) and pyridine (0.498 g, 6.297 mmol, 0.682 mL, 5 eq.) in THF (12.5 mL) methane

sulfonyl chloride (0.346 g, 3.023 mmol, 0.234 mL, 2.4 eq.) was added dropwise. The reaction was

stirred at room temperature for 8 h. D2O (5 mL) was added to the mixture. The aqueous phase

was extracted with Et2O (three times 2 mL), the organic fractions combined, dried over Na2SO4,

filtered and concentrated in vacuo. The crude product was purified by column chromatography

(10:90 DCM: PE). The pure pyruvate ester 20 was found as a white solid (yield 30%, deuteration

degree 95-99%).
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1H NMR (300 MHz, CDCl3) δ = 7.65 (s, 1 H, Ar), 7.47(s, 1 H, Ar), 6.91 (d, J = 2.75 Hz, 1 H, Ar),

4.05(s, 3 H, OMe), 3.98 (s, 3 H, OMe) ppm.

13C NMR (75 MHz, CDCl3) δ = 191.64 (-COOCOCD3), 159.14(-COOCOCD3), 153.67 (Ar),
152.38 (Ar), 142.56 (Ar), 140.38 (Ar), 124.75 (Ar), 111.23 (Ar), 77.02 (-C≡CD), 75.52 (-C≡CD),

63.56 (BNCHOPyrR), 56.73 (OMe), 56.69 (OMe), 26.96 (-COOCOCD3)

2.7.19 1-(2-nitrophenyl)prop-2-en-1-ol

In a 50 mL two-neck flask, equipped with a dropping funnel 2-Nitrobenzaldehyde (0.250 g,

1.654 mmol, 1 eq.) was dissolved in dry THF (20 mL) and cooled to 0 °C in an ice bath. The vinyl

magnesium bromide 1 M in THF (1.82 mL, 1.1 eq.) was transferred to the dropping funnel and

added to the stirring solution over 30 min. After full addition the reaction was allowed to warm to

room temperature. The full conversion after 2 h was visualized by TLC (1:5 EtOAc PE) and the

reaction was quenched with 10 mL of a saturated NH4Cl in H2O solution. The aqueous solution

was extracted with EtOAc (three times 5 mL). The combined organic fractions were dried over

Na2SO4, filtered and concentrated in vacuo and purified by column chromatography. After

purification the pure alkene was found as a yellow powder (yield: 99%).

1H NMR (300 MHz, CDCl3) δ = 7.92 (dd, J = 1.15, 8.1 Hz, 1 H, Ar), 7.77 (dd, J = 1.15, 8.1 Hz, 1

H, Ar), 7.64 (dt, J = 1.15, 7.6 Hz, 1H, Ar), 7.45 (dt, J = 1.15, 7.6 Hz, 1H, Ar), 6.07 (ddd, J = 5.2,

10.44, 17.2 Hz, 1 H, -CH=CH2), 5.80 (dt, J = 1.15, 5.2 Hz, 1 H, BnCHOHR), 5.42 (dt, J = 1.15,

17.18 Hz, 1 H, -CH=CH2, trans), 5.26 (dt, J = 1.15 ,10.52 Hz, 1 H, -CH=CH2, cis) ppm.

13C NMR (75 MHz, CDCl3) δ = 148.17 (Ar), 138.09 (-C=CH2), 137.66 (Ar), 133.70 (Ar), 128.99

(Ar), 128.65 (Ar), 124.69 (Ar), 116.36 (-CH=CH2), 70.12 (BnCOHR) ppm.
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2.7.20 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-en-1-ol

In a 50 mL two-neck flask, equipped with a dropping funnel 4,5-dimethoxy-2-nitrobenzaldehyde

(0.250 g, 1.654 mmol, 1 eq.) was dissolved in dry THF (20 mL) and cooled to 0 °C in an ice bath.

The ethenyl magnesium bromide 1 M in THF (1.82 mL, 1.1 eq.) was transferred to the dropping

funnel and added to the stirring solution over 30 min. After full addition the reaction was allowed

to warm to room temperature. The full conversion after 2 h was visualized by TLC (1:5 EtOAc

PE) and the reaction was quenched with 10 mL of a saturated NH4Cl in H2O solution. The aqueous

solution was extracted with EtOAc (three times 5 mL). The combined organic fractions were dried

over Na2SO4, filtered and concentrated in vacuo and purified by column chromatography. After

purification the pure alkene was found as a yellow powder (yield: 99%).

1H NMR (300 MHz, CDCl3) δ = 7.70 (s, 1 H, ArH), 7.37 (s, 1 H, ArH), 7.07 (d, J = 5.2 Hz, 1 H,

BnCHOHR), 6.18 (ddd, J = 5.2, 10.52, 17.08 Hz, 1 H, -CH=CH2), 5.42 (dt, J = 1.2 ,17.08 Hz, 1

H, -CH=CH2, trans), 5.42 (dt, J = 1.2 ,10.52 Hz, 1 H, -CH=CH2, cis) 4.08 (s, 3 H, OMe), 4.05 (s,

3 H, OMe) ppm.

13C NMR (75 MHz, CDCl3) δ =153.8 (Ar), 148.17 (Ar), 138.23(-C=CH2), 133.20 (Ar), 115.93 (Ar),

109.93 (-C=CH2), 108.02 (-C=CH2), 70.12 (Bn-CHOHR) 56.56 (2x OMe) ppm.

2.7.21 1-(2-nitrophenyl)allyl-2-oxopropanoate

To a to 0 °C cooled solution of 1-(2-nitrophenyl)prop-2-en-1-ol (0.200 g, 0.1.116 mmol, 1 eq.),

pyruvic acid (0.197 g, 2.233 mmol, 0.271 mL, 2 eq.) and pyridine (0.441 g, 5.581 mmol, 0.45 mL, 5

eq.) in THF (8 mL) methane sulfonyl chloride (0.32 g, 2.791 mmol, 0.216 mL, 2.5 eq.) was added

dropwise. The reaction was stirred at room temperature for 3 h. D2O was added to the mixture.
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The aqueous phase was extracted with Et2O (three times 1 mL), the organic fractions combined,

dried over Na2SO4, filtered and concentrated in vacuo. The crude product was purified by column

chromatography (1:4 EtOAc:PE). The pure pyruvate ester 21 was found as a white solid (yield

70%).

1H NMR (300 MHz, CDCl3) δ = 7.92 (dd, J = 1.15, 8.1 Hz, 1 H, Ar), 7.77 (dd, J = 1.15, 8.1 Hz, 1

H, Ar), 7.64 (dt, J = 1.15, 7.6 Hz, 1H, Ar), 7.45 (dt, J = 1.15, 7.6 Hz, 1H, Ar), 6.95 (dt, J = 1.15, 5.8

Hz, 1 H, BnCHOHR), 6.11 (ddd, J = 5.2, 10.44, 17.2 Hz, 1 H, -CH=CH2), 5.45 (dt, J = 1.15, 17.18

Hz, 1 H, -CH=CH2, trans), 5.38 (dt, J = 1.15 ,10.52 Hz, 1 H, -CH=CH2, cis), 2.47 (s, 3 H, Pyr)

ppm.

2.7.22 1-(4,5-dimehtoxy-2-nitrophenyl)allyl-oxopropanoate

To a to 0 °C cooled solution of 2.7.201-(4,5-dimethoxy-2-nitrophenyl)prop-2-en-1-ol (0.200 g,

0.418 mmol, 1 eq.), pyruvic acid (0.074 g, 0.836 mmol, 0.101 mL, 2 eq.) and pyridine (0.165 g, 2.09

mmol, 0.169 mL, 5 eq.) in THF (3 mL) methane sulfonyl chloride (0.12 g, 1.045 mmol, 0.081 mL,

2.5 eq.) was added dropwise. The reaction was stirred at room temperature for 3 h. D2O (1 mL)

was added to the mixture. The aqueous phase was extracted with Et2O (three times 1 mL), the

organic fractions combined, dried over MgsSO4, filtered and concentrated in vacuo. The crude

product was purified by column chromatography (1:4 EtOAc PE). The pure pyruvate ester 22 was

found as a white solid (yield 30%).

1H NMR (300 MHz, CDCl3) δ = 7.62 (s, 1 H, ArH), 7.10 (s, 1 H, ArH), 7.08 (dt, J =1.35, 5.4 Hz,

1 H, BnCHOHR), 6.13 (ddd, J = 5.4, 10.52, 17.19 Hz, 1 H, -CH=CH2), 5.42 (ddd, J = 1.2, 1.35,

17.08 Hz, 1 H, -CH=CH2, trans), 5.35 (dt, J = 1.2, 1.35 ,10.52 Hz, 1 H, -CH=CH2, cis) 3.97 (s, 3

H, OMe), 3.95 (s, 3 H, OMe), 2.48 (s, 3 H, Pyr-CH3) ppm.
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2.7.23 L-alanine-2-d

In a three neck round bottom flask equipped with a condenser L-alanine (3 g, 33.67 mmol, 1 eq.),

sodium hydroxide (4.04 g, 101.02 mmol, 3 eq.) and ruthenium on carbon (10% wt, 0.89 g, 8.82

mmol) was dissolved in 68 mL D2O. The atmosphere was changed from N2 to H2 by slowly

evacuating the reaction vessel while bubbling H2 via a needle through the aqueous solution. Then,

the reaction was warmed to reflux for 8-36 h (depending on the deuteration ratio checked by

NMR). After the reaction was completed, the mixture was cooled to room temperature, filtered

through a plug of Celite and the pH was decreased to pH=5 (1 mol DCl in D2O). Dowex X-8 resin

(3 g) was added to the clear solution. The resin was loaded on a filter, the filtrate was removed and

the resin was washed with a 25 mL NH4OH H2O solution. The solvent was evaporated under

reduced pressure while washing the evaporation gas through a 1 M HCl in H2O washing solution

to scavenge the ammonia. The resulting deuterated acid 23 was found as a white powder (yield:

65%, deuteration level: 99.8%)

1H NMR (300 MHz, D2O) δ = 1.26 (s, 3 H, -CH3) ppm.

13C NMR (75 MHz, D2O) δ = 178.89 (COOH), 36.13 (NHCOOCH3), 29.02 (-Me) ppm.

Specific rotation +2,28° (100 mg/mL, H2O)

2.7.24 (Acetyl)-L-alanine-2-d

To a solution of the amino acid 23 (2 g, 20.803 mmol, 1 eq.) in dry methanol (35 mL) acetic

anhydride (5.097 g, 49.927 mmol, 2.7 eq.) was added. The reaction mixture was heated to reflux

for 16 h, then cooled to room temperature before removing all volatiles in vacuo. The resulting

colourless oil was crystallized over night at -20 °C. The acetylated amino acid 24 was found as a

white crystal (yield 99%).
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1H NMR (300 MHz, D2O) δ = 4.7 (q, J = 7.1 Hz, 1 H), 2.14 Hz, (s, 3 H, NHAc), 1.55 (d, J = 7.1

Hz, 3 H, -Me) ppm.

13C NMR (75 MHz, D2O) δ = 176.37 (Ac-COOR), 170.74 (-COOH), 48.28 (CH3-CHNHR-

COOH), 22.83 (Ac-CH3), 18.04 (-Me) ppm.

2.7.25 Vinyl (acetyl-d3)-L-alaninate-2-d

Under gentle warming to 35 °C, the acid 24 (1 g, 7.626 mmol, 1 eq.)was dissolved in vinyl acetate

(5.252 g, 61.008 mmol, 5.648 mL, 8 eq.). To the stirring solution KOH (0.043 g, 0.763 mmol, 0.1

eq.) and freshly recrystallized Pd(OAc)2 (0.017 g, 0.076 mmol, 0.01 eq.) was added and the reaction

was stirred for 24 h. The crude reaction mixture was filtered through a plug of celite, rinsed with

EtOAc (10 mL) and concentrated in vacuo. The crude product was purified by column

chromatography (1:9 EtOAc PE). The vinyl ester 25 was found as an off white solid (yield: 60%).

1H NMR (300 MHz, CDCl3) δ = 7.22 (dd, J = 6.21, 13.92 Hz, 1 H, R-O-CH=CH2), 6.17 (s, 1 H,

NHAc), 4.96 (dd, J = 1.53, 13.92 Hz, 1 H, R-O-CH=H2, trans), 4.63 (m (overlap of dd and q), dd:

J = 1.53, 6.21 Hz q: 7.3 Hz, 1 H dd: R-O-CH=CH2, cis; 1 H q: Me-CHNHR-COOR’, 1 H), 2.14

Hz, (s, 3 H, NHAc), 1.55 (d, J = 7.3 Hz, 3 H, -Me) ppm.

2.7.26 L-alanine-1-13C-2-d

In a three neck round bottom flask equipped with a condenser L-alanine (2 g, 22.2 mmol, 1 eq.),

sodium hydroxide (2.664 g, 66.6 mmol, 3 eq.) and ruthenium on carbon (10% wt, 0.100 g) was

dissolved in 45 mL D2O. The atmosphere was changed from N2 to H2 by slowly evacuating the

reaction vessel while bubbling H2 via a needle through the aqueous solution. Then, the reaction
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was warmed to reflux for 8-36 h (depending on the deuteration ratio checked by NMR). After the

reaction was completed, the mixture was cooled to room temperature, filtered through a plug of

Celite and the pH was decreased to pH=5 (1 mol DCl in D2O). Dowex X-8 resin (2 g) was added

to the clear solution. The resin was loaded on a filter, the filtrate was removed and the resin was

washed with a 20 mL NH3 H2O solution. The solvent was evaporated under reduced pressure

while washing the evaporation gas through a 1 M HCl in H2O washing solution to scavenge the

ammonia. The resulting deuterated acid 26 was found as a white powder (yield: 67%, deuteration

level: 99.5%)

1H NMR (300, D2O) δ = 1.26 (s, 3 H, -CH3) ppm.

13C NMR (75 MHz, D2O) δ = 179.01 (COOH), 36.43 (NHCOOCH3), 29.19 (-Me) ppm.

2.7.27 (Acetyl-d3)-L-alanine-1-13C-2-d

To a solution of the amino acid 26 (0.7 g, 7.857 mmol, 1 eq.) in dry methanol (12 mL) acetic

anhydride-d6 (2.166 g, 21.215 mmol, 2.7 eq.) was added. The reaction mixture was heated to reflux

for 16 h, then cooled to room temperature before removing all volatiles in vacuo. The resulting

colourless oil was crystallized overnight at -20 °C. The acetylated amino acid 27 was found as a

white crystal (yield 99%).

1H NMR (300 MHz, D2O) δ = 1.27 (d, J = 4.22 Hz, -CH3 C-13 coupling) ppm.

13C NMR (75 MHz, CDCl3) δ = 178.87 (-NHCOOCD3), 174.77 (-NHCOOCD3), 169.16 (Me-

CDNHR-COOR’, 21.10 (Me-CDNHR-COOR’), 19.87 (-NHCOOCD3) ppm.
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2.7.28 Vinyl-d3 (acetyl-d3)-L-alaninate-1-13C-2-d

Under gentle warming to 35 °C, the acid 27 (0.2 g, 1.469 mmol, 1 eq.)was dissolved in vinyl acetate-

d6 (0.759 g, 8.814 mmol, 0.816 mL, 6 eq.). To the stirring solution KOH (0.008 g, 0.147 mmol, 0.1

eq.) and freshly recrystallized Pd(OAc)2 (0.003 g, 0.015 mmol, 0.01 eq.) was added and the reaction

was stirred for 24 h. The crude reaction mixture was filtered through a plug of celite, rinsed with

EtOAc (5 mL) and concentrated in vacuo. The crude product was purified by column

chromatography (1:9 EtOAc PE). The vinyl ester 28 was found as an off white solid (yield: 50%).

1H NMR (300 MHz, acetone-d6) δ = 1.41 (d, J = 4.6 Hz,3 H, CH3 C-13 coupling) ppm.

2H NMR (46 MHz, CDCl3) δ = 7.34 (dd, J = 7.2 Hz, 2 D, -O-CD=CD2), 4.98 (m, 1 D, -O-

CD=CD2), 4.62 (m, 2 D, -O-CD=CD2, Me-CDNHR-COOR’), 2.08 (s, 3 D, NHAc-d3) ppm.

13C NMR (75 MHz, acetone-d6) δ = 173.31 (Me-CDNHR-COOR’, 170.29 (-NHCOOCD3), 141.18

(-ROCD=CD2), 97.31 (-ROCD=CD2), 28.80 (Me-CDNHR-COOR’) 21.10 (Me-CDNHR-

COOR’), 16.98 (-NHCOOCD3) ppm.



Results

73

3 Results

Molecules that are supposed to be hyperpolarized by means of parahydrogen in order to study

metabolic processes in living organisms, whether in cell experiments by NMR or in animals or even

humans with MRI, require certain properties. Biological activity of the MOI is a prerequisite to

investigate metabolomic activities. Without conversion in biochemical processes, it is not possible,

to make any statements about the effects of diseases or drugs on the metabolism.

In order to trace these molecules over a long period of time, chemical modifications of their

structure are essential to elongate the relaxation times of the observed nuclei. In principle, within

the metabolite the atoms, which, for metabolites as a result of the biochemical reaction, cause a

significant (i. e. clearly visible) change in their chemical shift, are of particular interest. Especially

carbon atoms with their larger spectral width and distribution compared to protons are noteworthy.

To reduce the longitudinal relaxation time T1 of the observed 13C atom, the exchange of

surrounding protons to deuterium atoms is necessary. These exchange reactions are realized

predominantly by acid-base reactions (in chapter 3.1 for pyruvate) or by catalytic processes (in

chapter 3.3 for alanine). Notably, the deuteration of molecules does not only elongate their

traceability. Deuteration of the to-be-hydrogenated unsaturated carbon-carbon bonds can further

increase the detectable polarization by a factor of ten. New findings regarding the effective and

efficient deuteration with little to no side product formation are described to scale synthetic routes

up for in vivo studies of animals or even human.

3.1 Deuteration of sodium pyruvate and pyruvic acid

One of the most studied molecules in hyperpolarized magnetic resonance is 1-13C pyruvate, as it is

a major branching point in human metabolism. Through the interplay of the various downstream

pathways, changes in their ratios can provide information about the condition of the living being.

Thereby, imaging methods allow the localization of tumors in living organisms. Hyperpolarization

techniques such as PHIP are used to generate signal enhancements of +10,000-fold enabling the

performance of metabolic studies under physiological conditions. Besides the required polarization

levels, the longest possible traceability (T1 dependent) is needed to make slower conversions to

certain downstream metabolites visible. However, to reduce the couplings between the observed
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atoms (e. g. 1-13C of pyruvate) and protons (such as those of the methyl group of pyruvate) that

lead to rapid relaxation by the reduction of T1 of the previously introduced polarization, robust

deuteration methods have to be established (molecule 1 & 2, Scheme 3).

Scheme 3 General reaction scheme for the deuteration of sodium pyruvate or pyruvic acid at the respective methyl group under

appropriate conditions for natural abundance pyruvate and 13C pyruvate respectively.

Due to the high reactivity of the molecule, reactions with pyruvate lead to the formation of

undesirable by-products such as dimers of the pyruvate itself. These unwanted products massively

effect the following modifications, such as esterifications, needed to access hyperpolarization via

side arm hydrogenation. Effective deuteration of the terminal methyl group lead to increased

polarization values and thus might also help other hyperpolarization methods to achieve higher

order of spin polarization as for example SABRE. To reduce the side product formation while

achieving the highest possible degree of deuteration, the pyruvate with natural abundance 13C was

tested under various reaction conditions before using the commercially available isotopically

enriched pyruvate sources (Na-1-13C-pyruvate or 1-13C-pyruvic acid). In addition to the literature-

known procedures using deuterated sulfuric acid (with sodium pyruvate) and sodium bicarbonate

(for pyruvic acid), deuteration was attempted using sodium carbonate in D2O and amine-based

bases (Et3N and pyridine) in a solvent mixture of D2O and THF.[86] For all reactions a concentration

of 0.1 g/mL and an equimolar ratio of base to pyruvate were used. All reactions were performed

under inert atmospheres, the reagents were added over a significant amount of time at 0 °C to

ensure that overloading the mixture does not impact the later yield.

The reactions were monitored by NMR spectroscopy after 5 and 16 h each (1H and 13C spectra)

and analyzed with respect to their resulting products. For NaHCO3, Na2CO3 and D2SO4, the

reaction at room temperature did not yield deuterated pyruvate (i. e. less than 5%). These were

warmed to 80 °C for 5 h. For most conditions, side product formation was unavoidable. Besides

the through pH adjustment back convertible hydropyruvate-d3, parapyruvate A, hydroparapyruvate

B and zymonic acid C (Figure 17) were found in different concentrations.
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Figure 17 Structure of the molecules parapyruvate 3, hydroparapyruvate 4 and zymonic acid 5 as the main side products of

deuteration reactions with sodium pyruvate or pyruvic acid.

As a reference to the starting material of each reaction, a solution with a concentration of 0.1 g/mL

of the pyruvate (acid and sodium salt) was measured by NMR. In the sample of sodium pyruvate,

traces of parapyruvate were found while the sample mainly contained pyruvate (90%) and pyruvate

hydrate (9%, see Table 2 a). In the sample of the free acid 10% impurities were found (1% A, 1%

B, and 8%C, see Table 2 b). It is known from the literature, that these impurities can be found in

commercially available pyruvic acid. The results of the deuteration experiments are shown in Table

2.

Table 2 Determination of the products as well as their degree of deuteration starting from sodium pyruvate (a) and pyruvic acid (b)

by NMR (for a detailed description of the calculation see chapter 2.3; for a detailed list of the measured integrals of each spectrum

see the appendix). With “-“ indicating that the respective side product was not formed and “*” indicating that not quantifiable traces

of the respective side product was found.

a)

b)

from Na-Pyruvate
products yield D degree yield D degree yield D degree yield D degree yield D degree
Pyruvate 91,47% 0,00% 42,12% 85,42% 61,50% 99,46% 52,85% 98,71% 39,48% 100,00%
Hydropyruvate 8,53% 0,00% * * * * - - - -
Parapyruvate - - 40,57% 99,41% 19,20% 98,43% 47,15% 99,25% 60,52% 100,00%
Hydroparapyruvate - - 17,31% 99,77% 19,29% 85,34% - - - -
Zymonic acid - - - - - - - - - -

in D2O with NaHCO3 with Na2CO3 with Et3N in THF/D2O with D2SO4

from pyruvic acid
products yield D degree yield D degree yield D degree yield D degree yield D degree
Pyruvate 34,73% 0,00% 49,69% 26,22% 29,15% 99,89% 40,78% 99,50% 30,04% 59,48%
Hydropyruvate 65,27% 0,00% 10,37% 54,11% 0,00% 0,00% 0,00% 0,00% 36,18% 53,02%
Parapyruvate * * 14,18% 94,66% 31,29% 98,20% * * * *
Hydroparapyruvate * * 3,74% 0,00% 12,74% 99,09% * * * *
Zymonic acid * * * * * * * * * *

in D2O with NaHCO3 with Na2CO3 with Et3N in THF/D2O with D2SO4
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3.2 Synthesis of 2-nitrobenzyl based side arms for the hyperpolarization with
parahydrogen

All established side arms for the hyperpolarization of pyruvate need to undergo a chemically

induced cleavage reaction (see chapter 1.3.3.2). This cleavage procedure is time consuming and

thus results in lower polarization values. By synthesizing a new class of side arms based on a 2-

nitrobenzyl framework, a chemical-free cleavage was targeted. To investigate the impact of

modifications of the benzyl ring on the hyperpolarization levels, a 4,5 dimethoxy-2-nitrobenzyl

derivative was prepared. In addition, a strategy for further modifications of the aromatic ring was

developed starting from (iso-)vanillin as a generally available building block. The shown aldehydes

in Scheme 4 can be directly converted into the respective polarizable side arms under standardized

reaction conditions ready for the esterification with the MOI. After the deuteration of the terminal

alkyne a broad scope of esterification procedures for acetate and pyruvate as well as their 13C

labelled counterparts were fine-tuned.

Scheme 4 Different derivatives of 2-nitrobenzaldehyde based on (iso-)vanillin and 4,5-dimethoxy-2-nitrobenzaldehyde and their

respective transformation to their secondary alcohol using a Grignard reagent. Deuteration of the triple bond under standardized

conditions allowed the formation of the subsequent esters based on acetate and pyruvate and their deuterated and 13C-labelled

compounds, respectively.
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Upon that, hyperpolarization of the precursors was performed under PASADENA conditions

using highly enriched pH2 yielding highly polarized metabolites through a proton-relayed version

of the ESOTHERIC pulse sequence (Figure 15, Scheme 5).

Scheme 5 Typical sequence of the transfer of polarization after hydrogenation of the triple bond. The spin order is transferred to

the heteronucleus by linking several INEPT sequences via the relay proton. After the transfer is completed, the MOI is released.

3.2.1 Synthesis of side arms

Starting from vanillin and iso-vanillin, the benzylic alcohols were first protected using potassium

carbonate and benzyl bromide in high yields allowing to use the aldehydes in the next reaction

without further purification. Nitration was carried out using fuming nitric acid and acetic acid

yielding in the nitrobenzyl compounds 4 and 6 (Scheme 6).

Scheme 6 Synthetic transformations of iso-vanillin via the benzyl-protected alcohols to the nitrated aldehydes 5-(benzyloxy)-4-

methoxy-2-nitrobenzaldehyde 4 and 4-(benzyloxy)-5-methoxy-2-nitrobenzaldehyde 6.

To investigate the coupling of the respective side arm with acetate and pyruvate, the 4,5-dimethoxy-

2-nitrobenzaldehyde (also known as 6-nitroveratraldehyde, short form 6-NV) and

2-nitrobenzaldehyde (short form 2-NBn) were converted to the respective secondary alcohols

using standard Grignard conditions under full conversion. Deuterium-proton exchange of the

terminal triple bonds was achieved in a solvent mixture of D2O and THF using Et3N for the

deprotonation. Purification by column chromatography was performed due to small impurities

(Scheme 7).
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Scheme 7 Grignard reaction of the aldehydes 7 and 8 to the alcohols 9 and 10 using ethynyl magnesium bromide. These alcohols

were used for a terminal deuterium-proton exchange reaction under basic conditions yielding the alcohols 11 and 12. Weather the

latter alcohol functional groups were also deuterated was not investigated.

Since 13C-enriched and deuterated molecules 1-13C-acetic acid-d3 and 1-13C-pyruvate-d3 (planned to

be used for the hyperpolarization experiments) are cost intensive, the esterifications were first

optimized with respect to their yield with the unlabeled variants. Therefore, the alcohols 11 and 12
were coupled with acetic acid or the anhydride under the conditions mentioned in Table 3. From

time to time the reaction conditions of Entry 1 and 2 led to partial re-protonation of the terminal

alkyne. Deuteration was achieved comparable to the initial exchange reaction but with 1.1 eq. Et3N

instead of 2.2 eq. resulting in fully deuterated esters within 16 h with a yield of 90%. The major

side product of these reactions was the starting material 11 or 12 yet protonated at the alkyne

position. To enhance the reactivity the reactions were also performed at 40 °C and 60 °C (for DCM

reflux), which did not lead to the desired result of higher yields. To avoid effects of residual water

the reactions were also tested in presence of molecular sieves with, however, no beneficial results.

Table 3 Screening of reaction conditions for the esterification of secondary alcohols (R1: 1-(2-nitrophenyl)prop-2-yn-3-d-1-ol 11; R2

1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-3-d-1-ol 12) and acetic acid forming the esters (R1: 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d

acetate 13), R2: 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d acetate 14). Procedures adapted from [121-123].

Entry Conditions at 100 mg scale
isolated yield

R1 R2

1 0.2 eq. 4-DMAP, 2 eq. Et3N 1.5 eq. acetic anhydride, rt, DCM 75 70

2 0.2 eq. 4-DMAP, 2 eq. Et3N 1.5 eq. acetic acid, rt, DCM 45 34

3 1.25 eq MsCl, 2.5 eq. pyridine, 2 eq. acetic acid, rt, THF 51 45

4 2.5 eq MsCl, 5 eq. pyridine, 2 eq. acetic acid, rt, THF 40 32

5 1 eq. pyridine, acetic acid, reflux, DCM 10 8
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In addition to the conditions that led to good yields with acetic acid and concerning the generally

higher sensitivity of pyruvate, more esterification conditions of the alcohols 11 and 12 with pyruvic

acid were performed. Methods converting the -OH into a halide followed by nucleophilic attacks

of the pyruvate on the carbon did not lead to the desired product (Table 4). In general, more

attention had to be paid to the slow addition of reagents. Otherwise, the increased occurrence of

side reactions was observed. For the acetate, heating and the use of molecular sieves did not

improve product formation.

Table 4 Screening of reaction conditions for the esterification of secondary alcohols and pyruvic acid forming their respective ester

(R1: 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d 2-oxopropanoate 15, R2: 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d 2-

oxopropanoate 16). Procedures adapted from [121-123].

Entry Conditions at 100 mg scale
Isolated yield [%]

R1 R2

1 1.2 eq. SOCl2, 1.1 eq. sodium pyruvate, rt, DMF 0 0

2 1.2 eq. SOCl2, 1.1 eq. pyruvic acid, rt, DCM 0 0

3 1 eq. DCC, 0.15 eq. 4-DMAP, 1 eq. pyruvic acid, rt, DMF 55 40

4 1.25 eq MsCl, 2.5 eq. pyridine, 2 eq. pyruvic acid, rt, DMF 12 10

5 1.25 eq MsCl, 2.5 eq. pyridine, 2 eq. pyruvic acid, rt, THF 62 50

6 2.5 eq MsCl, 5 eq. pyridine, 2 eq. pyruvic acid, rt, THF 41 43

7 0.9 eq. EDC, 0.85 eq. 4-DMAP, 0.85 eq. pyruvic acid, rt, DCM 22 18

8 a) PBr3, Et2O b) 1 eq. sodium pyruvate, rt, DCM 0 0

9 p-toluene sulfonic acid 1.1 eq., rt, toluene 0 0

Based on Table 3 entry 1, esterifications of 1,1-13C-acetic acid-d3 with alcohols 11 and 12 were

executed. The yield was on average 15% lower than with the not enriched acetate. Variation of the

equivalents of the used reagents, changing reaction time and temperature did not improve the

product formation. For pyruvate the esterifications with the freshly prepared 1-13C-pyruvate-d3 also

afforded lower yields. Here, losses of up to 40% were observed in the esterification of alcohol 11
under the conditions of entry 5 Table 4 (Scheme 8). Consequently, the DCC-based protocol (entry
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3) was also carried out for esterification in addition to the conditions mentioned in entry 4. In

general, aqueous work up conditions lead to the decomposition of the product. By filtration

through celite and evaporation of the volatiles most of the reagents were removed. The purification

was performed using a celite-based pre-column leading to reagent-free fractions of the product.

Since the rf values of the product and the starting material were identical under standard column

conditions, dichloromethane was used as polar component of the elution solvent (non-polar

component petroleum ether).

Scheme 8 Synthesis of the 1-13C-acetate-d3 ester (R1: 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate-1-13C-d3 17), R2: 1-(4,5-dimethoxy-

2-nitrophenyl)prop-2-yn-1yl-3-d-acetate-1-13C-d3 19) and 1-13C-pyruvate-d3 (R1: 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-

oxopropanoate-1-13C-3-d3 19), R2 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-d3 20) according to

the respective conditions mentioned in Table 3 and Table 4.

The esters 17, 18, 19 and 20 were used for the subsequent hyperpolarization experiments (Figure

18).

Figure 18 Structures of the precursors for hyperpolarization experiments.
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3.2.2 Hyperpolarization of 13C enriched metabolites with parahydrogen

Since the optimal transfer of the spin order introduced by the parahydrogen via the so-called relay

proton to the heteronucleus 13C is strongly dependent on the accuracy of the applied pulses, the

allyl ester derivatives of the esters 19 and 20 were prepared. Analogously to the reactions with the

alkyne group, the allyl magnesium bromide was used to form the respective secondary alcohols.

Since deuteration was not needed in this case, the optimal reaction conditions from the formation

of the compounds 19 and 20 were used to form the allyl esters 21 and 22. These allowed the

measurement of J–couplings which were necessary to calculate the delays between the pulses of

the NMR experiments (Table 6).

Table 5 Couplings between the protons of the allyl esters 21 and 22 as they occur after the hydrogenation of 19 or 20 with

parahydrogen during hyperpolarization experiments. Couplings of H1b to any other proton are negligible as it is replaced with a

deuterium atom in the hyperpolarization experiments (due to deuterated alkynyl bond). The couplings of the H3 and the 13C of the

MOI were determined through the hyperpolarized spectra acquired later on.

Coupling of

Protons

for R1 in

Hz

for R2 in

Hz

1a to 1b <1 <1

1a to 2 10.53 10.51

1a to 3 1.37 1.25

1b to 2 17.19 17.19

2 to 3 5.65 5.78

In order to achieve the highest polarization possible, the fundamental hydrogenation parameters

were determined for 2 mM substrate concentration (esters 17 to 20). These involved the

hydrogenation time (bubbling time), the ratio of catalyst to substrate concentration and the reaction

temperature. These parameters were used for all subsequent spin manipulations performed using

the (fractioned) NMR pulse program shown in chapter 1.3.3.3 Figure 15 (Table 6).
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Table 6 Optimized parameters for hyperpolarization experiments used for all hyperpolarization experiments with the esters 17 to

20. The full data set can be found in the Appendix.

R1 R2

1-13C-acetate-d3

17
1-13C-pyruvate-d3

18
1-13C-acetate-d3

19
1-13C-pyruvate-d3

20

bubbling time 10 s 12 s 10 s 12 s

settling time 0.2 s 0.35 s 0.2 s 0.35 s

[ester] 2 mM 2 mM 2 mM 2 mM

[cat] 2 mM 2 mM 2 mM 2 mM

solvent acetone-d6 acetone-d6 acetone-d6 acetone-d6

T 50 °C 50 °C 50 °C 50 °C

Since the polarization is planned to be transferred from the former pH2 protons onto the relay

proton H3, the used pulse sequence was separated into the corresponding fragment allowing to

measure in-phase polarization on the relay proton. For each molecule the polarization values were

determined at every position during the hyperpolarization transfer, at protons H1 and H2

(originating from parahydrogen), H3 (the relay proton) as well as on the 13C. To release the

metabolite from the side arm water was added manually to the hyperpolarized solution before

placing the NMR tube back into the magnet. Consequently, for the cleavage experiments the spins

had to be aligned with the magnetic field using a so-called z-flip pulse. Hydrolysis experiments were

only performed for the 2-nitrobenzylpropynyl esters 17 and 18. The results of the experiments are

shown in Table 7.

Table 7 Polarization values of the hyperpolarized precursors and released metabolites (-: not performed, /: unsuccessful). The

hyperpolarization experiments were performed according to the conditions listed in Table 6. In the table Phyper corresponds to the

measured hyperpolarization in percent with ± indicating the range of the determined polarization values and σ as the standard

deviation. The polarization values were determined by referencing the respective hyperpolarized signal with the integral of the

thermal polarized spectrum of the H3 proton acquired before the hyperpolarization experiment.

H1 H3 Pol 13C Pol cleaved

Compound Phyper [%] σ Phyper [%] σ Phyper [%] σ Phyper [%] σ

2-NBn-1-13C-acetate-d3 17 61.58±1.28 1.11 37.63±1.71 2.07 20.58±0.68 0.58 4.21±1.46 2.70

2-NBn-1-13C-pyruvate-d3 18 27.02±1.28 1.12 15.66±1.04 0.93 11.31±0.83 1.4 5.51±0.23 0.22

6-NV-1-13C-acetate-d3 19 51.59±3.68 4.61 33.15±1.13 1.78 29.31±1.33 1.15 - -

6-NV-1-13C-pyruvate-d3 20 21.90±1.62 1.91 7.71±0.59 0.89 / / / /
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The values shown here have been calculated assuming full conversion of the alkyne to alkene and

fully enriched pH2. 33% of the polarization measurable on the H1 and H2 protons could still be

detected on the 13C after the transfer (33.41% for 17 and 41.85% for 18). For the 19, even 56.81%

of the initial spin order could be retained. However, for the pyruvate ester 20, no successful transfer

to the 13C could be performed. The coupling constants of the 13C to H3 together with the chemical

shift of the protons led to a poor transfer to the 13C of the pyruvate, so that the data obtained could

not be used for a proper analysis.

Hyperpolarization of the esters was performed under the conditions listed in Table 6. In the

corresponding 1H spectrum of 2-NBn-Ac (recorded with a 45° flip angle), 2 antiphase signals can

be detected (Figure 19 a). The signal at around 6.2 ppm is associated with the added proton H-2

and has a 20% lower signal intensity than the H-1 at 5.2 ppm due to the couplings. The signal of

the H-1 is increased by a factor of 33,000 compared to the thermally polarized one. The same

pattern can be seen for all other esters as well, so that this lower intensity of the H-2 can be seen

as a property of the side arm.

Figure 19 Overview of the 1H NMR 45° flip angle experiments of the hyperpolarized esters 17 (a), 18 (b), 19 (c), and 20 (d). The

respective signals correspond to a) 33,000, b) 22,000, c) 12,000, and d) 3,200-fold signal enhancement compared to the thermally

polarized signal. The small anti-phase signals shifted towards 5.8 and 5 ppm, respectively, may occur from catalyst bound species.

a) b)

c) d)
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The release of the respective acetates and pyruvates of 17 and 18 could be achieved by the addition

of water within a couple of seconds. After the hyperpolarization of a 2 mM substrate solution in

200 µL acetone-d6, the NMR tube was transported through the magnetic field, the valve and tubing

system was removed and 200 µL of 150 mM NaCl in water solution was added leading to 4.2%

and 5.5% polarization on 1-13C acetate and 1-13C pyruvate measured after the return to the magnet.

These experiments were performed multiple times until a quick handling was guaranteed and stable

polarization values were measured over three consecutive experiments.

For the transfer of the polarization to the H-3 relay proton, block 1 of the pulse relayed

ESOTHERIC NMR pulse sequence (Chapter 1.3.3.3) was used. The signal of the proton was

amplified up to 18000 times (for 2-NBn-Ac-d3). However, the most efficient transfer was obtained

with 6-NV-Ac. Here, 65% of the initial polarization was obtained. For all molecules it was not

possible to carry over the complete spin order from protons H1 and H2 to H3. Losses during the

transfer may be attributed to the non-zero J coupling of H1 and H3 (Figure 20).

Figure 20 Zoomed spectra of the hyperpolarized 1H spectra of the relay proton H-3. Here, spectra of the ester 17 (a), 18 (b), 19 (c)

and 20 (d) with respective enhancements over their thermal signal of 17,000 (a), 15,000 (b), 7,000 (c) and 3,500-times (d). Especially

for spectrum d, but also for spectra a-c an incomplete transfer from protons H-1 at around 5.25 ppm and H-2 at around 6.25 ppm

is visible.

a) b)

c) d)
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For the transfer to the heteronucleus, the length of pulse τ4 was determined by numerical

simulation. These simulations (see Appendix) resulted in delays with a certain efficiency for the

transfer from H3 to the 13C. For the acetate esters a delay of 0.49 s for both side arms with an

efficiency of 60% and 90% was determined, while the simulations suggested 0.617 s for the ester

18 and 0.444 s for the ester 20 with 75% and 50% efficiencies respectively.

The free metabolites were released with sufficiently high polarizations for cellular applications (13C

polarization acetate: 4.21% and pyruvate: 5.51%(Figure 21). As of note, the signals increased by a

factor of 10,000-times (for the 1-13C-pyruvate) allow 1 mM of hyperpolarized metabolite to have

the same intensity as a 10 M solution of the same thermally polarized substance.

Figure 21 Zoomed 13C NMR spectra of hyperpolarized 1-13C-acetate-d3 (spectrum a) and 1-13C-pyruvate-d3 (spectrum b) as an

overlay of their hyperpolarized precursor (blue) and free metabolites (red). A clear shift of the signal before and after the cleavage

(especially for the 1-13C-pyruvate in b) indicates an excellent cleavage with no ester remaining in both cares. The hyperpolarized

signals of the esters correspond to a signal enhancement of 9,000 and 10,000 for 1-13C-acetate-d3 and 1-13C-pyruvate-d3, respectively.

The line broadening of the released molecule can be accounted to the inhomogeneity of the magnetic field, i. e. the sample was not

shimmed as a fast measurement was required to maximize the measurable polarization.

a) b)
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3.3 Synthesis and hyperpolarization of N-acetyl-vinyl-d3-1-13C-alanine-2-d

Since the imaging with MRI is not only limited to metabolically active substances, a molecule for

the investigation of blood flow and perfusion by hyperpolarized contrast agents was aimed to be

synthesized. This molecule should both, not undergo any enzymatic conversion in the bloodstream

and not be taken up into cells (except for clearance). For this purpose, the protein degradation

product N-acetyl-alanine was considered suitable. A vinyl group was aimed to be incorporated at

the carboxylic acid acting as the hyperpolarization site. For effective transvinylation with vinyl

acetate as moiety source, acetylation of the amine must be performed beforehand as these reactions

usually do not work out with strongly coordinating amines leading to very low yields regarding the

desired ester product. Initially, all synthetic transformations were performed and optimized on the

unlabeled variants of the molecules. In the following chapters, the results of the synthesis and the

hyperpolarization are presented.

3.3.1 Synthesis of N-Acetyl-vinyl-d3-L-1-13C-alanine-2 (NAVA)

L-alanine was deuterated using the heterogeneous catalyst ruthenium on carbon (Ru/C) the C-2 of

alanine reducing the couplings between this proton and the 13C in the desired precursor. A 99%

enantiomeric purity, 99.8% deuteration and 65% yield were obtained in the resulting amines 23 and

26. Subsequent acetylation of 23 and 26 was carried out in extra-dry methanol with acetic anhydride

by full conversion (molecules 24 and 27). For the isotopically enriched molecule 26, the deuterated

version of acetic anhydride was used to avoid any unforeseen interactions with the 13C. Initially,

the transvinylation did not produce large quantities of the desired esters 25 and 28. A large amount

of the carboxylic acid had not dissolved in the vinyl acetate. By slightly heating the mixture at the

beginning of the reaction, the acetylated alanine was dissolved and the desired product could be

prepared. Different equivalents of vinyl acetate with regard to the cost intensive deuterated version

were tested. Eight equivalents of vinyl acetate with respect to the used acetyl alanine gave the

desired ester with 60% yield. The reactions with the isotopically labelled alanine gave similar yields

over all three reaction steps Scheme 9.
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Scheme 9 Three step synthesis of the labeled and unlabeled versions of NAVA.

3.3.2 Hyperpolarization of NAVA

As described in chapter 3.2.2, the hyperpolarization of NAVA (28) was optimized with respect to

the ratio of substrate to catalyst, the reaction time as well as the temperature. Only acetone-d6 was

considered as a reaction solvent, since a full dissolution in chloroform was not possible. Other

solvents such as deuterated methanol would have needed an extensive exploration of a new

purification method after the full hyperpolarization process in order to generate a biocompatible

injection solution. To determine the initial polarization generated by the hydrogenation with

parahydrogen, a 1H experiment with 45° flip angle was used. On average, the measured spectra

revealed an average polarization of 30%. Transferring the spin order from the protons onto the
13C, an adapted version of the ESOTHERIC pulse sequence was used. For the relayed INEPT

chains used in the ESOTHERIC sequence the couplings of the molecule had to be determined

accurately (Figure 22).

Figure 22 a) Detailed description of the coupling constants of the through parahydrogenation added protons at the ethyl group, the

alanine methyl group and the C-1 13C. b) Modified ESOTHERIC pulse sequence with the durations between pulses of Δ1 = 79.1 ms,

Δ2 = 79.1 ms, Δ3 = 35.2 ms and the shift timing δ used for the decoupling of the methyl groups’ protons from the 1-13C.

a) b)
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Since the coupling of the methyl group to the Cα within the alanine moiety would cause drastic

polarization losses during the transfer process, a block for selective 1H decoupling was added to

the sequence (Figure 22). By using the modified refocusing block 92% of the proton polarization

was transferred to the 13C. On the heteronucleus, an average of 28% polarization was measured,

representing an enhancement of 50.000 times compared to the thermal signal.

The optimal reaction time for hyperpolarization of the vinyl ester was determined to be 10 s by

means of 1H polarization. Thus, polarization values of 30% were achieved (Figure 23 a).The

transfer from protons to carbon was achieved with transfer rates (92%) and polarization levels of

28%. For the hyperpolarized material to be biocompatible, a workup procedure was performed for

solvent exchange and catalyst removal. The time, the system was under vacuum, could be adopted

from previous studies. By using the syringe filter, most of the catalyst was removed. This entire

process required an average of 30 s (Figure 23 b).

Figure 23 Zoomed 1H and 13C NMR spectra of hyperpolarized NAVA. In spectrum a) the signals of the hyperpolarized protons at

4.11 ppm and 1.19 ppm corresponding to the methylene and methyl protons added through parahydrogenation. The integrals of

the signals are 13500 times enhanced compared to the thermal signal intensity (equals 30% polarization. In the 13C spectrum b) the

hyperpolarized signals of the 1-13C of the alanine are shown in acetone-d3 directly after the reaction in red and after the purification

procedure in water in blue. The signal at 173.6 ppm in the red spectra is enhanced by 50.000 times while the blue signal at 175.5

ppm is enhanced by 12500 compared to their thermal intensity. The chemical shift difference can be accounted to solvent and

temperature effects (hyperpolarization at 50 °C, aqueous solution at rt).

Since the hyperpolarized alanine derivative is intended to be available for injection into living

animals, a purification procedure was carried out after the polarization transfer was completed.

This requires the solvent acetone to be removed by evaporation and the rhodium complex by

filtration. Previous experiments showed that the use of special syringe filters is perfectly sufficient

to reduce the remaining rhodium concentration well below the lethargic dose for rodents. The

a) b)
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purification procedure follows a well-timed choreography starting immediately after the transfer.

After the release of the overpressure, the isotonic saline solution is added. The NMR tube is placed

under vacuum and subsequently the aqueous solution of the hyperpolarized material is drawn up

through a filter using a syringe. For the evaluation of the polarization still present, the syringe

volume was added to a fresh NMR tube, but the liquid is also ready to be injected into an animal.

After the purification steps, an average polarization of 6.63% was measured (Figure 24).

Figure 24 Purification procedure for hyperpolarized compounds in organic solvents. After the transfer (outer left spectrometer, t =

10 s), the NMR tube is taken out of the magnet and the isotonic aqueous solution (A) is added while a strong vacuum is applied

(second spectrometer from the left, t = 20 s). Since the aqueous solution contains some rhodium complex (most of it precipitated)

the solution is filtered (C) and ready to I) be injected into a fresh NMR tube (B and D) or II) or transported to the animal imaging

system.
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4 Discussion

The access to novel precursor molecules for hyperpolarization with parahydrogen are of great

medical interest.[124] The hyperpolarized substances can be used to obtain metabolic data in real

time, providing information about the state of a disease or assisting in making a comprehensive

diagnosis.[27] Other molecules could provide valuable information about the cardiovascular system

without metabolic activity. In order to perform such medical examinations, it is necessary to

synthesize novel molecules that allow high polarization values and long observation times. For this

in this work proton deuterium exchange reactions were performed (extended observation time),

new side arms for hyperpolarization were prepared and these were linked to significant molecules.

4.1 Deuteration of sodium pyruvate and pyruvic acid

For the investigation of biological systems, the longest possible traceability of the molecules

investigated is desired. Thus, a robust deuteration of 1-13C pyruvate, either from sodium 1-13C

pyruvate or 1-13C pyruvic acid, must be established. Even though the influence of deuteration of

the target molecule is well known only little focus was paid to the exploration of effective

deuteration methods in terms of in coupling ranges of the observed nuclei and the

hyperpolarization site, especially regarding pyruvate. As pyruvate is known to be a potent contrast

agent for MRI cancer studies, which (hyperpolarized by DNP) is already in clinical trials, high

quality procedures reducing side products while affording high yields are needed. Pyruvate itself is

a sensitive molecule that, for example, reacts with itself to form parapyruvate or zymonic acid if

stored for too long. The purification of pyruvate is difficult on a laboratory scale due to its chemical

and physical properties. Chromatographic methods often lead to decomposition and distillation is

difficult because removal from organic extracts leads to the formation of dimers as well as

azeotropic mixtures with the organic solvents.

In the literature, the deuteration of Na-1-13C-pyruvate using D2SO4 in D2O under high

temperatures and the reaction of 1-13C pyruvic acid with sodium bicarbonate in D2O are used.

However, even by repeating the described procedures several times, it was not possible to achieve

the outstanding yields and degrees of deuteration, especially for sodium bicarbonate. These

syntheses led to the production of undesirable by-products such as parapyruvate,

hydroparapyruvate or zymonic acid in significant amounts. In order to improve the effectiveness
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of the proton-deuterium exchange, different bases were tested for deuteration with both pyruvate

sources (Table 2, chapter 3.1). For proof of principle, these reactions were carried out exemplarily

with the non-labelled compounds.

The deuteration using D2SO4, which is well known for sodium 1-13C pyruvate deuteration reactions,

provided the conversion of 60% of the starting material to parapyruvate in addition to excellent

degrees of deuteration (over 99% deuteration, overall yield 39%). Significantly better yields in terms

of the pyruvate were obtained by using sodium carbonate for deuteration. Here, too, very high

deuterium contents (over 99%) and 60% yields were obtained for the pyruvate-d3.Using the free

acid as starting material, very good deuteration (99.5% D incorporation) and acceptable pyruvate

yields were produced using Et3N and a 1:1 mixture of heavy water and THF. In this process, hardly

any by-product formation could be observed.

One section of the reactions which usually results in high losses of the compound, is the work up

procedure. Due to the fact that the desired product is the carboxylic acid and not the sodium salt,

pH adjustments to fully protonate the functional group were unavoidable to extract pyruvate from

the aqueous phase. On average over 20 extraction steps were necessary to remove the α keto acid

entirely. Evaporation of the organic solvents had to be performed very carefully due to co-

evaporation and a low boiling point of the deuterated pyruvates themselves. Although the boiling

point of pyruvate has a variety of reported temperatures (from 62 °C reported by TCI Chemicals

to 165 °C reported by Sigma Aldrich) no literature data was available for deuterated pyruvate or

even 1-13C-pyruvate-d3. During the studies we found that pyruvate-d4 is even more volatile with a

boiling point of roughly 54 °C. These findings explain why for all reactions at least traces of the

extraction solvents were found to be present in the NMR spectra (see Appendix).

For a laboratory scale the described deuteration with the amine base was sufficient to accomplish

the desired purity. Losses of 40% and more seem under the here tested conditions are unavoidable.

For large scale production of precursors for the in vivo investigation using hyperpolarized 1-13C-

pyruvate-d3 by means of parahydrogen, an approach to use deuterated starting materials

synthesizing deuterated pyruvate directly, not by proton-deuterium exchange, may be considered.

4.2 Synthesis and hyperpolarization of 2-Nitrobenzyl based side arms

One of the most effective ways to hyperpolarize metabolites with parahydrogen is to use

unsaturated sidearms with a subsequent transfer of the polarization from the added protons to the

target moiety. Many of the highly metabolized molecules contain a carboxylic acid function, which
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allows the assembly of esters. Simple structures such as vinyl esters are particularly popular, since

they offer an established and effective transfer of polarization by using a specific pulse sequence

(for example, ESOTHERIC). For the use in biological systems, however, it is usually necessary to

cleave off the unwanted side arm making the metabolite accessible for biological conversions. Yet,

this is not possible without the use of additional chemicals. Hydrolysis of vinyl pyruvate for

example, requires a 75 mM solution of Na2CO3 followed by pH neutralization. The process takes

time and, in the end, costs polarization, which would help to elongate the time to observe

downstream metabolism. Therefore, a new class of side arms was developed for this work based

on the light sensitive ortho-nitrobenzyl group. The side arm was equipped with a propargyl moiety

as hyperpolarization side and coupled with acetates and pyruvates (both with natural abundance

isotopes and 13C and 2H enrichment). It was examined how the influence of further modifications

on the benzyl ring affects the polarization. For this purpose, derivatives based on (iso-)vanillin and

4,5-dimethoxy-2-nitrobenzaldehyde were prepared. In order to introduce the nitro group into the

aromatic system (of isovanillin and vanillin), a benzyl protection of the aromatic alcohol was used

favoring the C-2 nitration. Otherwise, the strong -I and -M effect of the aldehyde in position 1

would have led to the preferred nitration of the C-3. However, it was possible to produce good

yields of the C-2 nitrated arenes due to the high steric hindrance as well as control of the reaction

temperature. The influence of the bulkiness of the protection group on the nitration was reduced

when used on the C-5 OH (iso-vanillin) compared to the C-4 OH (vanillin).

The incorporation of the unsaturated bond was achieved by Grignard reaction of the aldehyde.

The ethynyl magnesium bromide Grignard was used because the deuteration of terminal triple

bonds is well established and, in contrast to a possible allyl alternative, no corresponding deuterated

Grignard had to be elaborately prepared. Effective deuteration was achieved using a solvent

mixture of D2O and THF and the base Et3N. In contrast to alternative proton deuterium exchange

reactions using K2CO3 in acetonitrile and D2O, consistently no by-product formation was observed

so that the amino base based method could be regarded as more robust.

For the esterification with the corresponding carboxylic acids, various methods for the formation

of the secondary esters were tested. Here, optimization was mainly performed with respect to the

final yield, but also with respect to the usage of the deuterated and 13C labelled acids. However, the

results were not completely transferable to the isotopically enriched metabolites. Various factors

such as the kinetic isotope effect may have had an influence here.[125, 126] The latter describes the

influence of the heavy isotopes on the reactivity and energy of the transition states. Simplified, the

reactivity is reduced by the increase of the atomic radius, while the energy required to form bonds

increases resulting less reactive reagents leading to lower yields during transformations involving
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the respective nuclei. The 1-13C-pyruvate-d3 esters proved to be particularly difficult here. In chapter

4.1, the deuteration of pyruvate was discussed in more detail. The majority of esterifications were

carried out using D2SO4 deuterated pyruvate, which is why a large proportion of the material used

was contaminated with parapyruvate. Proton deuterium exchange achieved by Et3N for pyruvate

was used in the later stages of the work resulting in slightly improved yields.

In general, the synthesized sidearms would be polarized very well. Excellent values were obtained

with proton polarizations of up to 62%. It should be noted that the acetates achieve more than

twice as strong proton polarizations as the pyruvate esters (2-NBn: 2.27 times higher; 6-NV: 2.35

times higher).

The significantly lower polarization of a keto acid may be explained by several phenomena. Due to

the additional keto group, there can be a stronger interaction between substrate and catalyst, which

then leads to relaxation due to the paramagnetic behavior of the rhodium catalyst. In addition, the

longer reaction time also affects the detectable polarization due to relaxation processes. For both

systems, acetate and pyruvate ester, there is another common source for the loss of polarization.

At the catalyst itself, the binding of the parahydrogen can partially convert the hydrogen back to

orthohydrogen, again due to the paramagnetic rhodium center. Previous experiments showed that

around 20% of the parahydrogen can be converted back to oH2.[93]

Considering the calculated transfer efficiency to the 13C, molecules 17, 18, and 19 performed very

well under the tested conditions. Only the ester 20 exhibited undesirable mixing of spin states

because of H1-H3-coupling of 1.25 Hz and H3-1-13C coupling of 2.75 Hz. As a result, a pure in-

phase spin state of the 13C signal could not be detected.

The hydrolysis of the esters 17 to 20 was investigated based on the challenges regarding the

polarization transfer using the 4,5-dimethoxy-2-nitrobenzyl side arm using only the esters of 2-

NBn. Adding water immediately after the hyperpolarization resulted in the cleavage of the ester

without the need of additional irradiation with light. Interestingly, the water sensitivity seemed to

be purely the case after the hyperpolarization at the elevated temperatures of the reaction. The

alkyne ester itself was stable for several minutes even at pH values of 5 or 9 respectively over a

period of 10 minutes (maybe even longer, observation was stopped after this time, spectra see

appendix). This allows reagent-free hydrolysis without the light-induced generation of radicals that

could have potentially led to relaxation of polarization.

Initially, the cleavage of the precursor resulting in free MOIs was aimed to be performed by UV

light, comparable to the commonly known usage of these moieties.[127-129] Under these

circumstances a photon induces a radical formation in the NO2 group leading to an electronical
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rearrangement through the benzyl ring and the abstraction of the relay proton (Scheme 10). Thus,

a negatively charged oxygen of the nitro group is able to perform an intramolecular ring formation

unstable enough to decompose into the metabolite of interest and nitroso containing side arm.

During the experiments it was found that the secondary allyl esters were dissociating by the addition

of water, which is needed for biological applications.

Scheme 10 Intended UV light induced cleavage of the side arm. The light induces radical formation in the nitro group by breaking

the N=O π-bond leading to a diradical exited state. The electron rearrangement through the benzyl ring leads to a nucleophilic

attack of the nitro oxygen forming a five membered ring. The instability of this construct lead to decomposition of the ring structure

releasing the desired carboxylic acid.[130]

Due to the aimed photo liability, it was proposed to let cells take up the whole precursor and then

irradiate the sample with UV light leading to a distinct starting point of tracing metabolic action

and thus resulting in more precise measurements regarding the conversion kinetics. For the

cleavage an optical fiber surrounded NMR tube was prepared yielding in a homogeneous irradiation

of the whole sample. Due to the anticipated internalization of the precursor, modifications on the

benzyl ring were planned for the delivery of the pyruvate to certain compartments of the cell.

However, the unexpected release of the metabolite by the addition of water opens up a new

perspective of the potential usability of this molecule.

Yet, the actual cleavage mechanism was not further investigated. Due to the resulting allyl group

and the similarities to the alloc protection group a few different ways can be proposed. The simplest

explanation is the instability of the secondary ester and the resulting greater sensitivity to

nucleophiles such as water. Furthermore, the interaction of the double bond with the catalyst could

further weaken the ester bond and thus further facilitate hydrolysis. As a result, the release of the

carboxylic acid could be greatly facilitated. A further option is the adaptation of the deprotection

mechanism of the allyl protecting group.[131-133] Oxidative addition of the allyl with the rhodium

catalyst after the coordination results in the π-allyl Rh intermediate. Decarboxylation takes place

before water, as a nucleophile, can perform a reductive attack on the π-complex. The complex then
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decomposes releasing the side arm (Scheme 11). Usually, palladium on carbon is used to perform

these deprotection reactions but a few examples can be found, where rhodium-based catalysts were

used. Generally, these reactions take several hours for completeness, but here a few seconds were

needed for full conversion. This might be due to the equimolar concentration of the catalyst and

the substrate.

Scheme 11Proposed catalytic ester hydrolysis adapted from the alloc deprotection mechanism with Rh as representation of the

hydrogenation catalyst 1,4 Bis-(diphenylphosphino)-butane) rhodium. The catalytic cycle initiates with the coordination of the allyl

group (I). This may already have happened during the hydrogenation with pH2. The oxidative addition can form a π-complex leading

to the hydrolysis of the ester and the release of the carboxylic acid (II). Water can act as a nucleophile attacking the π-complex (III)

leading to the decomposition of the catalyst substrate interaction (IV).

In comparison to the measured polarization directly after the transfer, the spin order of the free 1-
13C-pyruvate-d3 is quite lower. However, most of the polarization is currently lost in the process of

removing the sample from the magnet and performing the cleavage by hand. Since no pH

adjustment is required as no base is needed for the release, this molecule perfectly suits the purpose

of automatization. For every molecule a tedious tuned cleavage procedure has to be elaborated

regarding the used base, their concentration and the respective salt content when the molecule is

concerned to be used for injection into living beings. With this presented side arm, it might be

possible to avoid these problems especially for (pH) sensitive molecules, since the ester cleavage

can be induced by water for the here presented molecules. Of course, if this side arm is aimed to
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be used as a general hyperpolarization moiety coupled to a variety of different carboxylic acids

water sensitivity has to be proven on each individual construct.

4.3 Synthesis and hyperpolarization of N-acetyl-vinyl-d3-L-1-13C-alanine-2-d

In the early 2000s, parahydrogen hyperpolarized 13C labelled contrast agents were for the first time

tested for angiography in animals. The used hydroxyethylproponate achieved high 13C polarizations

of over 30% with T1 times of 45 s. However, this molecule was unsuitable for human studies due

to its toxicity. Therefore, a new contrast agent based on endogenous substances was developed for

angiography imaging. In particular, degradation products that are tolerated in higher concentrations

and not taken up into the cells can be used for this purpose. Thus, N-acetyl-alanine, a common

degradation product of proteolysis, proved to be suitable. To hyperpolarize the alanine, an

unsaturated carbon-carbon bond was introduced by means of a deuterated vinyl group. An internal

unsaturated carbon-carbon bond was not considered to be used due to the close proximity of the

amine possibly leading to a more complex hydrogenation reaction. As vinyl esters are well

established, it was preferred to use the side arm approach instead of an intrinsically

hyperpolarization site.

4.3.1 Synthesis of N-Acetyl-vinyl-d3-L-1-13C-alanine-2-d

Under consideration of the insights gained with earlier work using hyperpolarization techniques

with alanine, certain modifications to the chemical structure had to be made. As described by

Kaltschnee et al. the coupling of the 13C to the C-2 proton led to fast relaxation of the polarization,

in this work, the proton at the chiral center was replaced by a deuterium atom. To avoid any further

unknown interactions, the acetyl group protecting the nitrogen was introduced deuterated. In

addition, the vinyl group used had to be deuterated, otherwise losses of polarization of an order of

magnitude could be expected here as well (Scheme 12). Deuteration of the methyl group was not

possible. All tested methods known from the deuteration of pyruvic acid (Chapter 3.1) were tested,

without the desired deuteration degrees. Repetition, temperature adjustments and more equivalents

of reagents did not improve the exchange over a very small degree. An NMR pulse sequence already

established in the laboratory could be used for selective decoupling of the methyl group. This only

required small adjustments of the coupling constant-dependent timing for the pulses determined

by adjusting simulations implemented by L. Kaltschnee (see Appendix).
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Scheme 12 Synthesis of N-Acetyl-vinyl-d3-L-alanine-2-d.

For the proton deuterium exchange, a procedure known from the literature was carried out. When

performing the reaction, special attention was paid on a good mixing of the reaction while the

hydrogen was flowing through. The dissolved H2 activates the surface of the catalyst, allowing D2O

to bind and perform proton deuterium exchange through the surface interaction (Figure 25). The

reaction takes place with preservation of chirality. From the proposed mechanism, it can be

assumed that the interaction of C and N with two neighboring Ru atoms form a rigid dimetallic

cycle. This allows only the exchange of proton to deuterium under the retention of the chirality.[134]

Figure 25 Mechanism for deuteration of alanine with H2 as activator of Ru/C catalyst at 100 °C. I) Association of the amino acid

to the catalyst. II) C-H activation by rhodium. III) H/D exchange at the catalytic center. IV) Reductive elimination of the alanine.

V) Removal of the amino acid from the catalyst.

The chirality was confirmed by optical rotation measurements. To double check that 1-13C-L-

alanine is in the right confirmation it was not only compared to literature/distributor values but

also with L-alanine-d4 showing comparable values (optical rotation of: 1-13C-alanine-2-d: 2.27; L-

alanine-d4: 2.35; L-alanine, from literature: 2.42). The little lower value of 1-13C-alanine-2-d can be

explained by the isotopically enriched 1-13C of the synthesized alanine.

Acetylation of the amine was achieved under standard conditions and full conversion. Regarding

the transvinylation, again some losses had to be considered for the isotope-enriched synthesis with
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1-13C-alanine. As with the 1-13C labelled substances from Chapter 4.2, isotope effects can similarly

be assumed to be involved. Over the entire synthesis, yields of 35.6% for the unlabeled alanine and

34.4% for the 1-13C-alanine can be reported. Since the final product is hygroscopic, a water free

storage had to be ensured to avoid contamination leading to lower polarization values.

4.3.2 Hyperpolarization of N-Acetyl-vinyl-d3-L-1-13C-alanine-2-d

Hyperpolarization with parahydrogen focuses primarily on downstream metabolites of the glucose

metabolism and thus also the citric acid cycle in the development of imaging contrast agents.

However, amino acids also offer exciting applications and facilitate the study of other pathologies.

Previous attempts to polarize amino acids or their derivatives and subsequently transfer those into

water have yielded quite low polarizations. Polarizations of 4.4% were only achieved on an alanine

side arm and only in D2O. Injection of larger quantities of D2O leads to problems for the organism

which is why H2O is the preferred solvent for injections. With the hyperpolarization of acetyl-

protected vinyl alanine here, polarizations of 6.63% were reached in protonated water.

To ensure the most effective transfer to the 13C, the adapted ESOTHERIC sequence was fine-

tuned. The influence of the so-called settling time, i. e. the time in which the pH2 bubbles drift

upwards from the liquid, should not be underestimated. This time differs significantly from the

time used for the pyruvate and acetate esters (Ala:0.5 s, pyruvate: 0.35 s, acetate 0.25 s). It can be

assumed that due to the close proximity of the amine to the unsaturated C-C bond, longer residence

times occur at the catalytic center. Especially in the case of free amines, this effect is so pronounced

that significant losses of polarization can be observed.

The polarization transferred to the 13C was mainly lost during the z-flip prior the removal of the

NMR tube from the magnet. During this process a loss of roughly half of the polarization

(depending on how well the sample was shimmed) can be expected. For further studies, a shaped

pulse for the transfer of the polarization into the Z direction can be elaborated to reduce the loss

of polarization during this process. Since the whole work up procedure took about 30 a reduction

of polarization to a ¼ was anticipated as the preservation of polarization in this case is mainly T1

dependent (T1= 31 sec).

The results presented in this section show that it is possible to bring amino acid derivatives to

inducible polarization values. The measurements shown here exhibit a consistency that ethically

justifies the use of NAVA as a potential contrast agent for angiography.
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5 Outlook

In this work, new approaches to signal amplification using parahydrogen for magnetic resonance-

based techniques are presented. To this end, new solutions regarding the problem of deuteration

of pyruvate were found, new synthetic routes to access the first additive-free release of metabolites

in the SAH approach were examined, and the first amino acid derivative hyperpolarized with

parahydrogen was investigated in living animals.

Reactions involving sensitive substances such as pyruvate are often accompanied by undesirable

byproducts. Here, a mild deuteration approach to complete hydrogen deuterium exchange was

established. In contrast to previous methods, this does not require strong inorganic acids or bases,

operates in a biphasic solvent system, and thus allows a lower by-product access to deuterated

pyruvate on a laboratory scale. The extent to which this approach can be transferred to larger scales

has not been further explored. However, it was clearly shown that the selection of raw materials

(e.g. pyruvic acid) can introduce impurities into further syntheses, which may have a negative

impact on subsequent transformations.

Here, for the first time, hyperpolarized metabolite precursor constructs were cleaved by the

addition of water to give bioavailable pyruvate and acetate. In the process, a facile synthesis of

potent sidearms was established that could display proton polarizations of up to 62% and carbon

polarizations of up to 28%. The release of MOIs also occurred within a few seconds. Regarding

this sidearm metabolite construct, we expect easier access to hyperpolarized molecules in the future

without having to perform time-consuming or elaborate purification procedures.

Access to hyperpolarized amino acids and their derivatives has proven to be extremely difficult

with parahydrogen-based techniques. With the high-yield preparation of N-acetyl-vinyl-alanine, it

is now possible for the first time to bring amino acid derivatives to 13C polarization levels above

6% 13C polarization. This opens up new possibilities in terms of clinical diagnostics, metabolism

studies as well as angiography.

We hope that the successful hyperpolarization of amino acids and the easier access to metabolites

such as pyruvate will play an important role in the evolution away from contrast agents, whose

long-term effects on the human body are unknown, towards endogenous substances that can give



Outlook

100

us a deeper and more accurate insight into diseases in a way that conventional heavy metal contrast

agents simply are not able to do.
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7 Appendix

7.1 Deuteration of pyruvate

The following tables show the analysis of the deuteration experiments of sodium pyruvate (Table
8) and pyruvic acid (Table 9).

Table 8 Analytical data of the deuteration of sodium pyruvate.
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Table 9 Analytical data of the deuteration of pyruvic acid.
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7.2 NMR Spectra

Spectrum 1 1H NMR spectrum of 1 pyruvic acid-d3 in D2O. 119

Spectrum 2 2H NMR spectrum of 1 pyruvic acid-d3 in D2O. 119

Spectrum 3 13C NMR spectrum of 1 pyruvic acid-d3 in D2O. 120

Spectrum 4 1H NMR spectrum of 2 1-13C-pyruvic acid-d3 in D2O. 121

Spectrum 5 2H NMR spectrum of 2 1-13C-pyruvic acid-d3 in D2O. 121
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1 pyruvic acid-d3

Spectrum 1 1H NMR spectrum of 1 pyruvic acid-d3 in D2O.

Spectrum 2 2H NMR spectrum of 1 pyruvic acid-d3 in D2O.
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Spectrum 3 13C NMR spectrum of 1 pyruvic acid-d3 in D2O.
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2 1-13C-pyruvic acid-d3

Spectrum 4 1H NMR spectrum of 2 1-13C-pyruvic acid-d3 in D2O.

Spectrum 5 2H NMR spectrum of 2 1-13C-pyruvic acid-d3 in D2O.
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Spectrum 6 13C NMR spectrum of 2 1-13C-pyruvic acid-d3 in D2O.
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3 3-(benzyloxy)-4-methoxybenzaldehyde

Spectrum 7 1H NMR spectrum of 3 3-(benzyloxy)-4-methoxy-benzaldehyde in CDCl3.

Spectrum 8 13C NMR spectrum of 3 3-(benzyloxy)-4-methoxy-benzaldehyde in CDCl3.
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4 5-(benzyloxy)-4-methoxy-2-nitrobenzahldehyde

Spectrum 9 1H NMR spectrum of 4 5-(benzyloxy)-4-methoxy-2-nitrobenzahldehyde in CDCl3.

Spectrum 10 13C NMR spectrum of 4 5-(benzyloxy)-4-methoxy-2-nitrobenzahldehyde in CDCl3.
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5 3-benzyloxy-4-methoxy-2-nitrobenzaldehyde

Spectrum 11 1H NMR spectrum of 5 4-(benzyloxy)-3-methoxybenzaldehyde in CDCl3.

Spectrum 1213C NMR spectrum of 5 4-(benzyloxy)-3-methoxybenzaldehyde in CDCl3.
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6 4-(benzyloxy)-5-methoxy-2-nitrobenzaldehyde

Spectrum 13 1H NMR spectrum of 6 4-(benzyloxy)-5-methoxy-2-nitrobenzaldehyde in CDCl3.

Spectrum 1413C NMR spectrum of 6 4-(benzyloxy)-5-methoxy-2-nitrobenzaldehyde in CDCl3.



Appendix

127

9 1-(2-nitrophenyl)prop-2-yn-1-ol

Spectrum 15 1H NMR spectrum of 9 1-(2-nitrophenyl)prop-2-yn-1-ol in CDCl3.

Spectrum 1613C NMR spectrum of 9 1-(2-nitrophenyl)prop-2-yn-1-ol in CDCl3.
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10 1-(4,5-dimethoxy-2-nitrophenyl)pro-2-yn-1-ol

Spectrum 17 1H NMR spectrum of 10 1-(4,5-dimethoxy-2-nitrophenyl)pro-2-yn-1-ol in CDCl3.

Spectrum 18 13C NMR spectrum of 10 1-(4,5-dimethoxy-2-nitrophenyl)pro-2-yn-1-ol in CDCl3.
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11 1-(-2-nitrophenyl)pro-2-yn-3-d-1-ol

Spectrum 19 1H NMR spectrum of 11 1-(-2-nitrophenyl)pro-2-yn-3-d-1-ol in CDCl3.

Spectrum 20 13C NMR spectrum of 11 1-(2-nitrophenyl)pro-2-yn-3-d-1-ol in CDCl3.
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12 1-(4,5-dimethoxy-2-nitrophenyl)pro-2-yn-3-d-1-ol

Spectrum 21 1H NMR spectrum of 12 1-(4,5-dimethoxy-2-nitrophenyl)pro-2-yn-3-d-1-ol in CDCl3.

Spectrum 22 2H NMR spectrum of 12 1-(4,5-dimethoxy-2-nitrophenyl)pro-2-yn-3-d-1-ol in CDCl3.
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13 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate

Spectrum 23 1H NMR spectrum of 13 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate in CDCl3.

Spectrum 24 13C NMR spectrum of 13 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate in CDCl3.
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14 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate

Spectrum 25 1H NMR spectrum of 14 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-3-d-acetate
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15 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxoproanoate

Spectrum 26 1H NMR spectrum of 15 1-(-2-ntirophenyl)prop-2-yn-1yl-3-d-2-oxopropanoate in CDCl3.

Spectrum 27 13C NMR spectrum of 15 1-(2-ntirophenyl)prop-2-yn-1yl-3-d-2-oxopropanoate in CDCl3.
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16 1-(4,5-dimethoxy-2-ntirophenyl)prop-2-yn-1yl-3-d-2-oxopropanoate

Spectrum 281H NMR spectrum of 16 1-(4,5-dimethoxy-2-ntirophenyl)prop-2-yn-1yl-3-d-2-oxopropanoate in acetone-d6.

Spectrum 29 13C NMR spectrum of 16 1-(4,5-dimethoxy-2-ntirophenyl)prop-2-yn-1yl-3-d-2-oxopropanoate in CDCl3.
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17 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate-1-13C-d3

Spectrum 30 1H NMR spectrum of 17 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate-1-13C-d3 in acetone-d3
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18 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1yl-3-d-acetate-1-13C-d3

Spectrum 31 1H NMR spectrum of 18 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1yl-3-d-acetate-1-13C-d3 in D2O.

Spectrum 32 13C NMR spectrum of 18 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1yl-3-d-acetate-1-13C-d3 in D2O



Appendix

137

19 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-3-d3

Spectrum 33 1H NMR spectrum of 19 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-3-d3 in CDCl3

Spectrum 34 2H NMR spectrum of 19 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-3-d3 in CDCl3
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Spectrum 35 13C NMR spectrum of 19 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-3-d3 in CDCl3
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20 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-d3

Spectrum 36 1H NMR spectrum of 20 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-d3 in CDCl3.

Spectrum 37 13C NMR spectrum of 20 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-d3 in CDCl3.
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21 1-(2-nitrophenyl)allyl-2-oxopropanoate

Spectrum 38 1H NMR spectrum of 21 1-(2-nitrophenyl)allyl-2-oxopropanoate in CDCl3.

Spectrum 39 Zoomed 1H NMR spectrum of 21 1-(2-nitrophenyl)allyl-2-oxopropanoate in CDCl3.
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22 1-(4,5-dimehtoxy-2-nitrophenyl)allyl-oxopropanoate

Spectrum 40 1H NMR spectrum of 22 1-(4,5-dimehtoxy-2-nitrophenyl)allyl-oxopropanoate in CDCl3.

Spectrum 41 Zoomed 1H NMR spectrum of 22 1-(4,5-dimehtoxy-2-nitrophenyl)allyl-oxopropanoate in CDCl3.
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23 L-alanine-2-d

Spectrum 42 1H NMR spectrum of 23 L-alanine-2-d in D2O.
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24 (Acetyl-d3)-L-alanine-2-d

Spectrum 43 1H NMR spectrum of 24 (acetyl-d3)-L-alanine-2-d in CDCl3.

Spectrum 44 13C NMR spectrum of 24 (acetyl-d3)-L-alanine-2-d in CDCl3.
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25 Vinyl (acetyl-d3)-L-alaninate-2-d

Spectrum 45 1H NMR spectrum of 25 vinyl (acetyl-d3)-L-alanine-2-d in CDCl3.



Appendix

145

26 L-alanine-1-13C-2-d

Spectrum 46 1H NMR spectrum of 26 L-alanine-1-13C-2-d in D2O.

Spectrum 47 13C NMR spectrum of 26 L-alanine-1-13C-2-d in D2O.
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27 (Acetyl-d3)-L-alanine-1-13C-2-d

Spectrum 48 1H NMR spectrum of 27 (acetyl-d3)-L-alanine-1-13C-2-d in D2O.

Spectrum 49 2H NMR spectrum of 27 (acetyl-d3)-L-alanine-1-13C-2-d in D2O.
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28 Vinyl-d3 (acetyl-d3)-L-alaninate-1-13C-2-d

Spectrum 50 1H NMR spectrum of 28 vinyl-d3 (acetyl-d3)-L-alanine-1-13C-2-d in D2O.

Spectrum 51 2H NMR spectrum of 25 vinyl-d3 (acetyl-d3)-L-alanine-13C -2-d in CDCl3
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Spectrum 52 13C NMR spectrum of 28 vinyl-d3 (acetyl-d3)-L-alanine-1-13C-2-d in acetone-d6.
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7.3 Hyperpolarized spectra

In the following section, for repeated experiments, three representative hyperpolarized spectra of
the respective molecules are shown.

7.3.1 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-acetate-1-13C-d3

Spectrum 53 1H spectrum of hyperpolarized 17 in acetone-d6 after a 45° pulse.
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Spectrum 54 1H spectrum of hyperpolarized 17 in acetone-d6 after a 45° pulse.

Spectrum 55 1H spectrum of hyperpolarized 17 in acetone-d6 after a 45° pulse.
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Spectrum 56 1H spectrum of hyperpolarized 17 in acetone-d6 after the polarization transfer to H3.

Spectrum 57 1H spectrum of hyperpolarized 17 in acetone-d6 after the polarization transfer to H3.
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Spectrum 58 1H spectrum of hyperpolarized 17 in acetone-d6 after the polarization transfer to H3.
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Spectrum 59 13C spectrum of hyperpolarized 17 in acetone-d6 after the polarization transfer.

Spectrum 60 13C spectrum of hyperpolarized 17 in acetone-d6 after the polarization transfer.
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Spectrum 61 13C spectrum of hyperpolarized 17 in acetone-d6 after the polarization transfer.

Spectrum 62 13C spectrum of hyperpolarized 17 in acetone-d6 after the aqueous cleavage.
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Spectrum 63 13C spectrum of hyperpolarized 17 in acetone-d6 after the aqueous cleavage.

Spectrum 64 13C spectrum of hyperpolarized 17 in acetone-d6 after the aqueous cleavage.
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7.3.2 1-(2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-3-d3

Spectrum 65 1H spectrum of hyperpolarized 18 in acetone-d6 after a 45° pulse.

Spectrum 66 1H spectrum of hyperpolarized 18 in acetone-d6 after a 45° pulse.
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Spectrum 67 1H spectrum of hyperpolarized 18 in acetone-d6 after a 45° pulse.

Spectrum 68 1H spectrum of hyperpolarized 18 in acetone-d6 after the polarization transfer to H3.
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Spectrum 69 1H spectrum of hyperpolarized 18 in acetone-d6 after the polarization transfer to H3.

Spectrum 70 1H spectrum of hyperpolarized 18 in acetone-d6 after the polarization transfer to H3.
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Spectrum 71 13C spectrum of hyperpolarized 18 in acetone-d6 after the polarization transfer.

Spectrum 72 13C spectrum of hyperpolarized 18 in acetone-d6 after the polarization transfer.
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Spectrum 73 13C spectrum of hyperpolarized 18 in acetone-d6 after the polarization transfer.

Spectrum 74 13C spectrum of hyperpolarized 18 in acetone-d6 after the aqueous cleavage.
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Spectrum 75 13C spectrum of hyperpolarized 18 in acetone-d6 after the aqueous cleavage.

Spectrum 76 13C spectrum of hyperpolarized 18 in acetone-d6 after the aqueous cleavage.
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7.3.3 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1yl-3-d-acetate-1-13C-d3

Spectrum 77 1H spectrum of hyperpolarized 19 in acetone-d6 after a 45° pulse.

Spectrum 78 1H spectrum of hyperpolarized 19 in acetone-d6 after a 45° pulse
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Spectrum 79 1H spectrum of hyperpolarized 19 in acetone-d6 after a 45° pulse.

Spectrum 80 1H spectrum of hyperpolarized 19 in acetone-d6 after the polarization transfer to H3
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Spectrum 81 1H spectrum of hyperpolarized 19 in acetone-d6 after the polarization transfer to H3.

Spectrum 82 13C spectrum of hyperpolarized 19 in acetone-d6 after the polarization transfer.



Appendix

165

Spectrum 83 13C spectrum of hyperpolarized 19 in acetone-d6 after the polarization transfer.

Spectrum 84 13C spectrum of hyperpolarized 19 in acetone-d6 after the polarization transfer.
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7.3.4 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-yl-3-d-2-oxopropanoate-1-13C-d3

Spectrum 851H spectrum of hyperpolarized 20 in acetone-d6 after a 45° pulse.

Spectrum 86 1H spectrum of hyperpolarized 20 in acetone-d6 after a 45° pulse.
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Spectrum 87 1H spectrum of hyperpolarized 20 in acetone-d6 after a 45° pulse.

Spectrum 88 1H spectrum of hyperpolarized 20 in acetone-d6 after the polarization transfer to H3.
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Spectrum 89 1H spectrum of hyperpolarized 20 in acetone-d6 after the polarization transfer to H3.

Spectrum 90 1H spectrum of hyperpolarized 20 in acetone-d6 after the polarization transfer to H3.



Appendix

169

7.3.5 Vinyl-d3 (acetyl-d3)-L-alaninate-1-13C-2-d

Spectrum 91 1H spectrum of hyperpolarized 28 in acetone-d6 after a 45° pulse.

Spectrum 92 1H spectrum of hyperpolarized 28 in acetone-d6 after a 45° pulse.
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Spectrum 93 1H spectrum of hyperpolarized 28 in acetone-d6 after a 45° pulse.

Spectrum 94 13C spectrum of hyperpolarized 28 in acetone-d6 after the polarization transfer.
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Spectrum 95 13C spectrum of hyperpolarized 28 in acetone-d6 after the polarization transfer.

Spectrum 96 13C spectrum of hyperpolarized 28 in acetone-d6 after the polarization transfer.
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7.4 Numerical simulations

Calculation of the delay for the transfer of polarization from the proton H3 to 13C for the esters 17
to 20.

The relayed-ESOTHERIC pulse sequence described in chapter 1.3.3.3 is based on several INEPT

blocks addressing several J couplings. The transfer delay τ4 is usually set to ଵ
ସ௃మయ

if the coupling

between H1 and H3 is negligible. In the used molecules the coupling is around 1 Hz leading to the
unwanted mixing of the spin states when transferring the polarization onto the heteronucleus (J
coupling from 2.7-3.2 Hz). To avoid the unwanted mixing, the delay τ4 was adjusted in such a way,
that any evolution under the coupling of H1 and H3 makes a complete cycle. The delay was
determined by numerical simulation using SpinDynamica implemented in Mathematica in order to
optimize the sequence towards maximum efficiency. The delays used were 0.49 s for both side
arms with an efficiency of 60% (2-NBn) and 90% (6-NV). For the pyruvate ester 18 0.617 s and
0.444 s for the ester 20 with 75% and 50% efficiencies were determined, respectively.

Calculation of the refocusing element for the ester 28 for an efficient polarization transfer.

The refocused ESOTHERIC pulse sequence described in chapter 3.3.2 adjusts the delays of the
last transfer pulse. Due to the coupling of the methyl protons only 24% transfer efficiency can be

expected for the N-acetyl-ethyl-d3-alanine-d-2 using the standard ଵ
ସ௃మయ

delay. To enhance the transfer

efficiency numerical simulations were executed showing that close to the optimal transfer ∆ସ=
ଵ

଼௃మయ
− ߜ 99.5% efficiency can be restored when selectively inverting the methyl protons. The used

delay was 35.2 ms.
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7.5 Optical rotation data

The measurements were performed as stated in chapter 2.6.

Table 10 Optical rotation measurements of L-alanine-d4.

Table 11 Optical rotation measurements of L-1-13C-alanine-d4.

Sample Temp optical rotation monitor specific optical rotation Path length concentration [g/mL] solvent
L-Ala-d 4 20,65 0,3275 3,0218 100 0,1 H2O

20,66 0,3028 2,7748
20,67 0,3152 2,8988
20,69 0,3082 2,8288
20,7 0,2792 2,5388

average 20,674 0,30658 2,8126

L-Ala-d 4 20,74 0,2471 2,2178 100 0,1 H2O
20,75 0,2592 2,3388
20,77 0,2817 2,5638
20,78 0,2631 2,3778
20,8 0,28 2,5468

average 20,768 0,26622 2,409

L-Ala-d 4 20,82 0,284 2,5868 100 0,1 H2O
20,83 0,274 2,4868
20,85 0,2277 2,0238
20,86 0,2724 2,4708
20,88 0,2468 2,2148

average 20,848 0,26098 2,3566

Sample Temp optical rotation monitor specific optical rotation Path length concentration [g/mL] solvent
L-1-13C-Ala-2-d 22,13 0,1982 2,0306 100 0,1 H2O

22,14 0,2335 2,3836
22,15 0,2261 2,3096
22,16 0,2333 2,3816
22,17 0,216 2,2886

average 22,15 0,22142 2,2788

L-1-13C-Ala-2-d 22,21 0,2177 2,2256 100 0,1 H2O
22,22 0,2244 2,2926
22,23 0,2252 2,3005
22,24 0,2204 2,2526
22,24 0,2262 2,3106

average 22,228 0,22278 2,27638

L-1-13C-Ala-2-d 22,26 0,2164 2,2126 100 0,1 H2O
22,27 0,2136 2,1846
22,28 0,2083 2,1316
22,28 0,2143 2,1916
22,29 0,2152 2,2006

average 22,276 0,21356 2,1842
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