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Abstract

NMR spectroscopy has developed into a versatile tool to investigate proteins’ struc-
ture, dynamics, and interaction in solution at an atomic resolution.[1] To increase
the sensitivity and resolution of protein NMR, labeling methods to incorporate sta-
ble isotopes such as 2H, 13C and 15N into proteins have been developed and are
constantly improved further. Protein labeling can be achieved by supplementing
the growth media of the host cell with either metabolic amino acid precursors or
isotopically labeled amino acids.[2] Mainly, E. coli is the expression system of choice
for protein production. Alternatively, mammalian cells, insect cells or yeast can be
applied to incorporate isotopically labeled amino acids into desired proteins.

In the first part of the thesis, a synthetic route for N-α-Fmoc-O-(bis-dimethylamino
phosphono)-[3,5-13C2-2,6-D2]-L-tyrosine (Fmoc-pTyr) has been developed. The pro-
cedure is based on a previously published synthetic strategy for introducing an iso-
lated 13C-H spin system into aromatic ring systems.[3] This concept was further
expanded by a Negishi cross-coupling reaction[4], and a subsequent phosphorylation
strategy[5,6]. The target Fmoc-pTyr building block can be applied in solid-phase
peptide synthesis (SPPS) with a subsequent chemical peptide ligation and allows
for NMR analysis of pTyr-containing interaction partners.
The second part of the thesis deals with the synthesis of two metabolic precursors
for valine/leucine and isoleucine.[7]

Finally, novel isotopologues of the imidazole pyruvate tautomer have been intro-
duced as metabolic precursors for selective histidine labeling. The imidazole side
chain of histidine is highly abundant on protein interaction surfaces and plays an
essential role in various enzyme mechanisms, such as catalytic triads.[8] Previously,
we could show that His-transaminase is highly reversible and effectively accepts
imidazole-pyruvic acid as a substrate. Imidazole-pyruvic acid is the first intermedi-
ate in the minor histidine degradation pathway in E. coli.[9] Based on our previous
results, we could now introduce an isotopologue of imidazole-pyruvic acid contain-
ing a 15N-13C-15N side-chain isotope pattern with low-cost sources of carbon-13
(formaldehyde) and nitrogen-15 (ammonium chloride).

Synthesis of Fmoc-pTyr and imidazole-pyruvic acid isotopologues have been de-
veloped and optimized using corresponding unlabeled compounds. Both target com-
pounds were synthesized with reasonable yields and purity. They can be used in
SPPS (Fmoc-pTyr) or cell-based protein overexpression (imidazole pyruvic acid),
allowing for peptide or protein investigation using biomolecular NMR applications.
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Kurzfassung

Die NMR-Spektroskopie ist heute eine der wichtigsten Methoden zur Untersuchung
von Struktur, Dynamik und Interaktion von Proteinen in Lösung.[1] Um sowohl
Sensitivität als auch die Signalauflösung von Protein-NMR Spektren zu erhöhen,
wurden Methoden entwickelt, um stabile Isotope wie 2H, 13C und 15N in die Ziel-
proteine einzubringen. Die Proteinmarkierung kann durch Zugabe von metaboli-
schen Aminosäurevorläufern oder den isotopenmarkierten Aminosäuren selbst zum
Wachstumsmedium des exprimierenden Systems erreicht werden.[2] Hauptsächlich
wird E. coli als Expressionssystem zur Proteinproduktion verwendet. Alternativ
werden auch Zellkulturen aus Säugetieren, Insekten oder Hefen als Expressionssy-
steme zur Herstellung isotopenmarkierter Proteine genutzt.

Im ersten Teil der Arbeit wurde eine synthetische Route für N-α-Fmoc-O-(bis-
dimethylaminophosphono)-[3,5-13C2-2,6-D2]-L-tyrosine (Fmoc-pTyr) entwickelt. Das
Verfahren basiert auf einer zuvor veröffentlichten Strategie zur Einführung eines iso-
lierten 13C-H Spin-Systems in aromatischen Ringen.[3] Diese Synthese wurde in der
vorliegenden Arbeit um eine Negishi-Kreuzkupplungsreaktion[4] und einer anschlie-
ßenden Phosphorylierung erweitert[5,6]. Damit können isotopenmarkierte Bausteine
hergestellt werden, die zur Synthese von Phosphotyrosin Peptiden mittels Festpha-
senpeptidsynthese (SPPS) herangezogen werden können. Diese Peptide können dann
im Anschluss durch NMR-spektroskopische Methoden Information über Protein-
Protein Wechselwirkungen liefern.
Zusätzlich wurden zwei metabolische Aminosäure-Vorstufen für Valin und Leucin,
als auch Isoleucin nach literaturbekannter Vorschrift synthetisiert.[7]

Schließlich wurde im letzten Teil der Arbeit eine Synthese eines Imidazolpyruvat
Tautomeres erarbeitet, das die selektive Isotopenmarkierung von Histidin erlaubt.
Die Imidazol Seitenkette dieser Aminosäure weist herausragende strukturelle Eigen-
schaften auf. Die Seitenkette tritt in zwei tautomeren Formen auf und spielt eine
wesentliche Rolle in verschiedenen Proteinmechanismen und Enzymaktivitäten.[8]

Es konnte in der Vergangenheit gezeigt werden, dass die Histidin-Transaminase
im Histidin-Abbauweg reversibel ist, und somit Imidazole-Pyruvat als Substrat
akzeptiert.[9] Darauf basierend konnten wir davon ein neues Histidine Isotopolog
synthetisieren, welches eine 15N-13C-15N Seitenkette enthält.

Die Synthese der isotopenmarkierten Zielsubstanzen wurde unter Verwendung
entsprechender nicht-isotopenmarkierten Verbindungen entwickelt und optimiert.
Beide Verbindungen konnten markiert gergestellt werden.
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1 INTRODUCTION

1 Introduction

1.1 Structure Determination of Proteins

Proteins are biologically relevant macromolecules containing at least one chain of
amino acids. They hold a huge variety of functions within organisms. Their struc-
ture can be described using four levels, namely primary, secondary, tertiary, and
quaternary structure. Hence, the primary structure solely describes the amino acid
sequence. Whereas, the secondary structure is determined by hydrogen bonds within
local structures. Well-known examples of secondary structures are α-helices, β-
sheets, and turns. The tertiary structure is responsible for the basic functions of
a protein. It is formed by the so-called hydrophobic core, which is stabilized by
side chain interactions such as hydrogen bonds, Van-der-Waals- and hydrophobic
interactions, as well as covalent binding such as disulfide bonds. Multiple tertiary
structures by several protein molecules add up to quaternary structures leading to
the formation of dimers, trimers, tetramers, et cetera.[10]

86%

7%

6%

X-ray crystallography
NMR spectroscopy
Electron microscopy

Figure 1: Distribution of experimental methods used for protein structure determi-
nation of proteins.[11]

Knowledge about protein structure is key to understanding its function. Pro-
teins were first able to be determined by their structure via X-ray crystallogra-
phy in the 1950ies.[12] Up to this date, there are 192095 biological macromolecules
stored in the Protein Data Bank as of July 2022. A total of 86% of these struc-
tures have been solved by X-ray crystallography, 7% by Nuclear Magnetic Res-
onance (NMR) spectroscopy, and 6% by electron microscopy (EM) as depicted in
Figure 1.[11] Doubtlessly, X-ray crystallization is the dominating approach for molec-
ular structure determination at an atomic resolution. Despite its dominance, X-ray
crystallography comes with limitations, such as the need to form X-ray-grade crys-
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1 INTRODUCTION

tals and the chance of losing the protein’s natural conformation.[13] Recently, the
cryo-EM technique has become a rising method to aim for near-atomic-resolution
protein structures without the need for crystallization.[14] NMR spectroscopy has
become a complementary alternative to X-ray crystallization. It offers structural
models of proteins without the need for their crystallization. However, even if the
X-ray structure of a protein is available, a solution structure obtained via NMR
may always be relevant. It provides protein structures almost at physiological con-
ditions and thereby precious information about the proteins and their biological
function can be gained.[15,16] Nevertheless, apart from these positive attributes of
protein NMR applications, there are also drawbacks. It comes with limitations such
as line broadening as a result of more efficient transverse relaxation, unfavorable
signal-to-noise ratios, and a great number of signals leading to complex spectra.[17]

1.2 Protein NMR

NMR spectroscopy was discovered in 1946 by Felix Bloch and Edward Purcell.[18,19]

The basic principle of NMR spectroscopy is based on the fact that nuclei with a
spin of 1/2 such as 1H, 13C or 15N, can take on higher energy spin states within a
magnetic field by radiation. The frequency at which the nucleus absorbs energy and
therefore its NMR properties are determined by its chemical environment within a
molecule.[20]

NMR spectroscopy is not a stand-alone field within structural protein biology.
Today, it is preferably used to gain information about kinetics and dynamics, inter-
actions, and conformational changes of proteins.[2] Protein NMR as an independent
field of structural biology was established through the introduction of 1H homonu-
clear two-dimensional NMR (2D-NMR) pioneered by the group of Karl Wüthrich
and Richard R. Ernst from the ETH Zurich.[2,21]

As mentioned in section 1.1 protein NMR does not only provide precious infor-
mation, but it also comes with limitations. As the size of the protein increases, the
width of the signal broadens and the resolution decreases.[16,22] Moreover, NMR is
not a sensitive technique regarding the sample amount which is required. Improve-
ments have been achieved by the introduction of a pulse Fourier Transform NMR[23]

and the continuous development of higher field spectrometers which allow for a bet-
ter resolution. Additionally, cryogenically cooled samples have led to an improved
signal-to-noise ratio.[24] In addition to all the methods mentioned, the incorpora-
tion of stable isotopes (2H, 13C and 15N) into proteins is essential to overcome the
limitations of the NMR analysis of large protein complexes.[2,16,22,25]

A wide range of different NMR experiments with diverse pulse sequences are
available today to elucidate protein structure, dynamics, and interaction.[26]
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1 INTRODUCTION

1.2.1 TROSY

Figure 2: NMR spectroscopy with small and large molecules in solution. A) The
NMR signal obtained from small molecules in solution relaxes slowly; it has a long
transverse relaxation time (T2). A large T2 value translates into narrow line widths
(∆ν) in the NMR spectrum after Fourier transformation (FT) of the NMR signal.
B) By contrast, for larger molecules, the decay of the NMR signal is faster (T2 is
smaller). This results in both in a weaker signal measured after the NMR pulse
sequence and in broad lines in the spectra. C) Using TROSY, the transverse re-
laxation can be substantially reduced, which results in improved spectral resolution
and improved sensitivity for large molecules; taken from[27]

As mentioned, protein structure determination using NMR spectroscopy comes along
with the issues of signal overlapping in the spectra due to a large number of residues.
Furthermore, the relaxation time of large molecules is shorter. That in turn leads to
line broadening and a loss of sensitivity (see Figure 2 (a) and (b)). Certain isotope
patterns can reduce signal overlapping. The major source of relaxation in proteins
is a large number of hydrogen atoms. One way to reduce the transverse relaxation
is the replacement of 1H with 2H.[27] The cause of this is that the gyromagnetic
constant γ of 2H is lower than the one of 1H (γH/γD 6.5).[28]

The introduction of Transverse relaxation-optimized spectroscopy (TROSY) has
allowed for further reduction of line widths. Thus, less line broadening and better
sensitivity can be realized (see Figure 2 (c)).[27] Hence, TROSY together with iso-
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1 INTRODUCTION

tope labeling techniques has allowed studying biomolecules up to 1000 kDa in size
via NMR spectroscopy in solution.[27]

In NMR spectroscopy, the signal decays with e(−t/T2). After the Fourier Transfor-
mation of the signal, a spectrum with the corresponding resonance lines ready for
analysis is obtained. T2 is inversely proportional to the line width of the resonance
lines. In other words, the shorter T2, the broader the line will be, whereas T2 is
dependent on the size of the molecule. The larger the molecule, the shorter T2 will
be.

The weaker NMR signal in large molecules is due to the fact that relaxation
is taking place when data acquisition occurs as well as during the pulse sequence.
When TROSY is applied, relaxation while the pulse sequence and data acquisition
are reduced, resulting in less signal broadening in the NMR spectra.[27]

One requirement of the TROSY effect is the presence of two different interfering
relaxation mechanisms. The 15N and 1H underlie two interfering relaxation mech-
anisms, namely a dipole-dipole (DD) relaxation between them and the Chemical
Shift Anisotropy (CSD) of the protons. Hence, in the spectra of a large protein,
the 15N signal consists of two lines with different line widths referring to the re-
laxation interference. Decoupling is usually applied in conventional NMR spectra
of these two lines to obtain one. Though, this comes along with the averaging of
the relaxation rate. In TROSY the faster relaxation resonance is eliminated and
thereby the slower one is exclusively selected. The CSD increases with the strength
of the magnetic field, whereas the DD coupling is independent of the magnetic field
strength.

Hence, the optimal TROSY effect may be achieved by the proper magnetic field
strength. Regarding the example of the 15N amide proton the field strength lies
about 23.T.[27] Thus, with the development of TROSY, proteins in solution with
<100 kDa can be studied via NMR spectroscopy.[29]

4



1 INTRODUCTION

1.2.2 NOESY

Figure 3: Arrows indicate NOE interactions that can be observed in polypeptide
chains.

Nuclear Overhauser Effect Spectroscopy (NOESY) is a key experiment in protein
NMR spectroscopy to acquire distance information for protein structure calculation.

The Nuclear Overhauser Effect (NOE) is based on dipolar interaction between
protons through space, but also on scalar couplings. Thereby, information about
distance and torsion angle constraints can be elucidated. The first 90◦ pulse leads
to a population difference whereas magnetization is redirected into the plane. Dur-
ing the mixing delay, τm cross relaxation occurs, due to the difference from the
z-magnetization to M0, whereas the population difference is changed and nearby
nuclei undergo z magnetization as a result. The last 90◦ pulse then transfers these
of the nearby nuclei into x’-y’ magnetization and thereby the free induction de-
cay (FID) gets induced.[30]

The cross-peaks in a NOESY spectrum correspond to a strong NOE, meaning the
two coupling entities are in close proximity, giving rise to through-space coupling.
The corresponding signal intensity gives information about the proton distances
ranging from the lower limit of 2 Å corresponding to two hydrogen radii to the upper
limit of 5 Å. Usually, in a folded protein there are quite a few protons that have an
internuclear distance of up to 5 Å which may lead to crowded spectra.[16] However,
these long-range NOE signals in a NOESY spectrum give crucial information about
the backbone fold of the protein.

5



1 INTRODUCTION

1.2.3 Multidimensional Spectroscopy

Triple resonance NMR spectroscopy is a versatile tool to gain a deeper understanding
of protein structure and dynamics. Hence, proteins with uniformly labeled carbon-
13 and nitrogen-15 allow for the protein’s backbone assignment.

Figure 4: Magnetization transfer paths of the following 3D-NMR methods: HNCA,
HN(CO)CA and CBCA(CO)NH; adapted from[31]

Magnetization transfers of a few selected 3D-NMR are illustrated in Figure 4.
The magnetization in an HNCA spectrum is passed from the proton (Hi

N) to the
nitrogen-15 (Ni) and then from that to the α-carbon-13 (Cαi), and then it retraces
its path to the Hi

N for detection. However, as depicted in Figure 4, the nitrogen
(Ni) is additionally coupled to the carbonyl carbon (Ci−1) and α-carbon (Cα

i−1)
of the next residue. Thus, both magnetization transfer pathways can be seen in
the spectrum, whereas the signal intensity of the directly coupled α-carbon (Cαi)
is substantial.[31] Hence, an HNCA experiment displays the 15N-Cα coupling, which
is rather small and lies within a range of 8-12 Hz. Furthermore, connectivity infor-
mation can be gained via the weak 2JNCα coupling between the 15N and Cα of the
preceding amino acids. The power of this approach was first shown in the case of
calmodulin, which used to be a rather challenging protein regarding its high content
of α-helices. Within an HNCA experiment, about half of Calmodulin´s amino acids
provided this connectivity information demonstrating its useful applications.[32]

Other magnetization transfers are depicted in Figure 4. The CBCA(CO)NH
experiment (bottom in Figure 4) displays a standard method in protein backbone
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assignment.
Whereas an HN(CO)CA experiment (middle in Figure 4) is usually used in

combination with an HNCA experiment for the protein backbone assignment.[31]

1.3 Protein-Ligand Interactions

Protein NMR techniques can be crucial in drug discovery as it allows for exploring
the interactions between proteins and ligands at atomic resolution.[33–36]

1.3.1 Chemical Shift Perturbations

A ligand-protein interaction usually changes the position of the NMR signals de-
rived from the nuclei involved. This so-called Chemical Shift Perturbations (CSP)
depict the changes in a protein’s chemical shifts upon the ligand’s non-covalent
binding. Thus, the protein spectrum (typically a heteronuclear single quantum cor-
relation (HSQC) spectrum) is recorded without the addition of the ligand at first.
Then the ligand is titrated against the protein. In the presence of protein-ligand
interactions, specific crosspeaks will shift from their original position. This infor-
mation can then be used to determine the location of the binding site but also
allow the calculation of the equilibrium dissociation constant (KD).[36,37] Figure 5
demonstrates the application of CSPs for investigating protein-ligand interactions.
Figure 5 shows the overlay of two 1H-13C HSQC spectra of the BRD4-BD1 pro-
tein that has been selectively labeled with tryptophan. Upon binding of a suitable
ligand, significant CSPs are observed.[38]

Figure 5: CSP for the BRD4-BD1 protein upon binding to a ligand; taken from[38]

1.3.2 Saturation Transfer Difference NMR Spectroscopy

Another important tool to investigate protein-ligand interactions displays the Saturation
Transfer Difference (STD) NMR. STD-NMR allows for the screening of ligands to
proteins based on the Nuclear Overhauser Effect (NOE).[36,39] In an STD-NMR ex-
periment, certain protein nuclei are selectively irradiated. Small molecules (the
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ligands) remain unaffected. Then, the saturation spreads through the protein’s pro-
tons via spin diffusion. Through intermolecular NOEs, the saturation can be spread
to any bound ligand. Thus, protons of the ligand that are near the binding side will
undergo a larger saturation transfer. Hence, these protons will show more intense
STD signals.[36,39,40]

1.4 Protein Labeling

In NMR spectroscopy, there is a need for NMR active atoms, usually with a spin
l = 1/2. Therefore, it is necessary to enrich samples with 13C- and 15N-atoms.[41]

On the other hand, labeling with 2H (l = 1) plays a crucial role in protein NMR
to improve the quality of the resulting spectra by reducing peak numbers and line
widths.[42]

1.4.1 Cell-Based Methods

Bacterial or yeast microorganisms are routinely used as host cells for protein overex-
pression. The cells are transformed with a plasmid containing the gene for the pro-
tein of interest, allowing for its transcription and translation at high levels. Mainly,
E. coli is the host organism of choice since it comes with the advantages of easy
handling and the availability of various commercial vectors.[2,43] However, proteins
often degrade or become toxic to the host cells. Furthermore, post-translational
modifications like phosphorylation, methylation, glycosylation, etc. usually don´t
take place in procaryotic cells.[2]

1.4.2 Cell-Free Methods

Cell-free (CF) expression methods have emerged as an alternative to cell-based meth-
ods for protein expression. Their productivity has risen over the past decades, in
which a 1 ml reaction mixture can synthesize approximately 1 mg of protein. Viable
hosts such as E. coli or yeast are no longer required in CF systems, which brings the
advantage of eliminating the toxic effects of protein overexpression to the host cells.
Furthermore, membrane proteins, which can be troublesome to express in living
systems, can be expressed via CF methods.[2] Along with transcription/translation
systems extracted from host cells (E. coli or yeast), nucleotides, amino acids, and
energy sources have to be supplied for the in vitro production of proteins.[2,44] Label-
ing strategies for CF systems include the SAIL strategy, but also the incorporation
of unnatural amino acids.[2,43]
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1.5 Labeling Strategies

1.5.1 Uniform Labeling

In uniform labeling, all nuclei of a specific atom (carbon, nitrogen or hydrogen)
are replaced by their respective isotopes. Labeled substrates, usually 13C-glucose
and 15N-ammonium salts, are provided in the minimal growth medium of the host
organism allowing the conversion into isotope-labeled amino acids in the metabolic
pathway.[43,45] Nitrogen participates in the peptide bond formation in proteins. Thus,
Nitrogen-15 labeling is essential for the analysis of the protein backbone.[46] How-
ever, sensitivity can be lost through the dipolar 1H-1H and heteronuclear (1H-13C
and 1H-15N) relaxation pathways.[43] Deuteration in uniform protein is achieved by
simply supplementing minimal growth media with D2O.[42] The nucleus of 2H has
a large quadrupolar moment and its gyromagnetic ratio is about a sixth compared
to 1H.[47] Hence, relaxation pathways leading to sensitivity loss are eliminated and
informational content is reduced.[43,48] However, media solely based on D2O has been
shown to hinder cell function and growth, thus resulting in low protein yields.[49]

1.5.2 Selective Labeling

Selective isotope labeling describes the incorporation of isotopes into the protein at
specific sites along the polypeptide chain. This approach takes place in cell-based
labeling techniques, where the protein-expressing organisms (E. coli, but also yeast
or insect cell lines) is grown in media, which is supplemented with a suitable iso-
topologue of the corresponding metabolic amino acid precursor. When the host
organism takes up the metabolite, it is converted into the desired amino acid within
its metabolic pathways.[50–52] The host organism’s metabolism must be well-defined
and studied. The chances of cross-labeling are high when using early metabolic
intermediates as isotopically labeled precursors. Thus, isotope patterns may not be
selective. Therefore, auxotrophic strains or the addition of compounds inhibiting
certain metabolic pathways have to be considered to avoid cross-labeling in this
case. Alternatively, late metabolic precursors selective for a corresponding amino
acid may be used.[53]
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Aliphatic Amino Acid Labeling

α-Ketoacids have been introduced as precursors for isoleucine, valine, and leucine[7]

and are highly selective in cell-based protein overexpression.[54,55] Scheme 1 depicts
the biosynthetic pathway of the amino acids isoleucine (Scheme 1 A) as well as
valine and leucine (Scheme 1 B). The precursor chosen for isoleucine labeling is
α-ketobutyrate. A synthetic procedure for synthesizing an isotopologue incorpo-
rated into the protein at a level of about 90% has been described.[7] These high
incorporation levels revealed that alternative biosynthetic pathways for isoleucine
are irrelevant apart from the depicted one.[56]

Using these α-ketoacids brings the advantage for organic synthesis that no stere-
ocenter has to be introduced compared to the isotopologues of the actual amino
acids. Furthermore, nitrogen-15 can be introduced by adding 15NH4Cl to the me-
dia. An isotopologue of α-ketoisovalerate is the precursor for valine and leucine
since it is a metabolite in the biosynthetic pathway of both amino acids (see 3-
methyl-2-oxobutanoate in Scheme 1). However, it has been shown that it is possible
to exclusively isotopically label valine by adding unlabeled 2-ketoisocaproate (4-
methyl-2-oxopentanoate). In this case, the metabolic pathway of labeled 3-methyl-
2-oxobutanoate to leucine is blocked and this precursor will exclusively metabolized
to valine residues.[55]
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Scheme 1: Biosynthesis of the aliphatic amino acids in E. coli : A) isoleucine biosyn-
thesis; B) valine and leucine biosynthesis; adapted from[57]

Apart from these mentioned aliphatic amino acid precursors, there has been
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rising interest in introducing and developing isotope-labeled aromatic amino acids
and corresponding precursors.[58]

Histidine Labeling

Histidine is an α-amino-acid with an imidazole side chain, whereas it is show-
ing outstanding properties due to its unique molecular structure.[59,60] Its aromatic
imidazole side chain with a pKa= 6.5 in aqueous solution appears in two neutral
tautomeric forms, as well as in a protonated form.[61] Due to its enormous versa-
tility, it plays many roles in molecular interactions. It can form cation-π interac-
tions via its aromatic moiety with either metal cations or protonated forms of other
amino acids such as lysine.[62] Furthermore, histidine can function as a cation when
protonated.[63] With its aromatic properties of the imidazole moiety, histidine can
take part in π-π interactions with other aromatic amino acids like tyrosine, pheny-
lalanine, and tryptophan.[64] The lone electron pair at the basic histidine nitrogen
can act as a ligand to coordinate metals such as Zn2+ and Ca2+.[65] Additionally, the
basic nitrogen can act as a hydrogen-bond acceptor, and the hydrogen atom on the
imidazole moiety can act as a hydrogen-bond donor. Last but not least, histidine is
also capable of forming hydrogen-π interactions.[8,66]

The biosynthetic pathway of histidine in E. coli has been studied extensively. As
depicted in Scheme 2, histidine is synthesized from phosphoribosyl pyrophosphate
via the pentose phosphate pathway. Histidine is mainly degraded via deamina-
tion by the histidine deaminase to urocanate.[57] In its minor degradation pathway,
histidine is converted to 3-(imidazole-5-yl)pyruvic acid catalyzed by histidine 2-
oxoglutarate transaminase as depicted in Scheme 2. Previously, it was shown that
histidine transaminase is highly reversible and effectively accepts imidazole-pyruvic
acid as a substrate. Therefore, a histidine precursor containing a carbon-13 on ε1

suitable for cell-based expression was introduced. The synthesis was proven to be
efficient and carbon-13 is introduced by a 13C-formaldehyde solution as a relatively
low-cost isotope source. Thus, the imidazole moiety is introduced within the first
step as 4-hydroxymethyl-imidazole. Next, oxidation to the corresponding aldehyde
using MnO2 and subsequent Boc-protection were performed. That compound was
then used in a Horner-Wadsworth-Emmons reaction yielding the TBDMS-protected
imidazole-pyruvic acid, and the corresponding final precursor was obtained via an
acidic deprotection.[9]

Yet, not only a metabolic precursor for histidine overexpression in E. coli, but
also a procedure for the introduction of 2’-13C-L-histidine has been described in
literature. Thereby, carbon-13 is introduced at the first step of the reaction sequence
via 13C-thiocyanate.[67]
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In order to gain a deeper understanding of the overall role of histidine in pro-
tein functions and interactions, further isotopologues of the amino acids and their
corresponding precursors are required.

Scheme 2: Histidine metabolism in E. coli : A) showing the histidine metabolism
from the pentose phosphate pathway; B) and the major and minor degradation path-
way in E. coli with the reversible conversion of histidine to imidazole-pyruvic acid.
adapted from[9,57]
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1.5.3 SAIL Strategy

Another labeling strategy can be achieved via a chemical or enzymatic synthesis
of amino acids and a subsequent cell-free protein expression. The concept of the
Stereo-array Isotopic Labeling (SAIL) aims for clearer NMR spectra without losing
quality and information in NMR structure elucidation. The SAIL approach is based
on certain isotope patterns, which are depicted in Table 1.

Table 1: SAIL Strategy

A)
1H is stereo-selectively replaced by 2H
in methylene groups

B)
two 1H are replaced by two 2H in each
methyl group

C)
two methyl groups are replaced by
one -13C(2H)3 and one -13C1H(2H)2 in
prochiral methyl groups

D)
alternating 13C-1H and 12C-2H moieties
in six-membered aromatic ring systems

Via these labeling patterns, on the one hand, through-bond connectivity infor-
mation for backbone and side chain assignments remains maintained. On the other
hand, signal-to-noise ratios are increased. Furthermore, coupling measurements are
simplified, major sources for spin diffusion are eliminated, and the accuracy for
inter-proton distance measurements is improved.[68]
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1.6 Tyrosine

L-Tyrosine or 4-hydroxyphenylalanine is a proteogenic, aromatic amino acid. Like
other aromatic amino acids, it is an important part of forming the hydrophobic core
of proteins, where aromatic-aromatic interactions are formed.[69]

1.6.1 Tyrosine Phosphorylation as Posttranslational Modification

Posttranslational modifications (PTMs) describe the modification a protein under-
goes after it has been translated. Examples of common PTMs are acetylations,
phosphorylation, glycosylations, or methylations. These modifications are cova-
lently bound to one or more amino acids of the protein, reversibly or irreversibly,
and affect the structure and dynamics of a protein.[70] Phosphorylation as PTM was
first reported in 1906 by Phoebus Levene, who discovered the phosphate group in
the protein vitellin.[71] Another 20 years later, the first enzymatic protein phospho-
rylation was reported. Today, Posttranslational modification (PTM) is regarded as
a key process to regulate enzyme activities and many other processes within the
cell.[72]

Phosphorylation as PTM can occur on serine, threonine, tyrosine, histidine, pro-
line, arginine, aspartic acid, and cysteine. However, serine, threonine, and tyrosine
are the amino acids most prone to undergo phosphorylation.[70,73,74] The phosphate
group as PTM is transferred by kinases from adenosine triphosphate to receptor
residues. Vice versa, different phosphatases catalyze the removal of the phosphate
group.[70,75] A switch between phosphorylated and non-phosphorylated state may
change the activity but also the accessibility of the protein.[76] Usually, a protein’s
function change occurs either through binding to interaction domains or allostery.
Therefore, protein phosphorylation is a key function of replication, transcription,
apoptosis, and cell metabolism.[70]

Introducing a phosphate with its two anionic groups into a protein changes the chem-
ical properties and affects its structure and local environment. With the phosphate
group, the possibility of forming hydrogen bonds or salt bridges arises, which can
change a protein’s activity or give rise to new binding sites.[74,77] Compared to serine
or threonine, the phosphate group on tyrosine is further apart from the peptide back-
bone. Additionally, tyrosine’s phenolic ring offers further binding energy for phos-
phospecific binding domains such as π- or hydrophobic bond-ring interactions.[75]

There are proteins containing phosphorylated Tyrosine (pTyr) binding modules such
as Src homology 2 (SH2) and phosphotyrosine binding (PTB) domains, which can
specifically recognize these pTyr motifs[73], with SH2 domains being the most pre-
dominant ones in the human proteome.[78,79] Their affinity for pTyr substrate has
been studied and investigated extensively. It has been reported that about 50% of
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the binding affinity of SH2 domains is directly attributed to pTyr.[80]

SH2 domains are essential in a variety of signaling pathways, and therefore, mu-
tations in the SH2 domain can be found in various human diseases.[73,76,79]

In order to understand the function of different phosphorylation sites, the acces-
sibility of phosphorylated building blocks is required.

1.6.2 Synthesis of Fmoc-phosphoTyrosine Building Blocks

To investigate the function of pTyr, synthetic routes to access phosphorylated pro-
teins are required. Mostly, pTyr is introduced via Fmoc-based SPPS yielding a
phospho peptide. The phosphate group can either be introduced globally or via
single building blocks. By the introduction of building blocks, a phosphorylated
N-protected amino acid is incorporated during the growth of the peptide chain.[73,74]

Over the last decades, several building blocks to introduce phosphotyrosines via
SPPS have been introduced. Fmoc-Tyr(PO3H2)-OH (Figure 6 (A)) itself is barely
used in SPPS since the unprotected P-OH groups may cause synthetic problems like
the formation of pyrophosphate between adjacent Tyr(PO3H2) residues.[81] Thus,
protected pTyr building blocks have been introduced. In the scope of this work, two
of these building blocks Fmoc-Tyr(PO(OBzl)OH)-OH (Figure 6 (B)) and Fmoc-
Tyr(PO(NMe2)2)-OH (Figure 6 (C)) will be described in more detail.

Figure 6: Fmoc-pTyr building blocks: A) Fmoc-Tyr(PO3H2)-OH, B) Fmoc-
Tyr(PO(OBzl)OH)-OH, C) Fmoc-Tyr(PO(NMe2)2)-OH

Fmoc-Tyr(PO(OBzl)OH)-OH B has previously been synthesized in a multi-
step procedure from Fmoc-Tyr via the N-Fmoc-O-dibenzylphosphono-Tyr-OH as
intermediate.[82]

In 2012, Petrillo et al. reported on a one-pot synthesis of Fmoc-Tyr(PO(OBzl)OH)-
OH. Treatment of PCl3 in the presence of benzyl alcohol and a base led to the
benzyl dichlorophosphite. Subsequent treatment with the amino acid in its anionic
form allowed for the corresponding phosphite formation. In the case of serine or
threonine, a cyclic phosphite as an intermediate was proposed to form. Oxidation
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via bromine-related oxidants yielded the corresponding phosphate. However, the
authors reported troublesome purification, whereas precipitation of the phospho-
rylated Fmoc-protected amino acid was not feasible due to impurities. Scheme 3
depicts the described one-pot synthesis of phosphorylated serine.[6]

Scheme 3: One-pot synthesis of protected phosphorylated amino acids; adapted
from[6]

Tyr(PO(NMe2)2)-OH is a typical example of a phosphorodiamidate building
block first introduced by Chao et al..[5] Based on this procedure, another series of
N,N’ -dialkylamide-type phosphate protecting groups to introduce pTyr via SPPS
have been introduced and optimized.[83] Fmoc-phsophoTyr compound C is synthe-
sized in three steps starting from the commercially available Z-Tyr-OBzl as depicted
in Scheme 4.[5] The hydrolytic lability of the P-N bond in these phosphorodiamidates
under acidic conditions is the basis for this protection strategy. Hence, the P-N bond
remains stable under alkaline conditions. However, the P-N bond hydrolyses to the
corresponding phosphate compound in acidic conditions.[84]

Scheme 4: Introduction of N,N’ -dimethyldiaminophosphinoyl moiety to the tyrosine
side-chain; adapted from[5]

There is still huge interest today in implementing new pTyr-containing peptides
to mediate atomistic details of phosphorylation sites.[73]

1.6.3 Synthesis of Isotopically Labeled Tyrosine and Tyrosine Precur-
sors

In contrast to selectively labeled aliphatic amino acid precursors, the labeling of
aromatic ones has only developed recently.[58] (4-Hydroxyphenyl)pyruvate is con-
verted to tyrosine by the transaminase in the metabolic pathway of E. coli. Hence,
due to the absence of a chiral center, (4-hydroxyphenyl)pyruvate marks an ideally
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accessible compound for organic synthesis. Therefore, it has been widely applied in
selective tyrosine labeling.[3,58,85]

For optimal NMR spectra of the expressed protein, isolated 13C-1H spin systems
in the aromatic ring of Tyr are required for a magnetization transfer and a defined
spin relaxation. By the introduction of alternating 13C-12C-13C and 2H-1H-2H spin
systems in the aromatic side chain of Tyr, NMR signals show good resolution due
to a significant decrease of scalar and dipolar couplings.[86]

Previous reports on synthetic routes demonstrated the incorporation of these
isolated spin systems from relatively cheap available 13C-([1,3-13C2]acetone) and
2H-(deuterium oxide) sources into 4-aminophenol (Figure 14) and subsequently into
(4-hydroxyphenyl)pyruvate as a late metabolic precursor for tyrosine.[3] Based on
this synthesis, further developments toward the synthesis of the spin-isolated amino
acid tyrosine have been made. Hence, via the iodination of 4-aminophenol in a
Sandmeyer iodination, labeled 4-iodophenol has been synthesized. In a subsequent
Negishi cross-coupling reaction, protected iodoalanine with the labeled 4-iodophenol
yielded protected labeled Tyr in good yields.[4]

Apart from the chemical aspects regarding the synthesis of isotope-labeled pre-
cursors, one also has to consider the effectiveness of its uptake by the overexpressing
host organism. When supplementing E. coli with (4-hydroxyphenyl)pyruvate, 80-
200 mg/L of growth media have been shown to lead to near quantitative uptake
and incorporation of the precursor.[58,85] However, it has been reported that lower
amounts are required when supplementing the growth media with the corresponding
amino acid itself.[4]
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Negishi cross-coupling reactions

As reported in literature, a Negishi cross-coupling reaction has been used to
couple a protected iodo-alanine with the isotope containing iodophenol to yield a
protected tyrosine compound.[4] The Negishi coupling displays, amongst other sub-
stantial cross-coupling reactions, carbon-carbon bond-forming reactions.[87,88] It was
first reported in 1977[89] and is based on Pd- or Ni-catalyzed coupling of organomet-
als to a halide compound.[87,88]

The proposed mechanism for the very reliable Negishi cross-coupling reaction is
depicted in Figure 7.[90]

Figure 7: A) general reaction scheme of a Negishi cross-coupling reaction and B)
proposed mechanism for the Negishi coupling; adapted from[90]

19



2 AIMS

2 Aims

In the first part, this thesis aimed to introduce a 13C-H spin system into a building
block suitable for SPPS. The synthetic strategy aiming for 18 as the target com-
pound, is based on the introduction of the isotope pattern within 4-iodophenol, a
Negishi cross-coupling reaction, and a final one-pot phosphorylation strategy. The
first key steps of the second synthetic strategy aiming for the other Fmoc-pTyr build-
ing block 11 are similar to the one for 18. However, phosphorylation is planned to be
carried out in a three-step protocol. The resulting compound can then be applied in
SPPS (and chemical ligation) protocols to generate pTyr-containing proteins. These
protein samples will serve as important reporters to decipher the molecular details of
phosphorylation cascades in healthy and pathogenic cells using biomolecular NMR.

Figure 8: Fmoc-phosphoTyrosine building blocks 11 and 18 containing an isolated
123C-H spin system

In the second part of this thesis, the aim was to synthesize the aliphatic amino
acid precursors for isoleucine 24 and valine/leucine 30 according to known literature.[7]

Figure 9: Aliphatic amino acid precursors for isoleucine 24 and valine and leucine
30
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In the third part, we aimed for a new isotopologue of imidazole-pyruvic acid
39 as a precursor for histidine. The precursor is intended to contain a 15N-13C-15N
side chain with low-cost sources of carbon-13 ((para-)formaldehyde) and nitrogen-15
(ammonium chloride). The precursor can be added to E. coli growth media. Thus,
the resulting overexpressed protein is expected to give precious information about
protonation levels of histidine within biomolecular NMR applications.[91]

Figure 10: A new isotopologue of imidazole pyruvic acid 39 - a metabolic precursor
for histidine
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3 Results and Discussion

3.1 Fmoc-phosphoTyrosine Synthesis

To obtain a pTyr building block suitable for Fmoc-based SPPS, two different syn-
thetic routes for two different Fmoc-pTyr compounds (11 and 18) were approached.
Both synthetic sequences were optimized with the respective unlabeled compounds.
However, purification of N -α-Fmoc-O-benzyl-L-phosphotyrosine 18 was not feasible
within the scope of this work. Further optimization would be required, for example,
purification via a preparative high performance liquid chromatography (pHPLC).
Compound 11 could be synthesized.

3.1.1 N -α-Fmoc-O-(bis-dimethylaminophosphono)-[3,5-13C2-2,6-D2]- L-
tyrosine 11

Scheme 5: Synthesis of N -α-Fmoc-O-(bis-dimethylaminophosphono)-[3,5-13C2-2,6-
D2]- L-tyrosine 11: a) PPh3, Imidazole, I2, DCM, 0◦C - RT, 87%; b) Nitromalon-
aldehyde, H2O, NaOH, 6 d, 4◦C, 54%; c) H2 balloon, Pd/C, MeOH, 2 h, RT, quant.;
d) D2O, HCl, Microwave 37 min, 180◦C, quant.; e) 1) NaNO2, H2SO4, DMSO, 1 h, 0
- 5◦C, 2) NaI, overnight, RT, 44%; f) 2, Zn, I2, Pd2(dba)3, SPhos, DMF, overnight,
40◦C, 81%; g) DBU, DMAP, bis-(dimethylamino)phosphorylchloride, DCM, 2 h,
0◦C - RT, 90%, h) H2, Pd/C, MeOH, 2 h, 40◦C, quant.: i) Fmoc-OSu, Acetone,
NaHCO3, 4 h, 0◦C - RT, 75%

N -α-Fmoc-O-(bis-dimethylaminophosphono)-[3,5-13C2-2,6-D2]-L-tyrosine 11 was ob-
tained through a nine-step synthesis as illustrated in Scheme 5.
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Starting from the commercially available protected L-serine 1, the corresponding
protected iodoalanine 2 was obtained via an Appel reaction.[92] Purification of 2 via
silica gel column chromatography was not feasible since the compound decomposed.
However, most of the POPh3 impurity could be removed from the reaction mixture
by precipitation using diethyl ether, which was sufficient for the subsequent cross-
coupling reaction.

Synthesis of compound 6 was performed similarly to a procedure reported in
literature:[3] Compound 4 was obtained by reacting isotope-labeled acetone with
nitromalonaldehyde in basic aqueous conditions with moderate yields. Subsequent
reduction of 4 to 5 was performed over Pd/C using a hydrogen balloon, giving
quantitative yields. Studies on selective deuteration of 4-aminophenol induced by
microwave have also been demonstrated in recent literature.[3] Based on these results,
parameters for deuteration of 5 to 6 were chosen. Figure 11 shows 1H-NMR spectra
of compounds 5 (top), 6 (middle) and 7 (bottom). The NMR spectra revealed a
deuteration level of approximately 80% at positions 2 and 6.

Figure 11: 1H NMR spectra of compounds 5 (top), 6 (middle) and 7 (bottom) in
CDCl3 revealing deuteration grade of 6 of 80%. Top: Signal E corresponds to the
protons on positions 2 and 6 of compound 5. Middle: Signal E corresponds to the
protons on positions 2 and 6 of compound 6, revealing a deuteration level of 90%
on positions 2 and 6. Bottom: Signal D corresponds to the protons on positions 2
and 6 of compound 7, which reveals no change in deuteration level from 6 to 7.
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Compound 7 was prepared using a recently published Sandmeyer iodination
procedure.[4] Although the reaction occurs in quite acidic conditions (30% H2SO4),
deuteration levels did not change significantly. As depicted in Figure 11 (bottom),
about 10% each on positions 2 and 6 remain non-deuterated. Notably, yields for
the unlabeled approaches for 7 were significantly higher (78% vs. 44%). A possible
explanation for this would be the substrate’s purity. In the unlabeled approach, com-
mercially available 4-aminophenol was used. Whereas in the actual synthetic route,
compounds 5 and 6 have partially undergone oxidation due to 4-aminophenol’s light
and air sensitivity[93]. The color change from beige to dark purple, observed for 5
and 6, indicated their oxidation.

Compound 8 was prepared by a Negishi cross-coupling reaction in good yields.
Subsequent phosphorylation was planned according to a procedure by Chao et al..[5]

However, optimization and several modifications were implemented. The phospho-
rylation motif was introduced to 8 using bis-(dimethylamino)phosphorylchloride.
NMR spectra after work-up showed small amounts of unreacted excess bis-(dimethyl-
amino)phosphorylchloride or the corresponding hydrolyzed compound. However,
this impurity did not hinder further synthesis steps, so no further purification was
carried out. Deprotection from 9 to 10 was performed using 0.4 eq Pd/C in methanol
at 40◦C over 2 h using a H2 balloon. As well as 0.1 - 0.2 eq Pd/C and/or hydrogena-
tion at RT did not show any product formation on TLC control. Hydrogenation
overnight, but also at 50◦C with 0.1 - 0.2 eq Pd/C, led to the decomposition of the
product resulting in a brownish oil. Thus, the hydrogenation reliably yielded the
free amino acid by adding more equivalents of the catalyst. Concerning solvents,
pure methanol was more efficient than a methanol/THF (3/1 v:v) mixture. Subse-
quent Fmoc-protection using dioxane/NaHCO3 did not yield the desired product.
Using acetone/NaHCO3 instead and optimized work-up conditions yielded 11 as
white fine crystals. Extracting 11 into the organic phase was challenging since the
P-N bond is unstable under acidic conditions.[5,46] Instead of HCl, citric acid was
used to acidify the aqueous phase, decreasing the P-N bond hydrolysis. The com-
pound was triturated with heptane to increase the purity of 11. The structure of
compound 11 is depicted in Figure 12 with the corresponding 1H NMR spectra in
Figure 12. Protons at carbon-13 in the aromatic ring of tyrosine (E, F) show a
typical 1JCH coupling constant of 158.59 Hz. The 1H NMR spectrum corresponds
to the 1H NMR spectra of the non-isotopically labeled compound from the original
literature.[5] Additionally, the experimental mass for 11 of 542.2301 (ESI-MS pos.
mode) matches with the calculated mass of 542.2294.
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Figure 12: The structure of 11 with atom labels is shown (top, referring to the 1H
spectra on the bottom.

Overall, the synthesis of 11 was optimized and finally succeeded with an overall
yield of 13%. Taking the huge costs of the carbon-13 labeled acetone into considera-
tion, which is introduced within the first step of the synthesis sequence, further yield
optimization would be advantageous. Especially the Sandmeyer iodination resulted
in low yields of only 44%. Additional purification steps of the reaction’s substrate
would be required to improve its yield. However, Deuteration of 5 to 6 is performed
in D2O. Thereby, the air and light-sensitive aminophenol 5 and 6 partly undergo
oxidation which most likely explains the low yield.
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3.1.2 N -α-Fmoc-O-benzyl-L-phosphotyrosine 18

Scheme 6: Synthesis of N -α-Fmoc-O-benzyl-L-phosphotyrosine 18: a) Fmoc-Cl,
Na2CO3, Dioxane, 2 h, 0◦C - RT, 95%; b) H2SO4, MeOH, 3 h, reflux, 89%; c) PPh3,
Imidazole, I2, DCM, 0◦C - RT, 87%; d) 1) NaNO2, H2SO4, DMSO, 1 h, 0 - 5◦C, 2)
NaI, overnight, RT, 78%; e) 15, Zn, I2, Pd2(dba)3, SPhos, DMF, overnight, 40◦C,
82%; f) NaOH/CaCl2, Isopropanol/H2O, 7 h, RT, 90%, g) 1) PCl3, BnOH, 2,6-
Lutidine or Pyridine, THF, 90 min 0 - 5◦C, 2) NaBr/NaBrO3, H2O; not purified
from crude

Labeled N -α-Fmoc-O-benzyl-L-phosphotyrosine 18 as the second possible labeled
phosphorylated Fmoc-Tyr compound, was planned to be synthesized with the same
labeling pattern in the aromatic ring as for compound 11. However, N-α-Fmoc-
O-benzyl-L-phosphotyrosine 18 purification requires further optimization. Hence,
within the scope of this thesis, the synthesis was not performed with corresponding
labeled compounds.

In this synthetic strategy, the protected iodoalanine 15 was prepared from com-
mercially available L-serine 12 in a three-step procedure with small adaptions to
known literature in good yields.[94] In the first step, L-serine was Fmoc protected us-
ing Fmoc-Cl in dioxane/Na2CO3. In subsequent acid esterification, the correspond-
ing methyl ester 13 was formed, which could be used for the Negishi cross-coupling
reaction. The protected iodoalanine 15 was obtained by an Appel iodination. Sim-
ilarly, as described for 2, purification of 15 using silica gel chromatography was
not feasible since the compound decomposed on silica. Most of the POPh3 was re-
moved by precipitation from an ether solution. Hence, only small amounts of POPh3

remained, and the partially purified 15 could be used for the subsequent Negishi
cross-coupling reaction.

The 4-iodophenol 7a was obtained from 4-aminophenol 5a in a Sandmeyer io-
dination as described for the corresponding isotopologue 7. However, yields were

26



3 RESULTS AND DISCUSSION

significantly higher for the unlabeled synthesis, which is most certainly because 4-
aminophenol 5a from a commercial supplier is of higher purity than the respective
isotopologues that had been exposed to light and air. Thus, the compound has
undergone slight oxidation, which was observed by its change in color from beige
to dark purple. The subsequent Negishi cross-coupling reaction yielded 16 in good
yields. To obtain the free acid 17, basic ester hydrolysis was performed according
to known literature, where the Fmoc-group stability under basic conditions in the
presence of CaCl2 has been demonstrated.[95] When carrying out the hydrolysis, on
the one hand, no loss of the Fmoc-group was observed, and on the other hand, the
ester was fully hydrolyzed to the free carboxylic acid.

Figure 13: 1H NMR spectra of 18 from the synthesized crude product (top) and the
commercial sample (bottom)

Compound 18 was previously synthesized in a three-step procedure from tyrosine.[82]

More recent literature reported on a one-pot synthesis starting from Fmoc-protected
amino acids with reasonable yields, which we aimed to reproduce for the isotope-
labeled analog. 18 was synthesized according to that procedure.[6] PCl3 was treated
with BnOH in either pyridine or 2,6-lutidine to form the benzyl dichloro phosphite.
17 was added in its anionic form to yield the phosphite intermediate. NaBrO3/NaBr
was subsequently applied as an oxidation agent to the phosphate. Unfortunately,
purification of 18 was not feasible via silica gel chromatography since the compound
decomposed on silica. This was also tested and confirmed with a commercial sample
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3 RESULTS AND DISCUSSION

of compound 18. Additionally, 18 was tried to be precipitated from several solvents
(DCM, ethyl acetate, diethyl ether, heptane). Still, a pure product could either
not be isolated or no precipitate formed. Furthermore, 18 seems unstable at tem-
peratures above 40◦C since a brown oil instead of an off-white solid was obtained
when solvents were evaporated in vacuo above that temperature. Alternatively, an
HPLC methodology could be applied to purify compound 18. Figure 13 shows the
1H NMR spectra of the crude product 18 (top) and the spectra of the commercial
sample (bottom). According to the spectra of the crude, the synthesis of the desired
compound 18 was accomplished. However, purification of 18 is not feasible within
the scope of this thesis.

Figure 14 depicts the retrosynthetic design of a spin-isolated tyrosine, and the
introduction of a phosphate moiety in tyrosine referring to compounds 11 and 18.[4]

Figure 14: Retrosynthetic design of Fmoc-protected spin-isolated amino acids;
adapted from[4]

28



3 RESULTS AND DISCUSSION

3.2 Aliphatic Precursor Synthesis

Scheme 7: Synthesis of the aliphatic amino acid precursors [4-13C2, 3-D2] 2-
ketobutanoic acid 24 and [4-13C; 4-CD3] ketoisovaleric acid 30: a) formaldehyde,
K2CO3, H2O, overnight, 40◦C, 91%; b) PBr3, diethyl ether, - 10◦C - RT, 62%; c)
Mg, 13CH3I, diethyl ether, 80%; d) O3, DCM, PPh3, overnight, - 78◦C - RT, 69%;
e) 1) HCl(g), DCM/ diethyl ether, 1 h, 0◦C - RT, 2) 0.5 M NaOD, D2O, 2 h, RT,
92%; f) Mg, CD3I, diethylether, 78%, g) = d), 58%; h) dimethylhydrazine, diethyl
ether, overnight, RT, 78%; i) diisopropylamine, nBuli, 13CH3I, THF, 2 h, - 78◦C -
RT, 85%; j) 1 M HCl, THF, 1 h, RT, 72%; k) = e), then 6 M HCl, 2 h, reflux, 0.5
M NaOD, D2O, 65%

The aliphatic amino acid precursors [4-13C2, 3-D2] 2-ketobutanoic acid 24 and [4-
13C; 4-CD3] ketoisovaleric acid 30 were prepared according to known literature start-
ing from tert-butyl-diethylphosphorylacetate 19 as depicted in Scheme 7.[7] For com-
pound 24 an overall yield of 29% could be achieved. For compound 30, which is
synthesized in a longer route, an overall yield of only 8% was obtained. The highest
potential of optimization is given within the hydrolysis sequences from 28 to 29 to
30. The deprotections are carried out sequentially since that allows for the purifica-
tion of 29 by silica gel chromatography. However, a small percentage of 28 might
react straight to 30, which was probably lost during the work-up.

Nevertheless, complete hydrolysis from 29 of the tert-butyl group to 30 was not
achieved by the usage of gaseous HCl. Hence, the partially hydrolyzed product was
refluxed in 6 M HCl for 2 h resulting in complete hydrolysis to 30.

Figure 15b and Figure 16b show the 1H NMR spectra of 30 (see Figure 15a)
and 24 (see Figure 16a). Thereby, it is visualized that the deuteration level on the
β-carbon is at 100%. The coupling constants of the protons attached to carbon-13
show a value of about 128 Hz - a typical value for a 1JCH coupling and match to
literature data.[7]
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Figure 15: [4-13C; 4-CD3] Ketoisovaleric acid 30

(a) 24

0.00.20.40.60.81.01.21.41.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.0
f1 (ppm)

A (d)
1.02

3
.0

0

0
.8

9

1.
15

4.
79

D
2O

1H NMR (500 MHz, D2O) δ 1.02 (d, J = 126.9 Hz, 3H).

(b) 1H NMR spectra of 24 showing the protons A with the
coupling constant of 128.2 Hz

Figure 16: [4-13C2, 3-D2] 2-Ketobutanoic acid 24
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3 RESULTS AND DISCUSSION

3.3 Histidine Precursor Synthesis

Scheme 8: Synthesis of [1,3-15N, 2-13C]4-(2-carboxy-2-hydroxyvinyl)-1H -
imidazolium chloride 39: a) pTsOH, diethyl phosphonate, toluene, reflux,
overnight, 65%; b) imidazole, TBDMSCl, DCM, 0◦C - RT, overnight, 63%; c)
15NH4Cl, CuCO3.Cu(OH)2, MW 100◦C, 1 h, then thioacetamide, H2O, 50◦C, 2 h,
62%; d) MnO2, MeOH, reflux, overnight, 80%; e) DMAP, (Boc)2O, ACN, 0◦C -
RT, overnight, 23%; f) (Boc)2O, Et3N, DMF, THF, 0◦C - RT, overnight, 74%; g)
MnO2, MeOH, RT, 48 h, 84%; h) LiHMDS, 33, THF, -78◦C - RT, overnight, 58%;
38%; i) 6 M HCl, RT, overnight, quant.

When introducing nitrogen-15 into the imidazole ring, 15NH4Cl is the nitrogen source
of choice. This compound has the advantage of being commercially available at lower
costs compared to 15NH3. Ammonia in the presence of CuI I-ions was used in the
original procedure for the synthesis of (imidazole-1H -5-yl-)methanol (the unlabeled
analog of 36). There, aqueous ammonia was used as the nitrogen source in big
excess.[96] However, regarding the huge costs of isotope-enriched chemicals, we were
looking for a strategy to incorporate nitrogen-15 as cost-efficient as possible.

The introduction of carbon-13 into the imidazole moiety was published recently.[9]

Based on this previous procedure, we aimed to synthesize 39 as depicted in Scheme 8.
First, introducing nitrogen into the imidazole moiety was investigated and opti-
mized. Table 2 lists the conditions that were applied to synthesize (imidazole-1H -
5-yl-)methanol, the unlabeled analogue of 36. The best yields for (imidazole-1H -
5-yl-)methanol could be obtained using 4 equivalents of NH4Cl and setting the pH
to 10-12 with 1 M NaOH. A microwave reaction was chosen over a regular reflux
reaction with the motivation to keep the formed ammonia inside the reaction vessel.
Interestingly, adding two equivalents of NH4Cl was insufficient to synthesize the de-
sired compound. However, when the equivalents of NH4Cl were increased to four,
the (imidazole-1H -5-yl-)methanol could be obtained in good yields. Adding more
ammonium chloride (6 eq.) did not significantly change yields. Thus, the reaction
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3 RESULTS AND DISCUSSION

conditions for number 9 listed in Table 2 were chosen as the optimal approach using
labeled compounds.

Table 2: Synthesis of (imidazole-1H -5-yl-)methanol: NaOH: +) NaOH was added
up to a pH 12, −) no NaOH was added; work-up: i) precipitation of CuS using
thioacetamide for 2 h at 50◦C, ii) precipitation of CuS using thioacetamide for 2 h
at 50◦C with the addition of 1 M HCl

Nr. Eq. NH4Cl NaOH Type Time Work-up Yield [%]

1 2 − reflux 4 h i -

1 2 + reflux 4 h i -

3 2 − microwave 100◦C 1 h i -

4 2 + microwave 100◦C 1 h i -

5 2 + microwave 100◦C 1 h ii -

6 4 + microwave 100◦C 1 h i 75

7 4 + microwave 100◦C 1 h ii 76

8 6 + microwave 100◦C 1 h ii 70

9 4 + microwave 100◦C 1.5 h i 82

As claimed before, the synthesis was optimized with corresponding non-labeled
reagents. Unfortunately, when using 20% 13C-Formaldehyde solution, the reaction
did not succeed as expected. Additionally, resources of 20% 13C-Formaldehyde so-
lution were limited at our facilities. Thus, as an alternative carbon-13 source, 13C-
Paraformaldehyde was used, which was stirred in 2 ml of 0.5 M NaOH overnight in
the microwave vessel. The subsequent microwave reaction yielded compound 34 in
good yields, which was by 10% lower than for the nonlabeled reaction. Figure 17
shows the 1H NMR spectrum of 34 and reveals a carbon-13 content on position 2
of the imidazole motif of approximately 75%. The 1JCH coupling constant of 209
Hz aligns with a value from the literature and confirms the carbon-13 incorporation
into the compound.[9] The 2JNH coupling constant is in the range of 6-7 Hz and can
be nicely seen in Figure 17.
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Figure 17: 1H NMR spectrum of 34 picturing the incorporation of nitrogen-15 and
carbon-13 by the depicted couplings.

Compound 37 has previously been synthesized via the oxidation of 34 to the
corresponding aldehyde 35 using MnO2 and subsequent Boc-protection, whereas
purification was performed via silica gel chromatography.[9] However, this procedure
could not be reproduced in good yields. Purification using silica gel chromatography
always resulted in yields around 20%. It was assumed that compound 37 is unstable
on silica, which was also demonstrated on 2D TLC. Thus, other strategies to yield 37
were investigated. Compound 34 underwent Boc-protection yielding the two isomers
of 36 for the unlabeled analogs. Boc-protection for the isotope-labeled approach
interestingly only yielded one isomer. Besides extraction and washing of the organic
phases with brine, no workup was performed since 36 partially underwent Boc-
deprotection on silica. Therefore we chose to proceed with the crude product without
further purification. 37 was obtained by oxidizing 36 to the corresponding aldehyde
using MnO2. Stirring the reaction mixture for 16 h overnight was insufficient, and
only 50% of the alcohol was oxidized to the aldehyde. Therefore, the reaction was
allowed to react for 48 h. Higher temperatures were not used due to the uncertain
stability of the Boc group. However, the purification of compound 37 via silica
gel chromatography has been described in literature before[9,97] it was observed to
be unstable on silica within this scope. Some minor steps like precipitation of
the (side-)product were tested to purify the compounds, but finally, the crude 37
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3 RESULTS AND DISCUSSION

was used without further purification in the subsequent Horner-Wadsworth-Emmons
(HWE) reaction to yield 38 as the Z- and E-isomer, as described previously.[9] The
final histidine precursor, the imidazole pyruvic acid 39 could be obtained by acid
hydrolysis of the Boc- and TBDMS-protection-groups as well as the ester using
6 M HCl. Figure 18 shows the 1H NMR spectrum of the imidazole pyruvic acid in
good purity. Hereby, the 1JNH coupling of 90 Hz can be nicely seen for signal D in
Figure 18. Furthermore, the NMR spectra analysis revealed a carbon-13 content at
the ϵ1 position in 39 of 70%. In summary, the desired compound 39 was successfully
synthesized based on relatively cheap isotope sources for carbon-13 and nitrogen-15.
However, the synthetic route requires some further optimization in order to allow
for higher overall yields.
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Figure 18: 1H NMR spectrum showing the Enol-product of 34 with a carbon-13
content of 70%
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4 Conclusion and Outlook

Regarding the Fmoc-pTyr building blocks 11 and 18, the synthesis route for the
latter one could not be fully optimized. However, 11 could be successfully syn-
thesized and the protocol was optimized to allow for an overall yield of 13% with
good purity. This building block now allows for the incorporation of an isotopically
labeled pTyr into a small peptide. Thereby, new information about phosphorylated
protein domains like the SH2 domain will be gained by using biomolecular NMR
spectroscopy.

Figure 19: Isotopically labeled pTyr moiety in protein

As previously reported, the aliphatic amino acid precursors 24 and 30 were
synthesized.[7] The yielded compounds have been incorporated into several desired
target proteins.

A protocol for a new isotopologue of imidazole pyruvic acid has been established.
However, further optimization is still necessary since good yields in each step of the
synthetic routes have not always been reproducible. Nevertheless, the synthesis also
allows for other labeling patterns, such as nitrogen-15 as the only enriched isotope
within the imidazole moiety.

Figure 20: Protein with selectively labeled histidine
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5 Experimental Section

5.1 General Remarks

Unless otherwise stated, all reagents were purchased from commercial suppliers
and used without further purification. Reaction progress was examined via thin
layer chromatography (TLC) using pre-coated TLC sheets ALUGRAM® Xtra SIL
G/UV254. Compound peaks were visualized by UV-light irradiation (wavelength
= 254 nm) and/or aqueous KMnO4 solution, Mo-Ce(SO4)2 complex solution (48 g
(NH44)6Mo7O24·4 H2O and 2 g Ce(SO4)2 in 1 L 10% H2SO4) or Ninhydrin solution
in Ethanol as dying reagents and subsequent heating via a heat gun. Column chro-
matography was performed manually using silica gel 60 from Merck (0.040 – 0.0633
mm) as the stationary phase. NaOD solutions were prepared by dissolving Sodium
in D2O. NMR spectra were recorded on a Bruker Avance NEO 500 or Bruker Avance
NEO 600. NMR spectra were analyzed on MestReNova Version 14.3.1-31739. NMR
solvent signals were calibrated to 7.26 ppm (CDCl3), 4.79 ppm (D2O) and 2.50 ppm
(6d-DMSO). Mass spectra were measured on a Bruker maXis UHR-TOF spectrome-
ter with electrospray ionization. Samples were lyophilized by freezing them in liquid
N2 and subsequently drying them at an Alpha 1–2 LDplus freeze dryer. Microwave
reactions were performed on a BIOTAGE Initiator+ SW Version 5.1.0 build 12126.
Ozonolysis reactions were performed with the usage of ozone ANSEROS generator
Type SEP-100.

All synthesis steps were developed and optimized by using corresponding non-
isotope enriched reagents. Isotope-enriched samples were purchased from Merck or
CortecNet.
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5 EXPERIMENTAL SECTION

5.2 N -α-Fmoc-O-(bis-dimethylamino-phosphono)-L-tyrosine 11

5.2.1 (R)-2-Benzyloxycarbonylamino-3-iodo-propionic acid benzyl ester
2

Compound 2 was prepared following a literature procedure with slight modifications.[92]

PPh3 (1.22 g, 4.6 mmol, 1.5 eq) and imidazole (1.18 g, 4.6 mmol, 1.5 eq) were dis-
solved in dry DCM and cooled in an ice bath. Iodine (320 mg, 4.6 mmol, 1.5 eq)
was added in three portions sequentially. Stirring in the cooling bath was performed
for 10 min, followed by stirring for 15 min at RT. Then, Z-Ser-OBzl 1 (1.00 g, 3.1
mmol, 1.0 eq) in DCM was added dropwise to the cooled reaction mixture. The
reaction was stirred at RT for 3 h. Then, the reaction mixture was treated with
10% NaHSO3 solution until the reaction mixture changed from an orange to a clear
color. Extraction was performed thrice with DCM. The combined organic phases
were dried over MgSO4 and solvents were removed under reduced pressure until a
slightly yellow oil was obtained. Product purification via silica gel chromatography
was not feasible since the compound decomposed. To remove POPh3, diethyl ether
was added to the oil containing the product, and the flask was cooled in the fridge
overnight to allow most of POPh3 to precipitate. The next day, the supernatant
containing the product was decanted, and the solvent was removed under reduced
pressure to yield 1.19 g (87%) of 2 as white crystals.

1H NMR (500 MHz, CDCl3) δ 7.74 – 7.61 (m, 10H), 5.68 (d, J = 7.5 Hz, 1H),
5.25 – 5.08 (m, 4H), 4.61 (dt, J = 7.6, 3.9 Hz, 1H), 3.59 (qd, J = 10.4, 3.8 Hz, 2H);

37



5 EXPERIMENTAL SECTION

5.2.2 [2,6-13C2]4-Nitrophenol 4

Synthesis of compound 4 was performed as described in literature.[3] Nitromalon-
aldehyde (6.5 g, 55.5 mmol) was dissolved in 400 ml H2O and cooled on an ice-water
bath. [1,3-13C2]acetone (2.0 g, 33.3 mmol) was added in one portion. Then, an aque-
ous solution of NaOH (8.80 g in 40 ml) was added dropwise to the reaction mixture
using a dropping funnel. After addition, the flask was tightly closed and stirred for 6
days at 4◦C. Then, the brown solution was dropwise treated with 50 ml of 6 M HCl,
and the reaction mixture was filtered. The dark precipitate was taken up in 50 ml
6 M HCl and heated to 100◦C for 13 min. After the filtration, the two filtrates were
combined and extracted 10 times with diethyl ether. The combined organic phases
were dried over MgSO4, and evaporation of the solvent yielded the crude product as
a dark yellow solid. Purification of the crude product via silica gel chromatography
using heptane/ethyl acetate (3:2 v/v) yielded 2.49 g (53%) of 4 as bright yellow solid.

Rf-value 0.6 (heptane/ethyl acetate 3:2)

1H NMR (600 MHz, D2O) δ 8.12 (d, J = 7.9 Hz, 2H), 6.92 (dd, J = 169.6, 6.5
Hz, 2H).
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5.2.3 [2,6-13C2]4-Aminophenol 5

Synthesis of compound 5 was performed as described in literature.[3] [2,6-13C2]4-
nitrophenol 4 (500 mg, 3.54 mmol) and 10% Pd/C (46 mg, 0.43 mmol) were placed
into a flask, and the flask was put under argon atmosphere. Dry methanol (10 ml)
was added, and the mixture was flushed with H2 using a H2 balloon and was set
under H2 atmosphere. After 2.5 h, TLC showed completion of the reaction, and
the catalyst was quickly removed via filtration over celite. Quick evaporation of the
solvent under reduced pressure yielded 395 mg (100%) of 5 as greyish solid.

Rf-value 0.1 (heptane/ethyl acetate 3:2)

1H NMR (500 MHz, CDCl3) δ 6.83 (dd, J = 171.6, 8.5 Hz, 2H), 6.60 (dd, J =
8.0, 1.4 Hz, 2H), 4.32 (s, 1H), 3.42 (s, 2H).
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5.2.4 [2,6-13C2]3,5-Dideuterio-4-aminophenol 6

Synthesis of compound 6 was performed as described in literature.[3] In a microwave
vessel [2,6-13C2]4-aminophenol 5 (390 mg, 3.51 mmol) was placed into 5 ml of D2O
and 45 µl concentrated HCl was added to the microwave vial. The microwave re-
action was performed for 37 min at 180◦C. After evaporation of the solvent under
reduced pressure, methanol was added and the solvents were again removed under
reduced pressure to yield 398 mg (100%) of [2,6-13C2]3,5-dideuterio-4-aminophenol
6 as a grey solid. 1H NMR spectroscopy showed a deuteration level of position 3
and 5 of 80%.

1H NMR (600 MHz, D2O) δ 6.84 (dd, J = 159.0, 5.2 Hz, 2H).

1H NMR (500 MHz, CDCl3) δ 6.82 (dd, J = 153.8, 5.6 Hz, 2H), 6.60 (d, J =
8.4 Hz, 0.2H), 4.31 (s, 1H), 3.41 (s, 2H).
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5.2.5 [2,6-13C2]3,5-Dideuterio-4-iodophenol 7

Synthesis of compound 7 was slightly modified from literature.[4] In a 3-neck round
bottom flask, [2,6-13C2]3,5-dideuterio-4-aminophenol 6 (380 mg, 3.36 mmol) was
dissolved in 10 ml DMSO. A low temperature thermometer was applied, and the
reaction mixture was cooled to -5◦C using an ice/NaCl cooling mixture. An aqueous
30% H2SO4 solution was added dropwise. When the internal temperature reached
0◦C, NaNO2 (365 mg, 5.3 mmol) in 2 ml of H2O was added dropwise so that the
internal temperature remained below 5◦C. After stirring for 1 h at -5 - 0◦C on the
cooling mixture, NaI (1.6 g, 10.7 mmol) in 2 ml of H2O was added dropwise over
20 min. When the addition was complete, stirring of the reaction mixture was con-
tinued at RT for 1 h. Afterwards, NaI (1.6 g, 10.7 mmol) in 2 ml of H2O was
added again dropwise and the reaction mixture was stirred over night at RT. Then,
extraction was performed four times using ethyl acetate. The combined organic
phases were treated with 30 ml of 10% NaHCO3 solution and stirred for 20 - 30
minutes at RT. Afterwards, the organic phase was separated, washed with brine
and dried over MgSO4. Evaporation of the solvents under reduced pressure yielded
the crude product. Purification via silica gel chromatography using heptane/ethyl
acetate (7/3 v:v) yielded 325 mg (43.3%) of [2,6-13C2]3,5-dideuterio-4-iodophenol 7
as an off-white solid.

Rf-value 0.7 (heptane/ethyl acetate 7:3)

1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 9.7 Hz, 0.19H), 6.79 (dd, J = 165.4,
5.1 Hz, 2H), 4.88 (t, J = 4.7 Hz, 1H, OH).
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5.2.6 N -Carbobenzoxy[3,5-13C2-2,6-D2]-L-tyrosine benzyl ester 8

Synthesis of compound 8 was modified from literature.[4] Zn (94 mg, 1.43 mmol) was
placed into a two-neck flask, put under argon atmosphere and suspended in 2 ml ab-
solute DMF. I2 (13 mg, 0.10 mmol) was added and the reaction mixture was stirred
for 5 min. (R)-Benzyl 2-(((benzyloxy)carbonyl)amino)-3-iodopropanoate 7 (225 mg,
0.57 mmol) dissolved in 2 ml absolute DMF was added dropwise over 5 min. Then,
I2 (13 mg, 0.10 mmol) was again added and the reaction mixture was allowed to stir
for 30 min. Afterwards, Pd2(dba)3 (11 mg, 0.01 mmol), SPhos (9 mg, 0.02 mmol)
and [2,6-13C2]3,5-dideuterio-4-iodophenol (104 mg, 0.46 mmol) was added subse-
quently. The reaction mixture was stirred at 40◦C overnight. Then, the reaction
mixture was allowed to cool to RT, 20 ml of brine was added and the mixture was ex-
tracted 4 times with ethyl acetate. The combined organic phases were washed with
brine, dried over MgSO4, and the solvent was evaporated to yield the crude product.
The product was purified via silica gel chromatography using heptane/ethyl acetate
(3:2 v/v) as eluent, yielding 153 mg (81%) of N -carbobenzoxy[3,5-13C2-2,6-D2]-L-
Tyrosine benzyl ester 8 as an off-white solid.

Rf-value 0.2 (heptane/ethyl acetate 3:2)

ESI-MS (pos. mode): calculated for C24H24NO5 [M+H]+ 406.1649; found
406.149

1H NMR (500 MHz, CDCl3) δ 7.40 – 7.29 (m, 10H), 6.80 (dd, J = 157.2, 5.0
Hz, 2H), 5.21 (d, J = 8.3 Hz, 1H), 5.17 (d, J = 12.1 Hz, 1H), 5.12 (s, 1H), 5.09 (d,
J = 5.6 Hz, 2H), 4.88 (brs, 1H), 4.66 (dt, J = 8.3, 5.8 Hz, 1H), 3.08 – 2.99 (m, 2H).
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5.2.7 N -Carbobenzoxy[3,5-13C2-2,6-D2]-L-tyrosine[P(O)(NMe2)2] benzyl
ester 9

Synthesis of compound 9 was modified from literature.[5] N -Carbobenzoxy[3,5-13C2-
2,6-D2]-L-tyrosine benzyl ester 8 (150 mg, 0.30 mmol) was put under argon atmo-
sphere and dissolved in absolute DCM. While cooling in an ice bath diazabicycloundecene
(DBU) (1.5 eq), 4-dimethylaminopyridine (DMAP) (2.0 eq) and bis-(dimethylamino)
phosphoryl chloride (2.0 eq) were added subsequently. The reaction mixture was
stirred in the ice bath for 1 h. Afterwards, the ice bath was removed and the re-
action mixture was stirred for another 90 min at RT. The reaction mixture was
washed subsequently with water, 10% citric acid, saturated NaHCO3 solution, and
brine. Drying of the organic phase over MgSO4 and evaporation of the solvents
yielded the product as white crystals. A quick silica gel chromatography using
DCM/methanol/formic acid (90:9:1) as eluent yielded 135 mg (90%) of N -carbobenzoxy[3,5-
13C2-2,6-D2]-L-tyrosine[P(O)(NMe2)2] benzyl ester 9 as a white solid.

Rf-value 0.7 (DCM/methanol/formic acid 90:9:1)

ESI-MS (pos. mode) calculated for C28H35N3O6P [M+H]+ 540.2258; found
540.2258

1H NMR (500 MHz, CDCl3) of 9 δ 7.35 (ddq, J = 16.1, 8.7, 4.6 Hz, 10H), 7.19
(d, J = 166.9 Hz, 2H), 6.93 (d, J = 8.1 Hz, 0H), 6.86 (s, 1H), 5.23 – 5.14 (m, 2H),
5.09 (s, 2H), 4.72 – 4.62 (m, 1H), 3.13 – 3.01 (m, 2H), 2.70 (d, J = 10.1 Hz, 12H).
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5.2.8 [3,5-13C2-2,6-D2]-L-Tyrosine[P(O)(NMe2)2] 10

Synthesis of compound 10 was modified from literature.[5] Compound 9 (125 mg,
0.25 mmol) together with 10% Pd/C (0.2 eq) was put under argon atmosphere and
dissolved in 10 ml dry Methanol. The flask was flushed with H2 via a balloon and the
reaction was stirred under H2 atmosphere at 40◦C for 2 h. When reaction completion
was confirmed on TLC, Pd/C was removed via filtering over celite, and evaporation
of the solvents gave 79 mg (100%) [3,5-13C2-2,6-D2]-L-Tyrosine[P(O)(NMe2)2] 10 as
white crystals.

Rf-value 0.1 (ethyl acetate)

1H NMR (500 MHz, D2O) δ 6.96 (dd, J = 167.1, 4.7 Hz, 2H), 4.01 (dd, J =
7.9, 5.3 Hz, 1H), 3.29 – 3.08 (m, 2H), 2.69 (d, J = 10.4 Hz, 12H).
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5.2.9 N -Fmoc[3,5-13C2-2,6-D2]-L-tyrosine[P(O)(NMe2)2] 11

Synthesis of compound 11 was modified from literature.[5] [3,5-13C2-2,6-D2]-L-Tyrosine
[P(O)(NMe2)2] 10 (70 mg, 0.22 mmol) was dissolved in 5 ml 10% NaHCO3 solu-
tion and cooled on an ice bath. Fmoc-OSu (78 mg, 0.23 mmol) was dissolved in
acetone and added dropwise to the reaction mixture. After stirring for one hour
on ice, stirring was continued for another 3 h at RT. Afterwards, acetone was re-
moved under reduced pressure and the remaining aqueous phase was washed twice
with diethylether. Then, the aqueous phase was acidified with 10% citric acid to
a pH of 2 and extracted 5 times with ethyl acetate. Drying over MgSO4 and sub-
sequent removal of the solvents gave 115 mg (97%) of N -Fmoc[3,5-13C2-2,6-D2]-L-
tyrosine[P(O)(NMe2)2] 11 as an off-white solid.

1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 7.6 Hz, 2H), 7.61 (t, J = 7.1 Hz,
2H), 7.41 (t, J = 7.5 Hz, 2H), 7.33 (t, J = 7.5 Hz, 2H), 7.08 (dd, J = 161.7, 4.6 Hz,
2H), 5.60 (d, J = 7.8 Hz, 1H), 4.70 (t, J = 8.0 Hz, 1H), 4.53 – 4.31 (m, 2H), 4.23
(t, J = 6.9 Hz, 2H), 3.18 (qd, J = 14.0, 5.0 Hz, 2H), 2.73 (dd, J = 10.2, 2.2 Hz, 12H).

13C NMR (500 MHz, CDCl3) δ 120.1039.

ESI-MS (pos. mode): calculated for C26
13C2H31D2N3O6P [M+H]+ 542.2294;

found 542.2301.
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5.3 N -α-Fmoc-O-benzyl-L-phosphotyrosine 18

5.3.1 N -Fmoc-L-serine 13

Synthesis of compound 13 was performed as described in literature.[94] L-serine 12
(1.03 g 9.8 mmol) was dissolved in 30 ml of saturated Na2CO3 solution and cooled on
an ice bath. 9-Fluorenylmethoxycarbonyl chloride (FMOC-Cl) (2.45 g, 9.5 mmol)
was dissolved in 30 ml 1,4-dioxane and dropwise added to the L-serine solution.
Afterwards, the ice bath was removed and stirring was continued for 1.5 h at RT.
Then, the mixture was washed with ethyl acetate to remove side products. The
pH of the aqueous phase was set to 2-3 by addition of 1 M HCl and concenctrated
HCl and extracted thrice with ethyl acetate. The combined organic phases were
washed with brine and dried over CaCl2. Evaporation of the solvents under reduced
pressure yielded 2.91 g of N -Fmoc-L-serine 13 as a white solid (95% yield).

1H NMR (500 MHz, DMSO) δ 7.90 (d, J = 7.5 Hz, 2H), 7.75 (dd, J = 7.6, 4.1
Hz, 2H), 7.43 (t, J = 7.7 Hz, 2H), 7.34 (t, J = 7.5 Hz, 2H), 4.33 – 4.27 (m, 2H),
4.24 (t, J = 7.2 Hz, 1H), 4.07 (dt, J = 8.8, 5.1 Hz, 1H), 3.69 (d, J = 5.0 Hz, 2H),
3.18 (s, 1H).
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5.3.2 N -Fmoc-L-serine methyl ester 14

Synthesis of compound 14 was performed as described in literature.[94] N -Fmoc-L-
serine 13 (2.90 g, 8.85 mmol) was suspended in 30 ml methanol and 1 ml of concen-
trated H2SO4 was added. The reaction mixture was refluxed for 4 h. After cooling
down to RT the pH of the mixture was set to 8 with saturated Na2CO3 solution
and extracted thrice with ethyl acetate. The combined organic phases were washed
with brine and dried over MgSO4. The solvent was evaporated under reduced pres-
sure to yield 2.68 g of N -Fmoc-L-serine methyl ester 14 as a white solid (89% yield).

1H NMR (500 MHz, DMSO) δ 7.87 (d, J = 3.6 Hz, 2H), 7.86 (d, J = 3.5 Hz,
2H), 7.73 (t, J = 6.6 Hz, 2H), 7.41 – 7.38 (m, 2H), 4.35 – 4.25 (m, 2H), 4.22 (t, J =
6.9 Hz, 1H), 3.72 – 3.64 (m, 2H), 3.62 (s, 3H)
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5.3.3 N -Fmoc-3-iodo-L-alanine methyl ester 15

Synthesis of compound 14 was modified from literature.[94] Under an argon atmo-
sphere, triphenylphosphine (2.16 g, 8.23 mmol) and imidazole (0.69 g, 10.15 mmol)
were dissolved in dry DCM. The solution was cooled in an ice bath. Then, iodine
(2.17 g, 8.58 mmol) was added. Then, the ice bath was removed, and the reaction
mixture was stirred for 20 min at RT, whereas the mixture’s yellow to brown color
was observed. Then, the mixture was cooled on an ice bath again and N -Fmoc-L-
serine methyl ester 14 (2.00 g, 5.80 mmol) in DCM was added dropwise. After 2.5 h
of stirring on the ice bath, most of the solvent was removed under reduced pressure.
Diethylether ether was added to precipitate the triphenylphosphine oxide and the
mixture was filtered over celite and rinsed with diethylether. Subsequent evapora-
tion of the solvents yielded 3.23 g of the crude product N -Fmoc-3-iodo-L-alanine
methyl ester 15 as a pale yellow solid (87% yield).
Further purification using column chromatography on silica gel was not feasible since
the desired compound gradually decomposed on silica gel. Hence, diethyl ether was
added to allow POPh3 to precipitate overnight at 4◦C overnight, followed by subse-
quent removal of POPh3 via filtration.

1H NMR (500 MHz, DMSO) δ 7.91 (d, J = 7.5 Hz, 2H), 7.74 (d, J = 7.5 Hz,
2H), 7.43 (t, J = 7.4 Hz, 2H), 7.34 (t, J = 7.4 Hz, 2H), 4.42 – 4.29 (m, 3H), 4.26 (t,
J = 7.0 Hz, 1H), 3.67 (s, 3H), 3.57 – 3.33 (m, 2H).
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5.3.4 4-Iodophenol 7b

Compound 7b was synthesized as described for compound 7. Aminophenol 5b (9.17
mmol, 1.0 g) was dissolved in 10 ml DMSO and cooled via an ice-salt bath cooling
mix to -5◦C. Then 10 ml of 30% aqueous H2SO4 were added. When the internal
temperature of the reaction reached 0◦C, NaNO2 (13.75 mmol, 948 mg) in 2 ml
H2O was added dropwise, whereas the internal temperature remained < 5◦C. After
stirring for 1 h at this temperature, a solution of NaI (27.51 mmol, 4.12 g) in 2 ml
H2O was added dropwise. Stirring was continued for 1 h at RT. Then, a second
portion of NaI (27.51 mmol, 4.12 g) was added, and the reaction was allowed to stir
overnight at RT.
Then, the reaction was treated with 20 ml ethyl acetate and 20 ml of H2O. The
phases were allowed to separate, and the aqueous phase was extracted thrice with
ethyl acetate. The combined organic phases were treated with 10% aqueous NaHSO3

and stirred at RT for 30 min. The aqueous phase was separated and the organic
phase was washed with saturated NaCl, and dried over MgSO4. The solvents were
removed under reduced pressure to yield the crude product. Silica gel chromatog-
raphy using heptane/ethyl acetate (7:3 v/v) yielded 1.57 g 4-Iodophenol 7b as an
off-white solid (78% yield).

Rf-value 0.7 (heptane/ethyl acetate 7:3)

1H NMR (500 MHz, CDCl3) δ 7.54 – 7.49 (m, 2H), 6.66 – 6.60 (m, 2H), 5.19
(br s, 1H).
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5.3.5 N -Fmoc-L-tyrosine methyl ester 16

Synthesis of compound 16 was modified from literature.[4] Zn (2.77 mmol, 180 mg)
was placed into a 3-neck flask, evacuated, and set under argon atmosphere. It was
suspended in 3 ml of dry dimethylformamide (DMF) and I2 (0.09 mmol, 24 mg) was
added. N-Fmoc-3-iodo-L-alanine methyl ester 15 (1.6 g, 3.54 mmol) was dissolved
in 3 ml abs. DMF was added dropwise to the suspension. Afterwards, I2 (0.09
mmol, 24 mg) was added and the reaction mixture was stirred for 30 min at RT.
Then, Pd2(dba)3 (0.02 mmol, 22 mg), S-Phos (0.04 mmol, 18 mg)and 4-iodophenol
7b (0.94 mmol, 206 mg) were added sequentially. The reaction mixture was stirred
overnight at 40◦C. Then, it was cooled down to RT and 20 ml of ethyl acetate were
added to the reaction mixture. The mixture was extracted with sat. NH4Cl solu-
tion. The aqueous phase was extracted thrice with ethyl acetate. The combined
organic phases were washed with sat. NaCl solution and dried over MgSO4. Evap-
oration of the solvents under reduced pressure yielded the crude product. Silica gel
chromatography using ethyl acetate/heptane (1:1 v/v) yielded 320 g of N -Fmoc-L-
tyrosine methyl ester 16 (82% yield).

Rf-value 0.3 (heptane/ethyl acetate 1:1)

1H NMR (500 MHz, DMSO) δ 7.90 (d, J = 7.5 Hz, 2H), 7.86 (d, J = 7.5 Hz,
2H), 7.43 (t, 2H), 7.36 (td, J = 7.4, 1.2 Hz, 2H), 7.06 – 6.93 (m, 2H), 6.66 (dd, J =
8.3, 3.9 Hz, 2H), 6.29 (s, 1H), 4.37 (d J = 7.0 Hz, 2H), 3.57 (s, 3H), 2.96 – 2.64 (m,
2H).
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5.3.6 N -Fmoc-L-tyrosine 17

Synthesis of compound 17 was modified from literature.[95] N -Fmoc-L-tyrosine methyl
ester 16 (0.69 mmol, 290 mg) was suspended in a 0.8 M CaCl2 isopropanol/H2O
(7:3 v/v) mixture. NaOH (0.83 mmol, 34 mg) was added to the reaction mixture,
and the reaction mixture was stirred for 7 h. When reaction completion was con-
firmed by TLC, the mixture was neutralized with 1 M HCl and the solvents were
evaporated to yield the crude N -Fmoc-L-tyrosine 17. Silica gel chromatography
using DCM/methanol/ACN (90:9:1 v/v/v) yielded 250 mg of N -Fmoc-L-tyrosine
17 (90% yield) as an off-white solid.

Rf-value 0.7 (DCM/methanol/ACN 90:9:1)

1H NMR (500 MHz, DMSO) δ 9.39 (s, 1H), 7.87 (d, J = 7.5 Hz, 2H), 7.62 (dd,
J = 12.2, 7.5 Hz, 2H), 7.43 – 7.35 (m, 2H), 7.30 (dt, J = 10.2, 7.3 Hz, 2H), 6.93 (d,
J = 8.0 Hz, 1H), 6.71 (d, J = 8.1 Hz, 1H), 6.64 (d, J = 8.2 Hz, 2H), 6.27 (s, 1H),
4.22 – 3.87 (m, 2H), 2.97 (d, J = 14.9 Hz, 1H), 2.73 (dd, J = 13.7, 8.5 Hz, 1H).
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5.3.7 N -α-Fmoc-O-benzyl-L-phosphotyrosine 18

Synthesis of compound 18 was modified from literature.[6] A 3-neck flask with a
thermometer and a septum was set under argon atmosphere. PCl3 (0.67 mmol,
92 mg, 1.3 eq) was dissolved in dry THF and cooled to 0◦C. BnOH (0.78 mmol,
84 mg, 1.5 eq) was added to the reaction mixture, whereas the internal tempera-
ture remained at 0◦C by cooling with an ice-NaCl cooling mixture. After 5 min,
pyridine (1.59 mmol, 125 mg, 3.0 eq) was added, and a white slurry was formed.
Fmoc-tyrosine 17 (0.52 mmol, 200 mg, 1.0 eq) was suspended in 3 ml dry THF and
pyridine (0.52 mmol, 41 mg, 1.0 eq) was added. Then, this was added dropwise to
the reaction mixture, whereas the internal temperature remained at 0◦C. After 90
min of stirring in an ice bath, 1 ml of H2O was added dropwise, maintaining the
internal temperature < 5◦C. Then, NaBr (1.25 mmol, 130 mg, 2.4 eq) was added.
When the NaBr was completely dissolved, 250 µl of 20 wt% NaBrO3 solution was
added. stirring was continued in the ice bath for 15 min. Then the ice bath was
removed and the reaction mixture was stirred for 3 h at RT. To the yellow reaction
mixture, a 10wt% Na2S2O5 solution was added dropwise until the yellow reaction
mixture turned clear. The reaction mixture was extracted thrice with 2-MeTHF.
The combined organic phases were washed twice with sat. NaCl solution. Drying
over MgSO4 and subsequent evaporation of the solvents yielded the solvate con-
taining the crude product. Purification via column chromatography using silica gel
was not feasible due to the decomposition of compound 18 over silica. Purification
by precipitation in heptane, ethyl acetate, diethyl ether, acetone, or DCM was not
successful.

1H NMR (500 MHz, CDCl3) δ 7.88 (d, J = 7.7 Hz, 2H), 7.64 (d, J = 7.9 Hz,
2H), 7.44 – 7.20 (m, 11H), 6.98 (d, J = 8.0 Hz, 2H), 6.61 (d, J = 7.9 Hz, 2H), 4.74
– 4.64 (m, 2H), 4.19 (ddt, J = 30.9, 17.5, 7.3 Hz, 4H), 2.94 (dd, J = 13.9, 4.6 Hz,
1H).
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5.4 Isoleucine Precursor 24

Compound 24 was synthesized as described in literature.[7]

5.4.1 tert-Butyl 2-(hydroxymethyl)acrylate 20

Paraformaldehyde (PFA) (9.78 g, 41 mmol) was dissolved in 50 ml H2O, 1.05 ml of 1
M H3PO4 was added and the reaction mixture was refluxed to yield a formaldehyde
solution. After the reaction was cooled to room temperature (RT), tert-butyl 2-
(diethoxyphosphoryl)acetate 19 (20 g, 73 mmol) and K2CO3 (17.46 g, 12.64 mmol)
in H2O was added. The reaction mixture was stirred at 40◦C for 18 h. Afterwards,
diethylether and saturated NaCl solution were added. The aqueous phase was ex-
tracted twice with diethylether. The combined organic phases were washed with
saturated NaCl solution and finally dried over MgSO4. The crude product was puri-
fied by bulb to bulb distillation (10 mbar, up to 157◦C), yielding 11.39 g tert-butyl
2 -(hydroxymethyl)acrylate 20 (91% yield).

1H NMR (500 MHz, CDCl3) δ 6.15 (s, 1H), 5.74 (s, 1H), 4.29 (d, J = 4.3 Hz,
2H), 2.36 (d, J = 6.3 Hz, 1H), 1.51 (s, 9H).
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5.4.2 tert-Butyl 2-(bromomethyl)acrylate 21

tert-Butyl 2-(hydroxy)acrylate 20 (11.39 g, 71 mmol) was dissolved in 20 ml of ab-
solute diethylether and set under argon atmosphere. Then, the reaction mixture was
cooled to -10◦C using dry ice in acetone and PBr3 (12.6 g, 46.5 mmol) was added
via syringe. Afterwards, the reaction mixture was stirred for 3 h at RT followed by
cooling to -10◦C and quenching by the addition of 10 ml H2O. Then, the aqueous
phase was extracted three times with diethylether. The combined organic phases
were washed with saturated NaCl solution and dried over MgSO4. Evaporation of
diethylether gave the crude product as a yellow liquid. Bulb to bulb distillation
(15 mbar, up to 157◦C) yielded 9.69 g tert-butyl 2-(bromomethyl)acrylate 21 (62%
yield).

1H NMR (500 MHz, CDCl3) δ 6.23 (s, 1H), 5.86 (s, 1H), 4.14 (s, 2H), 1.52 (s,
9H).
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5.4.3 [4-13C2] tert-Butyl 2-methylenebutanoate 22

Magnesium (108 mg, 4.45 mmol) was placed into a three-necked flasked, evacuated
on the vacuum line and set under argon atmosphere. Dry diethylether (10 ml) was
added, followed by the dropwise addition of 13C-Iodomethan (5.4 mmol) until no
more Mg was visible. The reaction mixture was heated to 40◦C and stirred for 30
min until no more magnesium was visible anymore. Afterwards, the reaction mix-
ture was cooled in an ice bath and tert-butyl 2-(bromomethyl)acrylate 21 (0.9 g,
4.05 mmol) was added dropwise. After 15 min the reaction mixture was allowed to
warm to RT and stirring was continued for 2 h. Finally, quenching of the reaction
was done by the addition of ice cubes and saturated NH4Cl solution. Afterwards, the
aqueous phase was extracted with diethylether four times. The combined organic
phases were washed with saturated NaHCO3 solution and H2O and then dried over
MgSO4. Evaporation of the solvent under reduced pressure yielded 483 mg [4-13C2]
tert-butyl 2-methylenebutanoate 22 (80% yield).

1H NMR (600 MHz, CDCl3) δ 6.03 (s, 1H), 5.44 (s, 1H), 2.34 – 2.23 (m, 2H),
1.49 (s, 9H), 1.05 (dt, J = 126.4, 7.4 Hz, 3H).
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5.4.4 [4-13C2] tert-Butyl 2-ketobutanoate 23

[4-13C2] tert-Butyl 2-methylenebutanoate 22 (438 mg, 2.77 mmol) was dissolved in
absolute dichlormethane (DCM) and cooled to - 78◦C using an acetone dry-ice cool-
ing solution. Ozone was bubbled through the solution (100 ml/h, 70% ozone) for 10
min until the reaction mixture appeared blue. Afterwards, air was bubbled through
to remove any ozone excess. Triphenylphosphine (931 mg, 3.55 mmol) was added
to quench the reaction. After 30 min of stirring, the cooling bath was removed and
the reaction mixture was allowed to be stirred at RT overnight. The next day, sol-
vents were evaporated and the product was isolated using bulb-to-bulb distillation
(7 mbar, up to 150◦C), which yielded 306 mg [4-13C2] tert-butyl 2-ketobutanoate 23
as a yellow oil (69% yield).

1H NMR (500 MHz, CDCl3) δ 2.84 – 2.75 (m, 2H), 1.54 (s, 9H), 0.97 (dt, J =
134.5, 7.2 Hz, 3H).
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5.4.5 [4-13C2, 3-D2] 2-Ketobutanoic acid 24

[4-13C2] tert-Butyl 2-ketobutanoate 23 (300 mg, 1.87 mmol) was dissolved in 10 ml
of absolute diethylether and 10 ml of DCM. Gaseous HCl was bubbled through the
reaction mix which was stirred at 0◦C using an ice-water bath. Thereby concen-
trated HCl was added to concentrated H2SO4 in a Schlenk flask using a dropping
funnel. After 15 min of gaseous HCl treatment, the flask was tightly closed and
stirred for 90 min at RT. TLC showed the hydrolysis to be completed. The solvent
was then evaporated at 450 mbar. Further purification was done via bulb-to-bulb
distillation (30 mbar, up to 135◦C). The oil was then dissolved in D2O and the pH
was set to 14 using 0.5 M NaOD. The solution was then stirred for 2 h under ar-
gon atmosphere at RT. Afterwards, the pH of the reaction mix was set to 1 by the
addition of 6 M DCl and 5 times extracted with diethylether. The diethylether was
removed at 500 mbar and the pH was set to 7 by the addition of 0.5 M NaOD and
5 M DCl. Lyophilization yielded 180 mg [4-13C2, 3-D2] 2-Ketobutanoic acid 24 as
a white solid (92% yield).

1H NMR of the free acid before deuteration (500 MHz, D2O) δ 4.70 (s, 1H),
2.49 – 2.47 (m, 2H), 0.92 (dt, J = 124.2, 1.7 Hz, 3H).

1H NMR (500 MHz, D2O) δ 0.90 (d, J = 128.3 Hz, 1H).
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5.5 Valine and Leucine Precursor 30

Compound 30 was synthesized as described in literature.[7]

5.5.1 [4-CD3] tert-Butyl 2-methylenebutanoate 25

The synthesis was performed according to the preparation of [4-13C2]tert-butyl 2-
methylene butanoate 22, using tert-butyl 2-(bromomethyl)acrylate 21 (7.11 mmol,
1.58 g), Mg (7.82 mmol, 191 mg) and CD3-Iodomethan (1.14 g, 7.86 mmol). The
reaction yielded 923 mg [4-CD3] tert-butyl 2-methylenebutanoate 25 as a clear oil
(78% yield).

1H NMR (600 MHz, CDCl3) δ 6.03 (s, 1H), 5.44 (s, 1H), 2.28 (dd, J = 12.7,
7.0 Hz, 2H), 1.49 (s, 9H).
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5.5.2 [4-CD3] tert-Butyl 2-ketobutanoate 26

The synthesis was performed according to the synthesis of [4-13C2] tert-butyl 2-
ketobutanoate 23, yielding 542 mg [4-CD3]-tert-butyl 2-ketobutanoate 26 as a clear
liquid (58% yield).

1H NMR (500 MHz, CDCl3) δ 2.77 (s, 2H), 1.53 (s, 9H).
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5.5.3 [4-CD3] tert-Butyl 2-(2,2-dimethylhydrazono)butanoate 27

[4-CD3] tert-butyl 2-ketobutanoate 26 (3.29 mmol, 530 mg) was dissolved in 2 ml
of dry diethylether under argon atmosphere. Afterwards, dimethylhydrazine (300
µl, 3.93 mmol) was added dropwise via a syringe. Stirring was continued overnight.
Then, the reaction mixture was diluted with 20 ml of diethylether, washed with
H2O, and dried over MgSO4. Evaporation of the solvent under reduced pressure
yielded 330 mg [4-CD3] tert-butyl 2-(2,2-dimethylhydrazono)butanoate 27 as a yel-
low liquid (48% yield).

1H NMR (500 MHz, CDCl3) δ 2.77 and 2.50 (s, 6H), 2.53 and 2.35 (s, 2H), 1.52
and 1.51 (s, 9H).
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5.5.4 [4-13C; 4-CD3] tert-Butyl 2-(2,2-dimethylhydrazono)-3-methylbutanoate
28

Under argon atmosphere, 10 ml of dry tetrahydrofuran (THF) was mixed with di-
isopropylamine (320 µl, 2.28 mmol) and cooled to - 78◦C using acetone in dry ice.
Carefully, 1 ml of n-butyllithium (nBuLi) (2.5 M in hexane) was added dropwise by
syringe. Stirring was continued for 30 min at 0◦C using an ice-water bath, followed
by cooling to - 78◦C. Then, [4-CD3] tert-butyl 2-(2,2-dimethylhydrazono)butanoate
27 (330 mg, 1.63 mmol) was added dropwise, whereas the reaction mixture changed
color from yellow to brown, indicating enolate formation. Stirring was performed for
1 h, followed by the addition of [13C]-iodomethan (2.43 mmol, 155 µl). The reaction
mixture was stirred for 2 h, and then quenched by the addition of H2O, whereas
the reaction mixture changed its color to bright yellow. Afterwards, the reaction
was allowed to warm to RT, the solvents were evaporated under reduced pressure.
The residue was taken up in ethyl acetate and washed with H2O until the aqueous
phases appeared clear. The organic phase was dried over MgSO4 and the solvent
was removed under reduced pressure, yielding 303 mg of [4-13C; 4-CD3] tert-butyl
2-(2,2-dimethylhydrazono)-3-methylbutanoate 28 (85% yield).

1H NMR (500 MHz, CDCl3) δ 2.63 – 2.58 (m, 1H), 2.46 (s, 6H), 1.51 (s, 9H),
1.01 (dd, J = 125.3, 6.9 Hz, 1H).
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5.5.5 [4-13C; 4-CD3] tert-Butyl 3-methyl-2-ketobutanoate 29

[4-13C; 4-CD3] tert-Butyl 2-(2,2-dimethylhydrazono)-3-methylbutanoate 28 (303 mg,
1.38 mmol) was dissolved in THF and 5 ml 1 M HCl was added. The reaction mix-
ture was stirred for 2 h at RT and afterwards diluted with diethyl ether. The aque-
ous phase was extracted thrice with diethylether, the combined organic phases were
washed twice with saturated NaCl solution and dried over MgSO4. Evaporation of
the solvents yielded 176 mg [4-13C; 4-CD3] tert-butyl 3-methyl-2-ketobutanoate 29
(72% yield).

1H NMR (500 MHz, CDCl3) δ 3.18 – 3.10 (m, 1H), 1.53 (s, 9H), 1.26 and 0.99
(two d, J = 130.4, 7.0 Hz, 3H).
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5.5.6 [4-13C; 4-CD3] Ketoisovaleric acid 30

Compound 30 (176 mg, 1 mmol) was prepared as described for 24. However, 1H
NMR revealed the remaining tert-butyl ester after lyophilization. Therefore, the
mixture of product and substrate was refluxed in 6 M HCl for 2 h and subsequently
extracted 6 times with diethyl ether. Further workup was performed as described
for 24 yielding 103 mg of [4-13C; 4-CD3] Ketoisovaleric acid 30 (65% yield).

1H NMR (500 MHz, D2O) δ 1.21 (d, J = 127.8 Hz, 3H).

63



5 EXPERIMENTAL SECTION

5.6 Histidine Precursor

5.6.1 Ethyl 2-(diethoxyphosphoryl)-2-hydroxyacetate 32

Compound 32 was synthesized according to a procedure from the literature.[9] Ethyl
glyoxylate 31 (1.00 g, 9.8 mmol) was added to 10 ml toluene. Then, p-toluene sul-
fonic acid (16 mg) and diethyl phosphonate (1.62 g, 11.8 mmol) were added. The
reaction mixture was refluxed overnight at 135◦C. The next day, after cooling down,
the solvent was removed under reduced pressure, yielding the crude product. Sub-
sequent silica gel chromatography using DCM/methanol (79:1 v/v) yielded 1.54 g
of the purified product 32 as a colorless oil (65% yield).

Rf-value 0.4 (DCM/methanol 79:1)

1H NMR (500 MHz, CDCl3) δ 4.53 (d, J = 15.7, 1H), 4.37 – 4.27 (m, 2H), 4.26
– 4.16 (m, 4H), 1.37 – 1.29 (m, 9H).
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5.6.2 Ethyl 2-((tert-butyldimethylsilyl)oxy)-2-(diethoxyphosphoryl)acetate
33

Compound 33 was synthesized according to a procedure from the literature.[9] Ethyl
2-(diethoxyphosphoryl)-2-hydroxyacetate 32 (0.90 g, 3.8 mmol) was dissolved in 20
ml DCM and cooled to 0◦C using an ice-water bath. Imidazole (0.49 g, 7.2 mmol)
and TBDMSCl (840 mg, 5.58 mmol) were added subsequently. The reaction mix-
ture was stirred and allowed to warm to RT overnight. The next day, the reaction
was quenched with saturated NH4Cl solution and the aqueous phase was extracted
5 times with DCM. The combined organic phases were dried over MgSO4 and sub-
sequent evaporation of the solvents yielded the crude product. Silica gel chromatog-
raphy using heptane/ethyl acetate (1:1 v/v) yielded 0.84 g of the purified product
33 as a colorless oil (63% yield).

Rf-value 0.4 (heptane/ethyl acetate 1:1)

1H NMR (500 MHz, CDCl3) δ 4.59 (d, J = 18.0 Hz, 1H), 4.32 – 4.10 (m, 6H),
1.37 – 1.28 (m, 9H), 0.92 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H).
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5.6.3 [1,3-15N, 2-13C](Imidazol-1H -5-yl-)methanol 34

CuCO3·(OH)2 (1.44 g, 6.5 mmol), NH4Cl (1.39 g, 26 mmol) and 1,3–dihydroxyacetone
dimer (1.16 g, 6.45 mmol) were added to a microwave vessel (V = 10.0 – 20.0 ml).
Formaldehyde solution (37% wt, 0.55 ml) and 6 ml H2O were added. The pH was
set to 12 by the addition of 1 M NaOH and the microwave vessel was set under argon
atmosphere. A microwave reaction was performed for 1 h at 100◦C. After reaction
completion, the microwave vessel was stored at 4◦C overnight. Then, the brown
copper complex was filtered off and thoroughly washed with ice-cold H2O. The pre-
cipitate was added with thioacetamide (360 mg, 8.4 mmol) in 20 ml of H2O. The
reaction mixture was stirred at 50◦C for 2 h. Then, the resulting CuS was filtered off
from the hot reaction mixture and washed with H2O. The filtrate was evaporated
under reduced pressure, yielding a brown solid crude product. Subsequent silica
gel chromatography using methanol/ethyl acetate/NH4OH (28%) (35:65:5 v/v/v)
yielded 480 mg of 1(3)H-Imidazol-4-yl-methanol (76% yield) as a yellow solid.

Synthesis for the labeled compound was performed as described using 15NH4Cl
as nitrogen source and a 20% wt 13C-Formaldehyde solution, however, no product
34 could be obtained.
Alternatively, 200 mg of 13C-paraformaldehyde were stirred overnight at RT in 4 ml
of 0.5 M NaOH solution. Then, it proceeded as described yielding 390 mg of com-
pound 34 as an off-white solid (62% yield.) 1H NMR revealed a carbon-13 content
on the epsilon position of 60%.

Rf-value 0.6 (methanol/ethyl acetate/NH4OH (28%) (35:65:5)

1H NMR (500 MHz, D2O) δ 8.30 (t, J = 6.5 Hz, 0.4H), 8.08 (dt, J = 216.2, 6.9
Hz, 0.6H), 7.29 (s, 1H), 4.64 (d, J = 2.3 Hz, 2H).
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5.6.4 1H -Imidazole-5-carbaldehyde 35

Synthesis of compound 35 was modified from literature.[9] 1(3)H -Imidazol-4-yl-
methanol (200 mg, 2 mmol) was dissolved in 10 ml dry methanol and treated with
5 eq. MnO2. The reaction mixture was refluxed overnight. Thereafter, MnO2 was
filtered off over celite. The solvent was removed under reduced pressure to yield the
crude product. Column chromatography using ethyl acetate/methanol (4:1 v/v)
yielded 1H -imidazole-5-carbaldehyde (80% yield).

1H NMR (500 MHz, DMSO) δ 9.74 (s, 1H), 7.99 (s, 1H), 7.92 (s, 1H).
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5.6.5 tert-Butyl 4-formyl-1H -imidazole-1-carboxylate 37a Route A

Synthesis of compound 37a was modified from literature.[9] Imidazole-carbaldehyde
35 (100mg, 1 mmol) was dissolved in 3 ml dry ACN and a catalytic amount of
DMAP (15 mg, 0.10 mmol) was added. Then, (Boc)2O (280 µl, 1.34 mmol) in 3 ml
dry ACN was added dropwise. The reaction mixture was stirred overnight at RT.
Evaporation of the solvents the next day yielded dark yellow solid. Purification was
performed by silica gel chromatography using heptane/ethylacetate (1:1 v/v) and
yielded 40 mg of 37 as white crystals (23% yield). Further investigation revealed
that the compound was not stable on silica.

1H NMR (500 MHz, CDCl3) δ 9.91 (s, 1H), 8.12 (s, 1H), 8.01 (s, 1H), 1.63 (s,
9H).
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5.6.6 tert-Butyl-[1,3-15N, 2-13C]imidazole-4-yl-methanol 36

Compound 34 (200 mg, 2.0 mmol) was put under argon atmosphere and dissolved
in 4 ml dry DMF. Triethylamine (252 mg, 2.5 mmol, 0.35 ml) in DMF was added
dropwise while the reaction mixture was cooled in an ice bath. Then, Boc2O (545
mg, 2.5 mmol) in 2 ml dry THF was added dropwise. The reaction mixture was
allowed to warm to RT and stirred overnight.

Water was added and the aqueous phase was extracted with ethyl acetate several
times. The combined organic phases were washed with brine and H2O, dried over
MgSO4 and the solvents were removed under reduced pressure to yield 298 mg of
36 as white to yellow crystals (74% yield).

1H NMR (500 MHz, CDCl3) δ 8.20 (dt, J = 213.4, 8.4 Hz, 0.75H), 8.00 (t, J =
8.4 Hz, 0.25H), 7.07 (s, 1H), 4.80 (s, 2H), 1.61 (s, 9H).
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5.6.7 tert-Butyl-[1,3-15N, 2-13C]imidazole-1-carboxylate 37 Route B

Compound 36 (270 mg, 1.38 mmol) was dissolved in methanol and MnO2 (602 mg,
6.91 mmol) were added. The reaction mixture was allowed to let stir for 48 h. The
next day MnO2 was filtered off over celite and washed with methanol. The solvent
from the filtrate was evaporated and white to yellow crystals remained. Purification
via silica gel chromatography could not be performed, since the compound remained
unstable on silica. The side product was partially removed by its precipitation using
acetone, which yielded 230 mg of 37 as off-white crystals (85% yield).

1H NMR (500 MHz, CDCl3) δ 9.94 (s, 1H), 8.35 (dt, J = 217.5, 9.3 Hz, 0.75H),
8.12 (t, J = 9.8 Hz, 0.25H), 8.03 (d, J = 3.0 Hz, 1H), 1.65 (s, 9H).
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5.6.8 tert-Butyl-4-(2-((tert-butyldimethylsilyl)oxy)-3-ethoxy-3-oxoprop-
1-en-1-yl)-[1,3-15N, 2-13C]-imidazole-1-carboxylate 38

Synthesis of 38 was modified from literature.[58] Compound 33 (0.75 mmol, 272
mg) was placed under argon atmosphere and dissolved in dry THF. The mixture
was cooled to -78◦C using dry ice in acetone. LiHMDS solution (1 M in THF,
0.75 mmol, 750 µl) was added dropwise and the reaction mixture was stirred for
30 min at -78◦C. Compound 37 (0.6 mmol, 120 mg) was dissolved in dry THF and
added dropwise to the reaction mixture. Stirring was continued overnight, whereas
warming to RT was allowed. The reaction was quenched with saturated NH4Cl the
next day. The aqueous phase was extracted six times with DCM. The combined
organic phases were dried over MgSO4, and the solvent was removed under reduced
pressure yielding brown oil as a crude product. Purification was performed by silica
gel chromatography using heptane/ethyl acetate (4:1 v/v), yielding 85 mg of 38 as
a clear oil (38% yield).

Rf-value 0.6 (heptane/ethyl acetate 4:1)

1H NMR of the Z-isomer of 38 (500 MHz, CDCl3) δ 8.23 (dddd, J = 220.5,
11.6, 7.4, 1.3 Hz, 0.6H), 8.08 (dd, J = 4.5, 2.6 Hz, 1H), 8.01 (ddd, J = 11.5, 7.4, 1.3
Hz, 0.4H), 6.39 (d, J = 2.4 Hz, 1H), 4.28 (q, J = 7.2 Hz, 2H), 1.62 (s, 9H), 1.35 (t,
J = 7.2 Hz, 3H), 0.97 (s, 9H), 0.19 (s, 6H).
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5.6.9 [1,3-15N, 2-13C]4-(2-Carboxy-2-hydroxyvinyl)-1H -imidazolium chlo-
ride 39

Synthesis of compound 39 was performed as described in literature.[9] Compound
38 (80 mg, 0.21 mmol) was dissolved in 6 M HCl (10 ml) and stirred overnight at
RT. Evaporation of the solvents yielded 40 mg of 4-(2-carboxy-2-hydroxyvinyl)-1H -
imidazolium chloride as a beige solid (100% yield).

1H NMR (500 MHz, DMSO) δ 14.59 (d, J = 90.5 Hz, 2H), 10.31 (s, 1H), 9.28
(dt, J = 220.5, 5.5 Hz, 0.7H), 9.06 (td, J = 5.8, 1.4 Hz, 0.3H), 7.69 (p, J = 4.1 Hz,
1H), 6.43 (d, J = 2.1 Hz, 1H).
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Abbreviations

2D-NMR two-dimensional NMR

3D-NMR three-dimensional NMR

Bn Benzyl group

Boc tert-Butyloxycarbonyl protecting group

Cbz Carboxybenzyl group

CF Cell-free

COSY 2D correlated spectroscopy

CSD Chemical Shift Anisotropy

CSP Chemical Shift Perturbations

DBU diazabicycloundecene

DCM dichlormethane

DD dipole-dipole

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

ds double-stranded

E. coli Escherichia coli

EM electron microscopy

FID free induction decay

FMOC-Cl 9-Fluorenylmethoxycarbonyl chloride

HWE Horner-Wadsworth-Emmons

HSQC heteronuclear single quantum correlation

KD equilibrium dissociation constant

LB lysogeny broth
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LDA lithiumdiisopropylamin

MeOH methanol

nBuLi n-butyllithium

NMR Nuclear Magnetic Resonance

NOE Nuclear Overhauser Effect

NOESY Nuclear Overhauser Effect Spectroscopy

PFA Paraformaldehyde

PLCG Phospholipase Cγ

pHPLC preparative high performance liquid chromatography

PTB phosphotyrosine binding

PTM Posttranslational modification

PTMs Posttranslational modifications

pTyr phosphorylated Tyrosine

RT room temperature

SAIL Stereo-array Isotopic Labeling

SAR structure-activity relationships

SH2 Src homology 2

SPPS solid-phase peptide synthesis

STD Saturation Transfer Difference

T2 transverse relaxation time

THF tetrahydrofuran

TLC thin layer chromatography

TROSY Transverse relaxation-optimized spectroscopy
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1H NMR (500 MHz, CDCl3) δ 7.67 (ddd, J = 12.0, 8.2, 1.5 Hz, 4H), 7.55 (td, J = 7.3, 1.5 Hz, 2H), 7.47 (td, J = 7.5, 2.8 Hz, 4H), 5.64 (d, J = 7.6 Hz, 1H), 5.26 – 5.09 (m, 4H), 4.62 (dt, J = 7.6, 3.8 Hz,

1H), 3.60 (qd, J = 10.4, 3.8 Hz, 2H).

xi



N
M

R
SP

E
C

T
R

A

[2,6-13C2]4-Nitrophenol 4

4.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.08.28.48.68.89.09.2
f1 (ppm)

A (m)
8.12

B (td)
7.06

C (d)
6.78

1.
0

3

1.
10

1.
8

8

4.
79

 D
2O

6
.7

7
6

.7
7

6
.7

8
6

.7
8

6
.7

9

7.
0

5
7.

0
6

7.
0

7
7.

0
7

8
.1

1
8

.1
2

8
.1

3

1H NMR (600 MHz, D2O) δ 8.12 (d, 2H), 6.78 (dd, J = 169.8, 7.7 Hz, 2H).
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1H NMR (500 MHz, CDCl3) δ 6.82 (dd, J = 156.1, 5.6 Hz, 2H), 6.60 (d, J = 8.4 Hz, 0.2H), 4.31 (s, 1H), 3.41 (s, 2H).
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1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 9.9 Hz, 0.1H), 6.79 (dd, J = 160.1, 5.1 Hz, 2H), 6.47 (d, J = 5.7 Hz, 1H), 4.88 (t, J = 4.7 Hz, 1H).
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1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 7.5 Hz, 2H), 6.63 (d, J = 8.5 Hz, 2H), 5.19 (s, 1H).
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1H NMR (500 MHz, CDCl3) δ 7.38 – 7.28 (m, 10H), 6.80 (d, J = 5.0 Hz, 1H), 6.49 (dd, J = 157.0, 4.5 Hz, 1H), 5.21 (d, J = 8.3 Hz, 1H), 5.19 – 5.11 (m, 2H), 5.09 (d, J = 5.6 Hz, 2H), 4.88 (s, 1H), 4.66

(dt, J = 8.3, 5.8 Hz, 1H), 3.09 – 2.97 (m, 2H).
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N -Carbobenzoxy[3,5-13C2-2,6-D2]-L-tyrosine[P(O)(NMe2)2] benzyl ester 9
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1H NMR (500 MHz, CDCl3) δ 7.34 (ddd, J = 13.1, 6.8, 3.6 Hz, 10H), 7.19 (dd, J = 159.3, 6.2 Hz, 2H), 6.93 (d, J = 8.1 Hz, 0.2H), 5.23 – 5.11 (m, 2H), 4.69 (dd, J = 15.5, 9.6 Hz, 1H), 3.07 (qd, J = 13.8,

5.8 Hz, 2H), 2.70 (d, J = 10.0 Hz, 12H).
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1H NMR (500 MHz, D2O) δ 7.29 (dd, J = 160.3, 5.7 Hz, 2H), 4.01 (dd, J = 7.9, 5.3 Hz, 1H), 3.26 (dd, J = 14.7, 5.3 Hz, 1H), 3.08 (ddd, J = 34.3, 14.7, 7.8 Hz, 1H), 2.69 (d, J = 10.4 Hz, 12H).
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1H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 7.6 Hz, 3H), 7.59 (t, J = 6.9 Hz, 3H), 7.40 (t, J = 7.4 Hz, 3H), 7.35 – 7.29 (m, 2H), 7.24 (dd, J = 165.3, 4.2 Hz, 1H), 7.07 (s, 0H), 5.57 (d, J = 7.7 Hz, 1H), 4.69

(s, 1H), 4.47 (dd, J = 10.6, 7.4 Hz, 1H), 4.34 (dd, J = 10.6, 7.0 Hz, 1H), 4.22 (t, J = 6.9 Hz, 1H), 3.25 – 3.09 (m, 2H), 2.72 (dd, J = 10.2, 3.5 Hz, 12H).
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N -Fmoc-L-serine 13

2.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.08.28.48.6
f1 (ppm)

A (d)
7.90

B (dd)
7.75

C (t)
7.43

D (t)
7.34

E (dt)
4.07

G (d)
3.69

H (s)
3.18

F (t)
4.24

I (m)
4.31
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1H NMR (500 MHz, DMSO) δ 7.90 (d, J = 7.5 Hz, 2H), 7.75 (dd, J = 7.6, 4.1 Hz, 2H), 7.43 (t, J = 7.7 Hz, 2H), 7.34 (t, J = 7.5 Hz, 2H), 4.33 – 4.27 (m, 2H), 4.24 (t, J = 7.2 Hz, 1H), 4.07 (dt, J = 8.8, 5.1

Hz, 1H), 3.69 (d, J = 5.1 Hz, 2H), 3.18 (s, 1H).
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N -Fmoc-L-serine methyl ester 14

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)

F (m)
4.29

G (dt)
4.17

H (d)
3.69

I (s)
3.64

A (t)
7.33

B (m)
7.41

C (t)
7.74

D (d)
7.88
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1H NMR (500 MHz, DMSO) δ 7.88 (d, J = 4.1 Hz, 2H), 7.74 (t, J = 6.6 Hz, 2H), 7.44 – 7.38 (m, 2H), 7.33 (t, J = 7.6 Hz, 2H), 4.36 – 4.20 (m, 3H), 4.17 (dt, J = 8.0, 5.2 Hz, 1H), 3.69 (d, J = 5.3 Hz, 2H),

3.64 (s, 3H).
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N -Fmoc-3-iodo-L-alanine methyl ester 15

2.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)

B (d)
7.90

C (d)
7.73

D (t)
7.42

E (t)
7.33

A (d)
8.05

F (t)
4.24

G (qd)
4.33

H (s)
3.66
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1H NMR (500 MHz, DMSO) δ 8.05 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 7.5 Hz, 2H), 7.73 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 7.33 (t, J = 7.4 Hz, 2H), 4.33 (qd, J = 10.4, 6.2 Hz, 3H),

4.24 (t, J = 7.0 Hz, 1H), 3.66 (s, 3H), 3.53 (dd, J = 10.3, 4.6 Hz, 1H), 3.35 (t, J = 9.7 Hz, 1H).
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N -Fmoc-L-tyrosine methyl ester 16

1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
f1 (ppm)

A (s)
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7.84

D (t)
7.41

E (m)
7.35

H (dd)
6.65

J (m)
4.18

K (m)
2.77

L (s)
3.60

F (m)
6.99

2.
0

7

1.
19

1.
6

5

1.
8

3

1.
8

4

2.
3

4
2.

3
5

2.
0

0
2.

75

1.
28

2.
5

0
 D

M
S

O
-d

6
2.

6
3

2.
6

4
2.

6
5

2.
6

6
2.

6
8

2.
6

9
2.

71
2.

72
2.

72
2.

74
2.

74
2.

75
2.

77
2.

77
2.

79
2.

8
3

2.
8

4
2.

8
6

2.
87

2.
8

9
2.

9
0

2.
9

2
2.

9
3

3
.6

0
4.

0
6

4.
0

7
4.

0
8

4.
0

9
4.

10
4.

11
4.

12
4.

13
4.

14
4.

15
4.

16
4.

17
4.

19
4.

20
4.

22
4.

23
4.

23
4.

24
4.

26
4.

28
4.

3
0

4.
31

6
.2

8

6
.6

4
6

.6
4

6
.6

5
6

.6
5

6
.6

6
6

.9
3

6
.9

5
7.

0
0

7.
0

2
7.

0
4

7.
3

3
7.

3
4

7.
3

4
7.

3
6

7.
3

6
7.

4
0

7.
4

2
7.

4
3

7.
8

3
7.

8
5

7.
8

8
7.

8
9

9
.2

5

1H NMR (500 MHz, DMSO) δ 9.25 (s, 1H), 7.88 (d, J = 7.5 Hz, 3H), 7.84 (d, J = 7.4 Hz, 2H), 7.41 (t, J = 7.3 Hz, 2H), 7.36 – 7.32 (m, 2H), 7.04 – 6.91 (m, 2H), 6.65 (dd, J = 8.3, 3.9 Hz, 2H), 4.32 – 4.06

(m, 2H), 3.60 (s, 3H), 2.94 – 2.62 (m, 2H).
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N -Fmoc-L-tyrosine 17

2.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f1 (ppm)

A (s)
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B (d)
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D (m)
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6.93
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tert-Butyl 2-(hydroxymethyl)acrylate 20

1.21.41.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.4
f1 (ppm)

A (s)
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B (s)
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C (d)
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D (s)
2.35

E (s)
1.51
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1H NMR (500 MHz, CDCl3) δ 6.15 (s, 1H), 5.74 (s, 1H), 4.29 (d, J = 4.3 Hz, 2H), 2.35 (brs, 1H), 1.51 (s, 9H).
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tert-Butyl 2-(bromomethyl)acrylate 21

1.01.52.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)
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1H NMR (500 MHz, CDCl3) δ 6.23 (d, J = 1.3 Hz, 1H), 5.89 – 5.81 (m, 1H), 4.14 (t, J = 1.2 Hz, 2H), 1.52 (d, J = 1.4 Hz, 9H).
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[4-13C2] tert-Butyl 2-methylenebutanoate 22

0.81.01.21.41.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.4
f1 (ppm)

A (s)
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1H NMR (600 MHz, CDCl3) δ 6.03 (s, 1H), 5.44 (s, 1H), 2.27 (dt, J = 12.4, 8.1 Hz, 2H), 1.49 – 1.48 (m, 9H), 0.95 (dt, J = 125.7, 7.4 Hz, 1H).
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[4-13C2] tert-Butyl 2-ketobutanoate 23

0.50.60.70.80.91.01.11.21.31.41.51.61.71.81.92.02.12.22.32.42.52.62.72.82.93.03.1
f1 (ppm)

A (qd)
2.79

C (s)
1.54

B (t)
0.97

D (t)
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1H NMR (500 MHz, CDCl3) δ 2.79 (qd, J = 7.2, 4.2 Hz, 2H), 1.54 (s, 9H), 0.97 (dt, J = 131.4, 7.3 Hz, 3H).
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[4-13C2, 3-D2] 2-Ketobutanoic acid 24

0.00.20.40.60.81.01.21.41.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.0
f1 (ppm)

A (d)
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1H NMR (500 MHz, D2O) δ 1.02 (d, J = 126.9 Hz, 3H).
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[4-CD3] tert-Butyl 2-ketobutanoate 26

0.91.01.11.21.31.41.51.61.71.81.92.02.12.22.32.42.52.62.72.82.93.03.13.23.3
f1 (ppm)

A (s)
2.77

B (d)
1.53
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1H NMR (500 MHz, CDCl3) δ 2.77 (s, 2H), 1.53 (d, J = 1.2 Hz, 9H).
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[4-CD3] tert-Butyl 2-(2,2-dimethylhydrazono)butanoate 27

1.31.41.51.61.71.81.92.02.12.22.32.42.52.62.72.82.93.03.13.23.3
f1 (ppm)
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1H NMR (500 MHz, CDCl3) δ 2.77 (s, 6H), 2.53 (s, 2H), 1.52 (s, 9H).

1H NMR (500 MHz, CDCl3) δ 2.50 (s, 6H), 2.35 (s, 2H), 1.51 (s, 9H).
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[4-13C; 4-CD3] tert-Butyl 2-(2,2-dimethylhydrazono)-3-methylbutanoate 28

0.91.01.11.21.31.41.51.61.71.81.92.02.12.22.32.42.52.62.7
f1 (ppm)

A (s)
1.51

B (dd)
1.01

C (s)
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D (m)
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1H NMR (500 MHz, CDCl3) δ 2.63 – 2.58 (m, 1H), 2.46 (s, 6H), 1.51 (s, 9H), 1.01 (dd, J = 125.3, 6.9 Hz, 1H).
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[4-13C; 4-CD3] Ketoisovaleric acid 30

0.60.81.01.21.41.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.2
f1 (ppm)

A (d)
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1H NMR (500 MHz, D2O) δ 0.98 (d, J = 128.0 Hz, 3H).
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Ethyl 2-(diethoxyphosphoryl)-2-hydroxyacetate 32

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.0
f1 (ppm)
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1H NMR (500 MHz, CDCl3) δ 4.53 (d, J = 15.3 Hz, 1H), 4.38 – 4.27 (m, 2H), 4.22 – 4.18 (m, 4H), 1.38 – 1.30 (m, 9H).
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Ethyl 2-((tert-butyldimethylsilyl)oxy)-2-(diethoxyphosphoryl)acetate 33

0.00.20.40.60.81.01.21.41.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.0
f1 (ppm)

A (d)
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B (m)
4.20

C (m)
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0.92

E (d)
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1H NMR (500 MHz, CDCl3) δ 4.58 (d, J = 18.0 Hz, 1H), 4.31 – 4.11 (m, 6H), 1.37 – 1.27 (m, 9H), 0.92 (s, 9H), 0.10 (d, J = 4.3 Hz, 6H).
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[1,3-15N, 2-13C](Imidazol-1H -5-yl-)methanol 34
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1H NMR (500 MHz, DMSO) δ 8.03 (dtd, J = 209.5, 9.4, 1.2 Hz, 0.75H), 7.82 (td, J = 9.3, 1.2 Hz, 0.25H), 6.99 (dp, J = 7.6, 2.3 Hz, 1H), 4.39 (d, J = 2.0 Hz, 2H).
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1H -imidazole-5-carbaldehyde 35
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tert-Butyl-imidazole-4-yl-methanol 36
The unlabeled analog of 36 is shown.
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1H NMR (500 MHz, CDCl3) δ 8.04 (d, J = 1.3 Hz, 1H), 7.33 – 7.29 (m, 1H), 4.60 (d, J = 5.5 Hz, 2H), 1.61 (s, 9H).
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tert-Butyl-[1,3-15N, 2-13C]imidazole-1-carboxylate 37
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1H NMR (500 MHz, CDCl3) δ 9.94 (s, 1H), 8.35 (dt, J = 217.5, 9.3 Hz, 0.75H), 8.12 (t, J = 9.8 Hz, 0.25H), 8.03 (d, J = 3.0 Hz, 1H), 1.65 (s, 9H).
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tert-Butyl-4-(2-((tert-butyldimethylsilyl)oxy)-3-ethoxy-3-oxoprop-1-en-1-yl)-[1,3-15N, 2-13C]-imidazole-1-carboxylate 38
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1H NMR (500 MHz, CDCl3) δ 8.23 (dddd, J = 220.5, 11.6, 7.4, 1.3 Hz, 0.6H), 8.08 (dd, J = 4.5, 2.6 Hz, 1H), 8.01 (ddd, J = 11.5, 7.4, 1.3 Hz, 0.4H), 6.39 (d, J = 2.4 Hz, 1H), 4.28 (q, J = 7.2 Hz, 2H), 1.62 (s,

9H), 1.35 (t, J = 7.2 Hz, 3H), 0.97 (s, 9H), 0.19 (s, 6H).
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[1,3-15N, 2-13C]4-(2-Carboxy-2-hydroxyvinyl)-1H -imidazolium chloride 39
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1H NMR (500 MHz, DMSO) δ 14.59 (d, J = 90.5 Hz, 2H), 10.31 (s, 1H), 9.28 (dt, J = 220.5, 5.5 Hz, 0H), 9.06 (td, J = 5.8, 1.4 Hz, 0H), 7.69 (p, J = 4.1 Hz, 1H), 6.43 (d, J = 2.1 Hz, 1H).
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