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Abstract I

Thisprojectderives froman industry cooperation,which involves thesynthesisof [4-15N]amino-[3-15N]nitropyridine.

A synthetic routewas optimized starting from commercially available isonicotinic acid. A 15N-labeled amino group

was introduced via amidation using 15NH4Cl as an isotope source. For the next step three variations of Hofmann

degradation were evaluated to obtain the aminopyridine. In the final step a 15N-labeled nitro group was imple-

mented via aromatic nitrationutilizingK15NO3. Overall 1.63 g of 15N-labeledANP couldbeproducedwith anoverall

yield of 17 % via three steps.
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Abstract II

High-resolution NMR spectroscopy allows three-dimensional structure investigation at atomic resolution under

near native conditions. The analysis and interpretation of large proteins relies on the incorporation of unnatu-

ral and/or isotope-labeled amino acids into proteins. This master project focused on the synthesis of fluorinated

phenylalanine and its late metabolic precursor, phenylpyruvate. Starting from [1-13C]glycine a synthetic route of

threestepswasconducted toyieldpara-fluorophenyl-[1-13C]pyruvate; 3,5-difluoro-4-hydroxyphenyl-[1-13C]pyruvate

and 2,6-difluoro-4-hydroxyphenyl-[1-13C]pyruvate; respectively. To obtain para-fluorophenylalanine four steps

were performed starting from unlabeled glycine. The compounds were synthesized to assess the bacterial uptake

of fluorinated phenylalanine species via the shikimic acid pathway to achieve highly-selective 13C and 15N back-

bone labeling combined with fluorinated aromatic ring systems. The knowledge gained will be used to design fur-

ther labeling patterns of phenylalanine, with high regard to 12C– 2H and 13C– 19F spin systems for the investigation

of aromatic ring system dynamics via transverse relaxation-optimized spectroscopy (TROSY).
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Zusammenfassung I

Dieses Projekt ist eine Industriekooperation, welche die Synthese von 4-15N-Amino-3-15N-Nitropyridin beinhaltet.

Ausgehend von kommerziell erhältlicher Isonicotinsäure wurde ein Syntheseweg optimiert. Die 15N markierte

Aminogruppe wurde über Amidierung mittels 15NH4Cl eingführt. Im nächsten Schritt wurden drei Synthesepro-

tokolle für den Hofmann Abbau evaluiert um Aminopyridin zu erhalten. Im letzten Schritt wurde die 15Nmarkierte

Nitrogruppe über aromatische Nitrierungmit K15NO3 eingeführt. Gesamt konnten 1,63 gmarkiertes 4-15N-Amino-

3-15N-Nitropyridin erzeugt werden, mit einer Gesamtausbeute von 17 % über drei Schritte.
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Zusammenfassung II

NMR-Spektroskopie ermöglicht die dreidimensionale Strukturaufklärung von Proteinen in wässriger Lösung. Für

die Analyse und Interpretation ist der Einbau unnatürlicher und/oder isotopenmarkierter Aminosäuren entschei-

dend. DiesesMasterprojektbeschäftigt sichmitderSynthesevon fluoriertemPhenylalaninundderdirektenVorstufe

im Metabolismus des exprimierenden Organismus (E. coli), Phenylpyruvat. Ausgehend von [1-13C]Glycin wurde

eineSynthese indreiSchrittendurchgeführtumjeweilspara-Fluorphenyl-[1-13C]Pyruvat; 3,5-Difluor-4-Hydroxyphenyl-

[1-13C]Pyruvat und2,6-Difluor-4-Hydroxyphenyl-[1-13C]Pyruvat zu erhalten. Umpara-Fluor Phenylalanin zu gewin-

nenwurde eine vierstufige Synthese ausgehend von unmarkiertemGlycin durchgeführt. Diese Verbindungenwur-

den synthetisiert um ihre Metabolisierung über den Shikimisäureweg von E. coli zu untersuchen, durch dessen

Aufnahme eine selektive 13C und 15N Rückgratmarkierung, zusammen mit fluorierten aromatischen Ringsyste-

men erzielt werden kann. Mit den erlangten Kenntnissen können weitere Markierungsmuster von Phenylalanin

entwickelt werden, mit besonderem Fokus auf 12C– 2H und 13C– 19F Spinsysteme für die Untersuchung von Pro-

teindynamiken aromatischer Ringsystememittels TROSY.
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CHAPTER 1. SUMMARY

Chapter 1

Summary

The firstpartof thismaster’s thesis results froman industry cooperationwithLOBAFeinchemieGmbH1. This funded

project covers the synthesis of a double 15N-labeled aromatic compound, [4-15N]amino-[3-15N]nitropyridine 6. The

synthetic route comprises three steps as outlined in Scheme 1. Starting from a commercially available pyridine-4-

carboxylic acid (isonicotinamide) 1 an amidation via the activated carbon acid anhydride is performed to gain the

respective 15N-labeled amide 3. Then a Hofmann degradation is enforced to obtain the amine 5 and in the final

step an electrophile aromatic substitution is carried out to insert a 15N-labeled nitro-group in ortho position to the

amino group to yield the target compound 6.

Scheme 1: synthesis path of [4-15N]amino-[3-15N]nitropyridine

In the first chapter an outline of the theoretical aspects of key synthetic steps is given (chapter 2), which involves

carboxylic acid reactions, Hofmann degradation and aromatic nitration. In chapter 3 practical results are dis-

cussed, including tables of detailed optimization efforts for the first and second synthetic step. The last chapter

contains the experimental protocols used to carry out the labeled synthesis, as well as two alternative protocols

for Hofmann degradation. This is concluded by the NMR and MS spectra analysed for the 15N-labeled compounds

of each synthetic step and for the two alternative protocols.

1https://www.loba.co.at
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CHAPTER 2. THEORETICAL BACKGROUND

Chapter 2

Theoretical aspects of synthetic key steps

2.1 Nucleophile substitutions on the sp2 carbonyl carbon

The reactivity of carbonyl compounds results from the electronegativity of the carbonyl oxygen. This oxygen in-

duces apositive partial chargeon the carbonyl carbon,making it prone tonucleophilic attacks. The level of reactiv-

ity is determined by the atom or group which is bound to the acyl group (Z). In carboxylic acid derivates (carbonyl

compounds class I), a weak base is a good leaving group and therefore may be easily replaced by a nucleophile

(Nu-). Further inductive effects of Z increase the electrophilic properties of the carbonyl carbon and resonance

stabilizations decrease the electrophile’s reactivity as outlined in Scheme 2.

Scheme 2: relative reactivity of carboxylic acid derivates

Nucleophilic attacks at the electrophilic carbonyl carbon lead to a break of the π-bond between carbonyl carbon

and oxygen, subsequently forming an unstable sp3-hybridized tetrahedral intermediate. Due to the electronega-

tivity of Z and Nu-, an oxygen electron pair rebuilds the π-bond to the carbonyl carbon which leads to a depart of

the better leaving group and back to sp2 hybridization of the carbon atom. If the previously attacking Nu- is the

better leaving group, the reaction is called nucleophile acyl substitution because Z is substitued by Nu-.

2.1.1 Carboxylic acid reactions

Carboxylic acids don’t react in acyl substitutions with halide or carboxylate ions. Because these nucleophiles are

weaker bases than the leaving group of the carboxylic acid, the hydroxy ion (OH-), they would be discharged from

the tetrahedral intermediate, leading to a back reaction to the educt.

In presence of an acid catalyst, carboxylic acids may react with alcohols by forming esters under dissociation of

water (esterification). Acid reaction conditions are necessary to keep the carboxylic acid protonated, hence the

deprotonated carboxylate ion is unreactive due to its good resonance stabilization. Because of the similar basicity

of the hydroxide and alcoholate ion they are both possible leaving groups of the tetrahedral intermediate, causing
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the reaction to be reversible. Therefore, an excess of alcohol and/or the utilization of awater separator (Dean-Stark

apparatus) is needed to force the equilibrium to the ester production (Le Chatelier’s principle). (Scheme 3a)

Carboxylic acids react with amines in acid-base reactions and not in acyl substitutions. Amines act as Brønsted

bases and immediately deprotonate the carboxylic acid leading to the formation of the unreactive carboxylate ion

and the aminium ion, which is no longer nucleophilic. (Scheme 3b)

Scheme 3: reactions of carboxylic acids

2.1.2 Activation of carboxylic acids

Carboxylic acids are not very prone to nucleophilic substitutions because of the relatively strong basicity of the

OH- leaving group. Therefore, carboxylic acids are commonly activated i.e. by replacing the hydroxy group with a

good leaving group, resulting in a conversion to acetic halides or anhydrides.

Carbonacidhalidesmaybeobtainedby reactionof carboxylic acidswith thionyl chloride (SOCl2), phosgene (COCl2),

oxalyl chloride ((COCl)2)1, phosphor(III)-chloride or phosphor(V)-chloride (Scheme 4a).

Carbon acid anhydrides may be obtained by eliminating one molecule of water from two molecules of carboxylic

acid (dehydration). This may be accomplished by heat2 or dehydrating agents i.e. phosphor(V)-oxide (P2O5) or

phosphorpentoxide (anhydride of phosphoric acid) (Scheme 4b). Mixed anhydrides, anhydrideswith two different

acyl groups (R1/R2), may be built by reaction of acetic chlorides3,4 with carboxylic acids (Scheme 4c).

Scheme 4: overview activation of carboxylic acids

Acetic anhydrides don’t react in acyl substitutions with sodium chloride or sodium bromide. Because these halide

ionsareweakerbases than the leavinggroupof theacetic anhydride, thecarboxylate ion, theywouldbedischarged

from the tetrahedral intermediate, leading to a back reaction to the educt.

Acetic anhydrides react with alcohols by forming one molecule of ester and one molecule of carboxylic acid, with

water by forming two molecules of carboxylic acid (hydrolysis) and with two molecules of amine (or one amine

and one tertiary amine) by forming an amide and a carboxylate ion with its corresponding ammonium counterion

(Scheme 5). Because the deprotonated state of each entering nucleophile is a stronger base than the carboxylate
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ion of the acetic anhydride, the carboxylate ion will be the leaving group of the tetrahedral intermediate, leading

to the formation of the respective products.

Scheme 5: reactions of carboxylic anhydrides

Also activation agents have been used, not utilizing the conversion to acetic halides or anhydrides (Scheme 6), i.e.

benzotriazols5 a, dicyclohexylcarbodiimide (DCC)6 b, diphenylphosphoryl azide (DPPA)7 c, 4-(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM)8,9 d

Scheme 6: methods for carboxylic acid activation

Futher, primary amides may be acquired by the hydration of nitriles10–12 or the rearrangement of oximes (Beck-

mann rearrangement)13–15 (Scheme 7).

Scheme 7: alternative routes to amides
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2.2 Hofmann rearrangement

Amides are relatively inert, since resonance stabilization via their lone pair at the nitrogen hinders nucleophilic at-

tacks at the carbonyl carbon. Amides of the Hofmann rearrangement (Scheme 8)may form amines by degradation

reactions as found by Curtius16, Hofmann17, Schmidt18 and Lossen19,20.

Scheme 8: general mechanism of Hofmann rearrangement

At the Hofmann degradation, shown in Scheme 8, an acidic N-H (pKa ~22) of the carboxyl acid amide (1) is deproto-

nated by a base, creating a negatively-charged ion (2). The anion reacts with iodine or bromine catalysts in nucle-

ophile substitutions by the transfer of the partial positively-charged iodine or bromine atom to get iodo or bromo

amides (3). The base deprotonates the remaining N-H (4) which discharges the iodide/bromide ion, forming an

acylnitrene (5). In a 1,2-rearrangement the acyl rest migrates to the (negatively-charged) nitrogen assembling the

isocyanate intermediate (6). In a nucleophilic addition the isocyanate adds water to form the unstable carbamide

acid (7), which spontaneously decarboxylates to yield the desired amine (8).

Hofmann rearrangement has been successfully conducted in literature reportedprotocols employing the following

reagents, shown in Scheme 9: potassium hypobromide (KOBr), sodium hypobromide (NaOBr), sodium hypochlo-

ride (NaOCl)21,22, calciumhypochloride (CaOCl), iodobenzenewith potassiumperoxymonosulfate (Oxone®)23, pen-

tamethyliodobenzene24, iodosylbenzene (PhIO)25, phenyliododiacetate (PIDA)26,27, bis-[(trifluoroacetoxy)iodo]ben-

zene28, 3-[hydroxy(tosyloxy)iodo]benzoicacid29, N,N-dibromo-p-toluensulfonamide (TsNBr2)30, N-bromosuccinimide

(NBS)31,32, 1,3-dibromo-5,5-dimethylimidazolidine-2,4-dione33, N-bromoacetamide34, tribromoisocynuric acid35,

trichloroisocyanuric acid36 and lead(IV) acetate37
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Scheme 9: reagents previously used for Hofmann rearrangement

2.3 Electrophilic aromatic substitution: nitration

Nitrationof aromatics is essential in chemical andpharmaceutical industries and is therefore verywell studied38–40.

Traditionally, a nitronium ion (NO2
+) reacts in electrophilic substitutionwith an aromatic carbon by forming a less-

stable, not-aromatic carbocation (σ-complex, ’Wheland intermediate’). A base then abstracts the proton to re-

establish the stable aromatic state (Scheme 10).

Scheme 10: aromatic nitration

In themajority of cases amixture of concentratednitric acid (HNO3) and sulfuric acid (H2SO4) is employed,whereas

H2SO4 protonates HNO3 to form theNO2
+41. The choice of solvents is crucial38,39 concerning not only the formation

of theNO2
+ and thedeprotonationof theσ-complexbut also regarding solvation effects on electronic structure and

state42. Also substituents on the arene nucleophile influence the electronic environment, consequently affecting

activation and direction. Due to issues of isomeric mixtures, over-nitration and poor selectivity there is ongoing

research on alternative reagents and methods43 including possible reaction pathways without σ-complex forma-

tion44–46.
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activating substituents deactivating substituents

cationic σ-complex stabilizing less stable

electron donating withdrawing

effects + inductive - inductive effects

+ resonance unfavorable charge-charge repulsive interactions

direction para/ortho meta

groups amino, hydroxy, alkyl, alkoxy, amido, aryl nitro, ammonium, sulfonium, aldehydes,

ketones, acids, exters, carboxamides

exception halogens (ortho/para directing)

Table 1: substituents in SEAr

2.3.1 Nitration of pyridines

Electrophile aromatic substitutions of pyridine and its derivates has been challenging owing to the reduced reac-

tivity due to nitrogen protonation (formation of pyridinium salts)47. Compared to benzene, pyridine undergoes

nitrationmore than 1000 times slower48, resulting in low yields49. In early studies, nitration of pyridines resulted in

3%of 3-nitropyridine usingHNO3 in H2SO4
50 and 1%using KNO3 in H2SO4 at 330°C51. In 1994Bakke et al. reported

a new method employing dinitrogen pentoxide (N2O5) in sulfur dioxide (SO2) solution, to give N-nitropyridinium

ion intermediates which resulted in 3-nitropyridines in good yield upon treatment with H2O52. In 2005 Katritzky et

al. developed a procedure for the nitration of pyridines utilizing HNO3 (Scheme 11) with high yields by optimizing

conditions and the relative amounts of reactants47.

Scheme 11: direct nitration of substitued pyridines by Katritzky et al.47
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Chapter 3

Results

To obtain the double [4-15N]amino-[3-15N]nitropyridine (15N-labeled ANP) 6, a three-step synthesis was pursued as

outlined in Scheme 12. The synthetic protocols were optimized using unlabeled ammonium chloride (NH4Cl) and

unlabeled potassium nitrate (KNO3) as will be described within this chapter.

Scheme 12: synthetic route to yield the target compound [4-15N]amino-[3-15N]nitropyridine 6

Starting from isonicotinic acid 1 by Sigma-Aldrich®, amidation of the carboxylic acid was performed as proposed

by Ezawa et al.4 and illustrated in Scheme 13. In the first step the activation of isonicotinic acid was conducted by

adding ethyl chloroformate (ClCO2Et) in presence of triethylamine (Et3N) to obtain the mixed anhydride 2. Subse-

quently NH4Cl was added in-situ in the second step to yield isonicotinamide (INA) 3 and carbonic acid ethyl ester

as side product.

Scheme 13: synthesis of isonicotinamide

An excerpt of optimization efforts for the synthesis of INA is displayed in Table 2. Based on the protocol for INA from

Ezawa et al.4 changes of reactants and reagents did not reveal improvements regarding yield or purity. Changes in

reaction times, particularly the final stirring duration to form INA 3 from the anhydride intermediate 2 after in-situ

addition of NH4Cl did not showany correlation to the amount of formed product 3. Unsuccessful work-ups and pu-

rificationswere carried out in alkaline pH through 1MNaOH, by extractionwith Et2O, bywater evaporation, recrys-

tallization (EtOH, toluol) and column chromatography (EE/heptane, ratios from 1:1 to 95:5) respectively. Increased
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yields were mastered by targeting INA’s polarity through deliberate selection of solvent volumes, especially for

the extraction with EtOAc. Summarizing, Ezawa et al. stated yields of 95 %, but only a maximum of 76 % was ac-

complished after optimization efforts (Table 2). The labeled synthesis was performed as described in section 5.2

resulting in 51 % yield of isonicotin-[15N] amide 3.

Table 2: overview of optimization efforts of isonicotinamide synthesis

Isonicotinamide 3 literature4 08-24 10-08 11-05 11-11 11-22

Isonicotinic acid [mg] 3080 mg 1000 1000 2000 1000 3080

THFdry [ml] 400 ml 130 100 200 100 400

Et3N [equ] 3 equ 3 3 3 3 3

ClCO2Et [equ] 1.4 equ 1.4 1.4 1.4 1.4 1.4

NH4Cl [equ] 1.5 equ 1.5 1.5 1.5 1.5 1.5

stirring duration 30 min 0-2 days 5-7 days 0-2 days 1. 30 min 1. overnight

2. overnight 2. + 3. 45 min

extraction 3x EtOAc 3x EtOAc EtOAc 5x EtOAc 5x DCM DCM

cont. liqu-liqu cont. liqu-liqu

wash brine brine - - - -

column chromatography silica silica - - - silica

EtOAc EE/MeOH/NH4 EE/MeOH/NH4

yield 95% 26-37%* 53-57% 38-76% 1. 51% 1. 46%

56% 2. 71% 2. 76%*

3. side product*

*no purification via column chromatography

To gain the amine, 4-aminopyridine (4AP) 5, Hofman degradation was initially performed as suggested by the Chi-

nese patent CN106554306A27, embodiment 5 (Scheme 14). Due to very low yields down to complete absence of

product, various optimization efforts were conducted as summarized in Table 3.

Scheme 14: mechanism of 4-aminopyridine synthesis

10 Master’s thesis



CHAPTER 3. RESULTS

Table 3: overview of optimization efforts of 4-aminopyridine synthesis

Aminopyridine 5 literature27 09-06 09-16 09-20 09-23

INA 2500 367 334 210.5 300

ACN/H2O 1:1 [ml] 30 ml 5 4 4.5 4

DIPEA [equ] 1.1 equ 1.1 1.1 1.1 1.1 Et3N

PIDA [equ] 1.1 equ 1.1 1.2 1.2 1.2

stirring T [°C] 30 °C 30 30 45 30

stirring duration 4 h 4 h 1. + 2. 4 h 4 h overnight

3. overnight

acid acetic acetic hydrochloric hydrochloric hydrchloric

stirring duration 30 min 30 min 1. + 3. 30 min overnight 30

2. overnight

wash - - 3x DCM - 3x DCM

alkalisation - - 1 M NaOH 1 M NaOH 1 M NaOH

extraction 3x DCM 3x DCM 3x DCM 3x DCM 3x DCM

wash brine, water brine, water brine, water brine, water brine, water

recrystallisation toluol toluol (reflux) MeOH/DCM (US) DCM/heptane (US) EE/heptane (US)

product grey-beige solid yellow-brown oil red solid/brown oil yellow oil red oil

yield 96% - 18% + ++

mono-substitued 2. + 3. ++ impurities impurities

aromatic compound

Due to low yields induced by oiling out, impurities and massive salt concentrations two further protocols for Hof-

mann degradations were investigated as outlined in Scheme 15.

The first alternative (Scheme 15b) was adapted from previously known literature of De Sousa and Novak32 for the

Hofmann degradation of benzamide to aniline hydrochloride viamethyl phenylcarbamate. Applying NBSwith 1,8-

diazobicyclo[5.4.0]unde-7-ene (DBU) as base for INA 3 resulted in a different product than the desired n-(4-pyridyl)

methyl carbamate intermediate. Extraction under basic conditions to avoid water-soluble salt formation of the

methyl carbamate, subsequently leading to a migration to the organic phase, revealed the desired compound 4b

after work-up. HCl with reflux-heating was utilized to decarboxylate the intermediate, resulting in low yields of

aminopyridine hydrochloride 5b.

The second alternative (Scheme 15c) was tried as proposed by the Chinese patent CN1807415A53, using I2, Br2 and

NaOH as catalyst. This route unfortunately led to the formation of a di-brominated 4AP 5c.

Due to unsatisfying alternatives, optimization efforts for route a were resumed. Learning from other trials, the

strong affinity of 4AP to water was confronted by utilizing a reverse dean-stark apparatus for continuous liquid-

liquid extraction in combinationwith different solvents andwater evaporation (Table 4). Each extractionwas chal-

lenged by the massive amounts of sodium acetate generated by neutralizing the CH3COOHwith NaOH.
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Table 4: overview of optimization efforts of 4-aminopyridine synthesis 2

Aminopyridine 5 10-22 11-11 11-18 11-23

INA 1324 500 750 545

DIPEA [equ] 1.1 1.1 1.1 1.1

PIDA [equ] 1.2 1.2 1.2 1.2

stirring duration [h] 2 days 3.5 3.5 4

acid hydrochloric hydrochloric hydrochloric acetic

stirring duration [min] 120 overnight overnight 30

quenching brine - - -

wash 3x DCM 3x DCM 2x DCM 2x DCM

alkalisation (pH 12) 1 M NaOH 1 M NaOH NaOH 1 M NaOH

extraction - 3x DCM DCM 1. 3x DCM

- - cont. liqu-liqu 2. EtOAc

water evaporation yes - - -

product beige solid white-yellow solid white-yellow solid white-yellow solid

yield ∼60% 12-23% 1. 34% 50%

Na-acetate Na-acetate 2. ++ impurities 2. ++ Na-acetate

Using MeOH as solvent as suggested in embodiment 627 and removal of sodium acetate crystals by vacuum fil-

tration prior extraction (protocol section 5.3) finally improved purity and yielded more than 70 % and was imple-

mented later on for the labeled synthesis.

Scheme 15: tested routes to yield 4-aminopyridine

The final step comprised a straightforward aromatic nitrationof the amine, inserting anitro groupat orthoposition

3 of the pyridine ring (Scheme 16).
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Scheme 16: aromatic nitration

The labeled synthesis of 4-amino-3-nitropyridinewas carried out as described in the optimized synthetic protocols

in chapter 5 and resulted in 1.63 g of 15N-labeled ANP 6 consuming 5 g of 15NH4Cl and 2 g K15NO3 in overall yield of

17 % via three steps from isonicotinic acid.

Optimization of 4-amino-3-nitropyridine 6 synthesis

Shortened reaction times, as implemented to the synthesis of the 15N-labelled 4-amino-3-nitropyridine, resulted in

similar yields to the reaction times of the literature1 (44-58 %).

1LOBA-MBR VO052901
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Chapter 4

Conclusion

Thestepsof thesynthetic routeof 15N-labeledANP6wereoptimizedand insight intopropertiesofpyridinederivates

wasgained. For amidationof isonicotinic acid1 changesof reactants and reagentsdidnot reveal any improvement.

Targeting INA’s 3 polarity increased yield and removed impurities. Concerning the Hofmann rearrangement step

the reaction was conducted with PIDA. Alternative protocols gave lower (5b) or no product (5c) yields. Employing

embodiment 627 with extraction under basic conditions and subsequent removal of sodium acetate resulting from

pH adjustments using CH3COOH and NaOH drastically improved yield (to 72 %). For the introduction of the nitro

group via aromatic nitration reaction times could be greatly depleted.

The final synthesis deploying5gof nitrogen-15ammoniumchlorideand2gofnitrogen-15nitric acidas 15Nsources

resulted in 1.63 g of [4-15N]amino-[3-15N]nitropyridine 6, with an overall yield of 17 %.
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Chapter 5

Experimental section

5.1 Materials andmethods

All solvents were distilled prior to use or purchased from commercial suppliers and used without further purifica-

tion. Tetrahydrofuran (THF) was dried with MBRAUN solvent purifier MB-SPS-5. Isotope-labeled reagents were

purchased from Euriso-top® with following purity grades: ammonium chloride (15N, 99 %) LOT 15ACLG-12-18

and potassium nitrate (15N, 99 %) LOT I-23029H. Other reactants were purchased from further commercial sup-

pliers. Vacuum evaporation was performed on BÜCHI Rotavapor R-210 and R-100 connected to a Recirculating

Chiller F-100. Column chromatography was carried out using silica gel 60 (0.040 – 0.063mm, LOT 040353707) from

MACHEREY-NAGEL GmbH & Co. KG. Thin layer chromatography (TLC) was conducted on pre-coated TLC sheets

ALUGRAM®Xtra SIL G/UV254 from MACHEREY-NAGEL GmbH & Co. KG, layer: 0.20 mm silica gel 60 with fluorescent

indicator UV254 LOT 802046. TLC was examined using UVAC-60 neolab ultraviolet lamp (254 nm) or by application

of aqueous KMnO4 (0.5 %) solution followed by heat treatment via hot-gun. NMR spectra were recorded on Bruker

AVANCE NEO spectrometers at 400 MHz and Bruker AVANCE III HD at 176 MHz. Chemical shifts were given in parts

permillion (ppm). NMR spectra were evaluatedwith TopSpinTM by Bruker. MS and high resolutionmass spectrom-

etry (HRMS) experimentswereacquiredusingBruker amaZonspeedETDandBrukermaXiswith electron ionization

(EI, 70 eV) or electrospray ionization (ESI, 3 keV).
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5.2 Isonicotin-[15N]amide 3

formula molecular weight yield appearance

C6H6N2O 123.12 g/mol 51 % white solid

m[g] ρ[g/ml] V[ml] M[g/mol] n[mmol] equivalents

Isonicotinic acid 1 C6H5NO2 7.7 - 123.11 62.55 1

Triethylamine Et3N 18.86 0.73 26 101.19 186.41 3

Ethyl chloroformate ClCO2Et 9.49 1.14 7.33 108.53 87.48 1.4

Ammonium chloride 15NH4Cl 5.0 - 54.48 91.78 1.5

Table 5: reactants and reagents for the synthesis of isonicotin-[15N]amide

Isonicotinic acid was weighed into a dry 1000 ml three-necked flask. After adding 500 ml of dry THF to the white

powder, the reaction bulb was set under argon atmosphere. The white suspension was stirred for 10 minutes and

thenplaced inan icebath. Cooled to0 °CClCO2Et andEt3Nwereaddeddrop-wise throughsyringesand the reaction

mixture was stirred for 30 minutes at 0 °C.

15N-labeled NH4Cl was dissolved in 30 ml of deionised water and added to the vessel over 15 minutes. When the

mixture was stirred for another 30 minutes at 0°C, a white solid precipitated within the colourless liquid. The ice

bath was removed and the mixture was stirred to room temperature. 40 ml of deionised water were added to the

bulb to solubilise thewhite solid. The liquidmixturewas transferred to a separating funnel and extracted five times

with 100 ml of EtOAc. The combined organic phase was dried over MgSO4 and the solvents were removed under

reducedpressureat240mbarand38 °Cuntil a lightbeige solidwas left in thebulb. Thecrudeproductwasdissolved

in a mixture of EtOAc, MeOH and NH4 25 % (5 ml : 5 ml : 1 ml) and purified through column chromatography using

silica gel as stationary phase and EtOAc, MeOH and NH4 25 % (77:22:1) as mobile phase. Reaction progress was

controlled through TLC using the same solvent mixture. The product fractions were identified using a UV lamp,

combined, driedoverMgSO4 and transferred toa1000ml round-bottomed flask. The solventswere removedunder

reduced pressure. The white solid was vacuum-dried via oil pump giving a yield of 51 % (3.75 g, 30.48 mmol).
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5.3 [4-15N]aminopyridine 5

formula molecular weight yield appearance

C5H6N2 95.110 g/mol 72 % white solid

m[g] ρ[g/ml] V[ml] M[g/mol] n[mmol] equivalents

Isonicotin-[15N]amide 3 INA 3.753 - 123.12 30.48 1

N,N-Diisopropylethylamide DIPEA 4.526 0.742 6.1 129.24 35.02 1.15

Phenyliodo diacetate PhI(OAc)2 11.056 - 322.10 34.32 1.13

Table 6: reactants and reagents for the synthesis of [4-15N]aminopyridine

INA 3 was dissolved in a round-bottomed flask with 46 ml of MeOH/H2O 1:1. N,N-Diisopropyl ethylamine (DIPEA)

and phenyliodo diacetate were added during continuous stirring. The slightly yellow suspension was heated in an

oil bath to 30 °C, equipped with a reflux condenser and stirred for at least 3.5 hours until the PIDA was completely

dissolved. CH3COOHwas added to the reactionmixture to give a pH value of 4 (verified by pH paper). After 30min-

utes of stirring MeOHwas removed with reduced pressure at 75 mbar and 38 °C. The yellow liquid was transferred

to a separation funnel andwashed three timeswith 50ml of DCM to remove DIPEA. NaOH pellets were dissolved in

deionised water and added to the mixture causing an exothermic reaction. Reaching a pH value of 12 the solution

turned dull. When the suspension cooled down to room temperature colourless crystals of sodiumacetate precipi-

tated andwere removed by vacuum filtrationwith a filter funnel. The yellow filtratewas returned to the separating

funnel and extracted five times with 100 ml of EtOAc. The combined organic phases were dried over MgSO4 and

EtOAc was removed under reduced pressure. The beige-grey solid was vacuum-dried via oil pump resulting in a

yield of 72 % (2.08 g, 21.87 mmol).
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5.3.1 Alternative synthesis path of 4-aminopyridine 5b

m[g] ρ[g/ml] V[ml] M[g/mol] n[mmol] equivalents

Isonicotinamide 3 INA 0.26/0.4 - 122.12 2.13/3.28 1

N-bromosuccinimide NBS 0.754/1.158 - 177.98 4.24/6.51 2

1,8-diazobicyclo[5.4.0]unde-7-ene DBU 0.733/1.12 1.018 0.72/1.1 152.24 4.81/7.36 2.24

Table 7: reactants and reagents for the alternative synthesis b of 4-aminopyridine

In a 250ml three-necked flask INA3wasdissolved in 60mlMeOH. Aftermixing inhalf of theNBS, the solution turned

yellow. During continuous stirring DBU was added and the vessel was reflux heated in an oil bath at 85 °C. After

15 minutes the other half of NBS was added and the reaction mixture was reflux-heated for another 30 minutes.

Methanol was removed under reduced pressure of 100mbar at 37 °C. The yellow viscous liquidwas combinedwith

45ml of EtOAc and transferred to a separating funnel. The organic layer was washed three times respectively with

20 ml of 6 N HCl, 20 ml of 1 N NaOH and 20 ml of brine. The combined organic phases were dried over MgSO4

and the solvents were evaporated at 37 °C and 175 mbar to obtain 1.2 g of a yellow liquid. The crude product was

purified through column chromatography (silica, PE/EE 6:1), dried over MgSO4 and separated from the solvents by

rotovap at 37 °C and 5 mbar to yield 37 mg of a yellow solid. The analysis through 1H-NMR (Scheme 40) exposed a

different compound than the desired n-(4-pyridyl) methyl carbamate 4b.

As a consequence the precipitate of the initial aqueous phase was dissolved in 30 ml of 1 N NaOH and extracted

three times with 30 ml of EtOAc. The combined organic layers were again dried over MgSO4 and the solvents

were evaporated under reduced pressure at 150 mbar and 37 °C to yield 134 mg of a colourless solid. The 1H-NMR

(Scheme 41) indicated the desired compound 4b.

The methyl carbamate was dissolved in its vessel with 3 ml of concentrated HCl. The reaction mixture was reflux-

heated at 100 °C overnight. The next day the oil bath was removed and when the mixture reached room tempera-

ture, it was quenched with 15 ml of water. The aqueous phase was washed two times with EtOAc and then evapo-

rated under reduced pressure at 60 °C until 15 mg of 4AP 5b, appearing as light yellow solid were left (Scheme 43).
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5.3.2 Alternative synthesis path of 4-aminopyridine 5c

m[g] M[g/mol] n[mmol] equivalents

Isonicotinamide 3 INA 0.488 122.12 4.0 1

Iodine I2 0.046 253.808 0.18 0.045

Sodium hydroxide NaOH 0.4 39.997 10.0 2.5

Bromine Br2 0.719 159.81 4.5 1.125

Table 8: reactants and reagents for the alternative synthesis c of 4-aminopyridine

In a 50 ml two-necked flask iodine was added to deionised water to create a 1 M iodine solution. When the iodine

was fully dissolved the vessel was placed in an ice bath and cooled to 0 °C. During continuous stirring 1.7 ml of

5 M NaOH solution and bromine were slowly added to create the catalyst. INA 3 was subsequently added to the

cooled catalyst and the reaction mixture was stirred for 45 minutes at 0 °C until a dark brown solid precipitated.

The flaskwas equippedwith a reflux condenser, slowly heated to 80 °C and stirred for 50minutes. To acquire strong

acidity (pH value of 1-2) 1 M HCl solution was added and the reaction solution turned orange-red. The oil bath was

removed and when the vessel reached room temperature 1 M NaOH solution was added. At strong alkalinity (pH

valueof 12-13) a colourless solid precipitatedand the liquid turned yellow. After half of thewaterwas evaporated in

vacuoat 60 °C, the suspensionwas cooled to0 °C. 80mgofbrowncrudeproductwereobtainedbyvacuumfiltration

via buechner funnel. The analysis through 1H-NMR (Scheme 44) and mass spectrometry (Scheme 77) exposed a

di-brominated 4AP 5c.
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5.4 [4-15N]amino-[3-15N]nitropyridine 6

formula molecular weight yield appearance

C5H5N3O2 141.100 g/mol 46 % orange solid

m[g] ρ[g/ml] V[ml] M[g/mol] n[mmol] equivalents

[4-15N]aminopyridine 5 4AP 1.81 - 95.109 19.03 1

Sulfuric acid H2SO4 32.944 1.83 18 98.08 335.88 17.65

Potassium nitrate K15NO3 2.0 - 102.097 19.59 1.03

Table 9: reactants and reagents for the synthesis of [4-15N]amino– [3-15N]nitropyridine

In a 250ml two-necked flask K15NO3 was added to ice-cooledH2SO4. The reactionmixturewas stirred for 1.5 hours

at room temperature to gain a viscous and clear solution. The vessel was cooled in an ice bath when [15N]4AP 5

was slowly added. During continuous stirring at room temperature the reaction mixture turned red as the 4AP 5

dissolved. After 1.5 hours 4AP 5was completely dissolved and the reaction vessel was equipped with a reflux con-

denser and heated to 65 °C in an oil bath to conduct the rearrangement. After 2 hours the oil bath and reflux con-

denser were removed and the ochre-brown reactionmixture was allowed to come to room temperature. The flask

was placed in an ice bath and cooled down to 0 °Cwhen 50ml of ice-coldwaterwere added to quench the reaction.

The ice bath was removed and the solution was slowly reheated in an oil bath by stirring for 30 minutes at room

temperature and then heating up the oil bath to 60 °C. At 60 °C 25 % NH4OH were used to neutralise the solution

which initiated theprecipitationof the crudeproduct. The suspensionwas stirred for 30minutes at 60 °C, equipped

with a reflux condenser, and then slowly cooled to 6 °C over night to pursue the precipitation. The next day the

orange crude product was separated from the yellow-brown liquid through vacuum-filtration using a filter funnel

andwashed two timeswith cold, deionisedwater. The crude productwas dissolved in hot EtOAc and recrystallised

fromheptane to yield 380mg (28%, 2.69mmol) of [4-15N]amino-[3-15N]nitropyridine 6 (a). A second synthesis was

conductedwith the same implementation yielding 376mg (28%, 2.67mmol) of [4-15N]amino-[3-15N]nitropyridine

6 (b). Two further fractions were isolated from the combined filtrates of the two synthesis’ (a+b) after extraction

with EtOAc. 520 mg (19%, 3.69 mmol) were obtained from the combined organic layers by drying over MgSO4 and

evacuating the solvent under reduced pressure. This fraction showed some impurities in the corresponding NMR

spectra. The second fraction revealed 350 mg (13 %, 2.48 mmol) of [4-15N]amino-[3-15N]nitropyridine 6 from the

water layer by recrystallising from ethanol and from heptane. Unlabelled implementations (section 3 ’optimiza-

tion’) in initial trials under same conditions resulted in higher yields (up to 58 %).
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Chapter 6

Introduction

Proteins are biological macromolecules consisting of amino acids linked by peptide bonds between the amino

and carboxy group. The distinct side chains of the amino acids hold a major impact to their biochemical mode of

action. Due to variable peptide lengths, amino acid sequence andbuilding blocks, a high degree of conformational

diversity exists, subsequently leading to highly specific configurations.

Peptides are found in every cell where they have diverse physiological and biochemical functions. Oligopeptides

may act as signalling substances (e.g. hormones, neurotransmitters), whilemore than 50 amino acids are essential

for enzymatic function54. Proteins and peptides play major roles in immune response, metabolism, reproduction

etc. thus slight changes within their conformation may lead to pathogenic evolution and disease development.

Therefore a profound understanding of their conformational nature, dynamics and interactions is fundamental for

suited drug development.

The theory of the chemical structurewas first developed by August Kekulé in 1858, who believed that atomswithin

chemical compounds possess a definite order resulting in a three dimensional structure which can be solved55.

Nowadays, three-dimensional structure determination is performed mainly by three methods capable of investi-

gating proteins at atomic resolution56 as illustrated in Table 10 and Scheme 17.

Molecular Type X-ray NMR EM Multiple methods Other Total

Protein (only) 146871 11954 7471 186 104 166586

Protein/Oligosaccharide 8676 31 1306 5 0 10018

Protein/NA 7750 277 2369 3 0 10399

Nucleic acid (only) 2445 1408 62 11 3 3929

Other 154 31 5 0 0 190

Oligosaccharide (only) 11 6 0 1 4 22

Table 10: data export summary PDB57
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Scheme 17: sunburst chart distribution by experimental methods57

Proteins and other biological macromolecules naturally occur in solutions of specific pH and temperature ranges.

As for now, NMR spectroscopy is the only method allowing the analysis under these conditions. But as shown in

Table 11 and Scheme 18 each of the three methods has its own advantages and disadvantages. Depending on the

question referring to the structure to be investigated, the most suited method needs to be chosen.

X-ray58 NMR56,59 EM60

size limit 20 – 50 µm < 30 kDa > 100 kDa

sample preparation challenging none simple

analysis conditions crystallized hydrated, rt frozen

dynamic information no yes no

near native conditions no yes yes

data collection automatable automatable manual expertise

challenging at high MW

spatial resolution ∼1 Å ∼2-5 Å ∼6 Å

major disadvantages static snapshot high sample amount low resolution

crystallization high concentration technically difficult

size limit size limit

Table 11: comparison of the main structure determination methods
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Scheme 18: molecular weight distribution by experimental methods57

In 1985 high-resolution NMR spectroscopy was first utilized for structure determination of proteins at atomic res-

olution61,62. At present, structure elucidation of peptides and small proteins is routinely conducted by NMR spec-

troscopy54,63 and more than 6 % of the reported protein structures within the protein data bank were solved via

NMR (Scheme17)57. Constantprogresshasbeenmade inhardware (NMRspectrometer,magnetic field, cryoprobe-

head, solid-state NMR), software (automated signal assignment64,65, data analysis), sample preparation (labeling,

protein expression) and experimental techniques (multi-dimensional NMR) to address issues concerning sensitiv-

ity (lowS/N, high sample amount, sample aggregation) and resolution (complex spectra, signal overlapping, signal

broadening through spin diffusion, laborious signal assignment). For structure elucidation of three-dimensional

proteins NMR analysis relies on stable isotope labeling with 2H, 13C and 15N66. Isotope labeled proteins can be ob-

tainedbyutilizing thebiosyntheticpathwayofoverexpressingorganisms (Scheme21), cell-freeexpression systems

or solid phase synthesis as explained in more detail in chapter 8, subsection 8.2.2. Target proteins may be labeled

uniformly, segmental or site-specific with one or more stable heavy isotopes. Amongst the various NMR methods

available, the most appropriate experiment must be wisely chosen to address a specific biomolecular question.
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Chapter 7

Aim of the project

This project focused on the synthesis of fluoro-phenylalanine precursor compounds consisting of fluorinated aro-

matic systems (Scheme 19). By adding 15N-enriched ammonium sources to the minimal medium of an overex-

pressing system the fluorinated precursor compoundwill acquire 13C and 15Nbackbone labeling within protein in-

corporation. Thismulti-resonance approach for proteinNMRaims to evaluate folding and conformational changes

after binding through anticipated NMR spectra simplification due to the 19F nucleus.

Scheme 19: α-keto pyruvates: fluorinated 13C-labeled phenylalanine precursor compounds

The large spectral dispersion67,68 and large gyromagnetic ratios of 1Hand 19F cores69 have been proven to be bene-

ficial for the investigation of protein interactions in previous studies70–72. Since phenylalanine and other aromatic

amino acids are overrepresented within protein binding sites and contribute to hydrophobic and electrostatic π-

interactions73, selective labeling of phenylalanine for the study of binding interactions is reasonable74. The de-

sign of further labeling patterns based on the fluorination of the synthesized compounds 10a-c is demonstrated

in Scheme 20 10a*-c*. The alternating 12C– 2H and 13C– 19F spin systems are feasible to attain defined relaxation

pathways due to the demand of NMR experiments.
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Scheme 20: labelingpatternswith alternating 12C-2Hand 13C-19F spin systems, adapted fromunfluorinated sodium

[1-13C]phenylpyruvate75

For protein incorporation of the synthesized compounds, E. coliwill be assessed as overexpression system. There-

foreanotherpartof thisprojectwas tosynthesizecorrespondingaminoacids toaddress thequestionwhichmethod

directs to the highest incorporation rates, the labeled α-keto acid supplemented culture medium, the supple-

mented culture medium with N-phosphonomethylglycine (glyphosate)76 to inhibit the endogenous shikimic acid

pathway or the straightforward addition of the labeled amino acid without utilizing the overexpression system’s

biosynthetic pathway77–79.

The successful synthesis of para-fluorophenyl-[1-13C]pyruvate 10a; 3,5-difluoro-4-hydroxyphenyl-[1-13C]pyruvate

10b; 2,6-difluoro-4-hydroxyphenyl-[1-13C]pyruvate 10c; and para-fluorophenylalanine targets to evaluate the in-

corporation of fluorinated amino acids, particularly howmuch fluorinated compound needs to be added to a cul-

ture medium to obtain sufficient protein labeling. Protein incorporation of these unnatural amino acids may lead

to diverse labeling variations of fluorinated phenylalanine addressing further research questions, especially the

investigation of aromatic ring system dynamics via 13C-19F TROSY.
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Chapter 8

Theoretical background

Protein labeling

NMRspectra simplification is commonlyobtainedby isotope labelingofaminoacids,whichhas led togreatprogress

in structure elucidation of large proteins (> 25 kDa) and the study of biological macromolecules80. Protein nuclei

are selectively enriched (e.g. 13C, 15N)ordepleted (e.g. replacing 1Hby 2H) to induce scalar couplingsor signal elim-

inations81. 19F is another way to obtain NMR spectra simplification resulting from its favourable physico-chemical

properties. Toaddress specific biomolecular questionsof largemolecules, a suitaible isotopepatternof theprotein

sample must therefore be chosen and optimized due to the demand of the intended NMR application.

8.1 Stable heavy isotope labeling

8.1.1 Deuteration

A perturbation of nuclear spin orientation, followed by the emission of electromagnetic signals, only occurs when

the frequency of the applied oscillatingmagnetic field is approximatelymatching the Larmor precession frequency

of the nuclear magnetization82. Since the Larmor precession frequency of deuterium is more than six-fold lower

compared to 1H, replacing carbon-bonded hydrogens with deuterium leads to proton signal elimination and re-

duced linewidths in NMR spectra. Deuteration of proteins is commonly achieved by uniform or random fractional

labeling strategies, ranging from total proton substitution tomoderate replacements.66 Thesemethods have been

used for structural studiesofhighmolecularweightproteins, TROSYapplications (decreased 1H–1Hspin flip rate)83,84,

nuclear Overhauser effect spectroscopy (NOESY) experiments (reduced linewidths)85,86, 2D 1H-1H homonuclear

spectra (reduction of dipolar relaxation pathways, spin-diffusion and passive scalar couplings)85,86, 15N-1H het-

eronuclear singlequantumcoherence (HSQC)experiments (improvedsensitivityand resolution)87, triple-resonance

and multi-dimensional experiments (improved sensitivity)88,89 etc. However, unspecific deuterated substitution

patterns or complete elimination of all except for exchangeable proton signals may reveal further difficulties in

NMR signal assignment and structural studies based on conventional NOE approaches81.
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8.1.2 Enrichment via Carbon-13 and Nitrogen-15

Commercially available simple sources of Carbon-13 (a), i.e. isotopologues of acetone and glycine, are used as

startingmaterial to synthesize 13C-labeledmetabolic precursor compoundsof aminoacids (b) toobtain thedesired

labeledprotein (e) after cell-basedoverexpression (c) as illustrated inScheme2175,90. Uniform 15N-labeling through

adding 15N-salts to the expressionmedia leads to protein backbone labeling of the peptide bond’s amide function

andmay be utilized for structure and conformation studies66.

a) simple isotope source b) labeled amino acid 
precursor compound

d) purificatione) selectively labeled protein

c) cell-based protein expression

f) NMR application

Scheme 21: stable heavy isotope protein labeling

Uniform labeling with/incorporation of 13C and/or 15N nuclei exhibit 13C– 1H or 15N– 1H spin pairs lead to multi-

ple large one-bond scalar and dipolar coupling interactions resulting in multiexponential relaxation pathways91.

NMR spectra may be simplified through the deprivation of one-bond 13C– 13C or three-bond 13C– 1H by alternat-

ing – 13C– 12C– 13C– labeling patterns/isotopic enrichment92,93. The resulting isolated spin pairs reveal defined

relaxation pathways for the interpretation of protein dynamics92.

8.2 Fluorine labeling

8.2.1 NMR properties of Fluorine-19

Fluorine-19 is the only natural occurring and stable fluorine isotope, it exists in 100 % natural abundance. Natural

biological systems contain no fluorine, which makes the spin-½ fluorine nucleus an interesting NMR probe, espe-

cially in studies with low proton signal intensity. 19F is used as replacement of the 1H nucleus due to its strong

scalar couplings which offer efficient magnetization transfer to 13C or 1H nuclei and a large magnetogyric ratio

of 83 %69, providing high sensitivity for NMR observations, strong dipolar couplings94 and measurements at field

strengths consistent with 1H resonance frequencies of 600 MHz or lower. The fluorine chemical shift is sensitive

to local van der Waals interactions and electrostatic fields95,96 owing to its large paramagnetic component of the

chemical shielding term, derived from its unpaired valence electron. Compared to 1H, 13C and 15N spin probes, 19F

bears a wide range of chemical shifts associated with unique local electronic environments in folded proteins67,68.
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Fluorine chemical shifts therefore enable the separation of resonances in 1D NMR and are particularly suitable for

the study of protein conformational changes and dynamics70–72. Fluorinated amino acids are readily incorporated

biosynthetically, accomplished by non-auxotrophic bacterial strains97 or via induced auxotrophy approaches lead-

ing touniformly labeledproteins76,98. Theaimof spectroscopic studiesofprotein interactions is toobserveproteins

most undistorted, ideally involving non-perturbing probes. Fluorinated amino acids are assumed to be isosteric

with their native counterparts and the van der Waals radius of 19F is less than 20 % larger compared to 1H, antic-

ipating weak perturbations. However, varying degrees of probe-induced perturbations arising from fluorinated

aromatics have been observed previously99–101. Fluorinated aromatics and aliphatics have shown to stabilize pro-

tein folding102 due to the fluorophobic effect (increased hydrophobicity of fluorocarbon species, selective fluorine

self-association)103. Thereforeexaminationofprotein stability, structural and functionalperturbationsarising from

fluorine labeling is essential.

natural spin magnetogyric ratio γ NMR vdW

nucleus abundance I [107·rad·T-1·s-1] frequency [MHz] radius [pm] EN

1H 99.98 % ½ 26.8 100 120 2.10
2H 0.01 % 1 4.11 15.35
12C 98.9 % 0 - - 170 2.50
13C 1.07 % ½ 6.73 25.15
19F 100 % ½ 25.2 94.09 147 4.17

Table 12: comparison of nuclear spin and other nuclear properties104

8.2.2 Fluorine labeling strategies

In fluorine labeled proteins native amino acids are substituted with fluorinated amino acids105 or fluorine tags.

Fluorinated probesmay be incorporated into proteins by chemicalmodification or biosynthetically to achieve site-

specific fluorine labeling106,107. Also the preparation of fusion proteins for studying complex or large systems, con-

sisting of a biosynthetically produced native domain and a chemically synthesized fluorine-labeled fragment, is

possible by chemical ligation strategies108.

Chemical synthesismaybe applied for incorporating unnatural amino acids into peptides or small proteinswhich

are difficult to express in bacteria. Solution- or solid-phase peptide synthesis109 (Scheme 22) offer site-specific

labeling of peptides consisting of less than 50 amino acids110. Longer polypeptides suffer from accumulation of

byproducts and reduced product solubility. Large peptides and full-length proteins may be attained by fragment

condensation of synthesized protein fragments or native chemical ligation strategies108.
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Scheme 22: peptide synthesis110 of fluoropyridine-containing tripeptide alanine-fluoropyridine-alanine111. PG1

benzyl ester protecting group, PG2 Boc protecting group

Protein tagging by chemical modification is usually applied for polar and positively charged amino acids. Amino

acids less soluble in aqueous solutions would require the addition of apolar or aprotic polar solvents, which may

unfold the desired protein112. Protein tagging is achieved by adding an excess of fluorine labeling reagent into a

diluteprotein solution, followedbypurificationviagel-filtrationchromatography, centrifugal filteringordialysis113.

Biosynthetic incorporation of fluorinated amino acid analogs is achieved by employing bacterial strains which

are auxotrophic for the desired amino acid probe114 or possess induced auxotrophy79,115. Enzymes causing di-

lution or scrambling of the label116 have been knocked out within these strains to obtain adequate label distri-

bution in the isolated protein and avoid mutations causing interfering cell growth114. Fluorine probes are added

to the expression media together with their native counterpart to maintain bacterial growth and efficient protein

expression despite fluorine’s toxicity76. Some fluorinated amino acids additionally require the over-expression of

their native aminoacyl-transfer RNA (tRNA) synthetase topromote adequate levels of incorporation. Supplementa-

tionwith glyphosate117, a competitive inhibitor of 5-enolpyruvylshikimik acid-3-phosphate synthetase (Scheme26

aroA; enzymecode (EC) 2.5.1.19)76, intercepts endogenousaromatic aminoacid synthesis andmayhelp to increase

the uptake of the fluorine probe118. In Scheme 23 an example of a uniformly-labeled peptide chain is illustrated,

pointing out the substitution of endogenous phenylalanine by a labeled variant.
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Scheme 23: peptide chain with labeled phenylalanine (F)
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Site-specific labeling is oftenmore favourable in large proteins than uniform labeling, which might lead to struc-

tural disruption and spectral overcrowding119. Site-specific incorporation of fluorinated amino acid analogues is

accomplished by adding the substituting fluorinated amino acid to the culture medium of an expressing species,

which is unable to metabolize this particular analogue. In Scheme 24, a codon programming the position to be

substituted and its corresponding suppressor tRNA, which will decode this position, are utilized together with a

substrate-specific aminoacyl-tRNA synthetase for the analogue and for the suppressor tRNA120. This approach

may allow the substitution of any amino acid position within a protein with a labeled amino acid121.
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Scheme 24: site-specific incorporation of unnatural amino acids into proteins of interest

8.3 Escherichia coli

E. coli is a facultative anaerobic bacteriumand is endemic in the gastrointestinal tract ofwarm-bloodedorganisms.

Because of its well-known bacteria genetics and its capability of amino acid biosynthesis and biodegradation for

all 20 amino acids116 as displayed in Scheme 25, E. coli is themost commonly used expression systemorganism for

cell-based protein overexpression122.

8.3.1 Phenylalanine biosynthetic pathway123

Since the aromatic amino acids, phenylalanine, tyrosine and tryptophan, arise from a joint pathway, the shikimic

acid pathway, this endogenous pathway of an overexpressing species (e.g. E. coli) may be utilized for protein in-

corporation of isotope-labeled and unnatural phenylalanine. As illustrated in Scheme 26, the the shikimic acid

pathway starts with the condensation of PEP and E4P, mediated by three isoenzymes AroG, AroF, and AroH (EC

2.5.1.54) respectively. The built C7 sugar, 3-deoxy-D-arabino-heptulosonic acid 7-phosphate (DAHP), is oxidized by

3-dehydroquinate synthase (aroB, EC 4.2.3.4) and drops its phosphoryl group to cycle to 3-dehydrochinate. Dehy-

dration by 3-dehydroquinate hydrolase (EC 4.2.1.10) leads to 3-dehydro shikimate, which will be reduced to shiki-

mateusingnicotinamideadeninedinucleotidephosphate (NADPH).Phosphorylationof shikimateusingadenosine

triphosphate (ATP) results in shikimate-3-phosphate, which is condensated with a secondmolecule. The resulting

5-enolpyruvyl-3-phosphoshikimate loses its phosphate group through chorismate synthase (EC 4.2.3.5) and be-

comes chorismate, the joint precursor of all three aromatic amino acids. Chorismate mutase (PheA, EC 5.4.99.5)
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Scheme 25: biosynthesis of amino acids including glycolysis, pentose phosphate pathway, shikimic acid pathway

and citric acid cycle
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converts chorismate into prephenate by an electro-cyclic reaction. Phenylpyruvate, the amino-acid-specific pre-

cursor of phenylalanine, arises after dehydration and decarboxylationmediated by phenylalanine prephenate de-

hydrogenase (PheA, EC 4.2.1.51). In the final step, the keto acid is transaminated through phenylalanine transam-

inase (EC 2.6.1.58) to give L-phenylalanine.

EC 5.4.99.5

chorismate

prephenate phenylpyruvate L-phenylalanine

EC 2.6.1.58EC 4.2.1.51

shikimate

phosphoenolpyruvate

erythrose 4-phosphate

aroG
EC 2.5.1.54 

3-dehydroshikimate3-dehydrochinate
3-deoxy-D-arabino-heptulosonic 

acid 7-phosphate (DAHP)

shikimate-3-phosphate5-enolpyruvyl-3-
phosphoshikimate

EC 4.2.3.4 EC 4.2.1.10 aroE

EC 2.7.1.71 

EC 2.5.1.19EC 4.2.3.5

Scheme 26: phenylalanine metabolism in E. coli starting from PEP and E4P (shikimic acid pathway)
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Chapter 9

Results

For the synthesis of the respective fluorophenyl-[1-¹³C]pyruvates 10a-c a three-step synthetic route (Scheme 27, 7-

10) was followed, establishedbyBillek, G. in 1961124 andmodified by Lichtenecker et al. in 2013125 for the synthesis

of unfluorinated sodium [1-¹³C]phenylpyruvate.

Scheme 27: synthesis path of fluorinated phenylalanine residue precursor compounds

[1-¹³C]glycine 7 by Euriso-top® was used as ¹³C-labeled source and starting material. In a one-pot reaction, as re-

ported previously126,127, [¹³C]hydantoin 8was obtained in good yields by utilizing potassium cyanate (KOCN), sub-

sequently leading to cyclization under acidic conditions (Scheme 28).

Scheme 28: Urech hydantoin synthesis
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In presenceof ethanolamine, aldol condensationof [¹³C]hydantoin8with the corresponding fluorinatedbenzalde-

hydes (Scheme 31) led to the formation of 9a-c respectively (Scheme 29). While 9a-bwere gained by recrystalliza-

tion in high purity, the red compound 9c required purification by column chromatography.

Scheme 29: condensation: [1-13C]hydantoin fluorinated benzal – [1-13C]hydantoin

In the final step, hydrolysis of 9a-c was performed under basic conditions and argon atmosphere to conduct the

opening of the hydantoin ring, leading to the targetα-keto acids. Subsequent lyophilisation yielded the respective

sodium-salts 10a-b in high purity and 10cwith unsatisfying purity (section 11.6).

The racemic para-fluorophenylalanine 12 was pursued to explore whether its bacterial uptake might be favoured

upon the respective α-keto acid. The synthesis was performed as outlined in Scheme 27 (7-9, 11-12) without ¹³C-

labeling, starting from unlabeled glycine 7. To obtain para-fluoro phenylalanine 12 para-fluorinated compound

9awas reduced by hydrogen in presence of palladium on activated carbon 10 % (Pd/C) (9, 11) prior to hydrolysis.

While compound 11 could be determined via NMR (Scheme 73) with impurities, after hydrolysis of 11 the corre-

sponding product 12 could not be identified via NMR analysis. Since salts as NaCl do not comprise any NMR-active

nuclei, high concentrations of NaCl within the NMR samplemight lead to compound concentrations below the de-

tection limit. In assumption thiswas the reason ofmissing product peakswithin themeasuredNMR spectra, an ion

exchange columnwas carried out to remove interfering salts. TheNMR spectra of the fractions eluated under basic

conditions revealed traces of the expected ammonium-salt of para-fluorophenylalanine including side products.

Also the acidic eluate potentially contained fractions of the desired compound due to its odour and colour. Hence

further strategies need to be considered to remove unwanted salts and isolate the compoundwithin the fractions.
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Chapter 10

Conclusion and Outlook

13C-labeledphenylpyruvates, para-fluorophenylpyruvate10aand3,5-difluoro-4-hydroxyphenylpyruvate10bwere

successfully synthesizedstarting fromlow-cost [1-13C]glycine. 2,6-difluoro-4-hydroxyphenylpyruvate10candpara-

fluorinated phenylalanine 12 were synthesized with impurities, thus need further optimization of the synthetic

protocols. Future studies using these compounds will reveal if incorporation via the shikimic acid pathway of E.

coli leads to 13C and 15N backbone labeling combinedwith fluorinated aromatic ring systems (Scheme 30) andwill

be assessedby addingdifferent concentrations of the fluorinatedphenylalanineprecursors to the culturemedium.

Scheme 30: E. coli-based overexpression leading to specific isotope-labeling patterns in target proteins, adapted

from unfluorinated sodium [1-13C]phenylpyruvate75

The synthesis of para-fluoro phenylalanine was carried out to determine the most efficient way for protein incor-

poration of fluorinated phenylalanine despite fluorine’s toxicity towards E. coli. Addition of α-keto acids to the

growth medium of overexpressing systems supplemented with glyphosate76 as well as the straight-forward addi-

tion of amino acids has previously been conducted for diversely-labeled analogs77–79 and may be adapted for the
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synthesized compounds.

The synthesis’ of fluorinated phenylpyruvates 10a-c were accomplished by employing fluoro-benzaldehydes as

fluorine sources (Scheme 31). Therefore customizing aromatic labeling patterns to the demand of NMR experi-

mentsmaybeaccomplishedbydeploying suitable isotope-labeled fluoro-benzaldehydes. In particular alternating
12C– 2Hand 13C– 19Fspin systemsare feasible toattaindefined relaxationpathways for 13C– 19FTROSYexperiments

investigating the dynamics of aromatic rings.

Scheme 31: α-keto pyruvates: fluorinated synthesis products deriving from fluoro-benzaldehydes

The three-dimensional protein structure is crucial for its functional interactions. Protein folding iswell-definedand

determined by the characteristics of amino acid side chains and their interplay. Thus, globally-substitued proteins

with fluorinated amino acids may differ in stability, structural and functional properties99–103. Therefore probe-

induced perturbations arising from the fluorine atoms chemical behaviour need to be explicitly investigated.
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Chapter 11

Experimental section

11.1 Materials andmethods

All solvents were distilled prior to use or purchased from commercial suppliers and used without further purifica-

tion. Isotope-labeled glycine (1-13C, 99 %) LOT PR-28181 was purchased from Euriso-top®. Fluorinated reagents

were purchased from Alfa Aesar with following purity grades: 4-fluorobenzaldehyde (98 %) LOT 10212616, 2,6-

difluoro-4-hydroxybenzaldehyde (95%) LOT 10167329, 3,5-difluoro-4-hydroxybenzaldehyde (97%) LOT 10169226.

3,5-difluoro-4-hydroxybenzaldehyde (99 %) LOT AS473452 was additionally purchased from Apollo Scientific Ltd.

Other reactantswerepurchased from further commercial suppliers. VacuumevaporationwasperformedonBÜCHI

Rotavapor R-210 and R-100 connected to a Recirculating Chiller F-100. Column chromatography was carried out

using silica gel 60 (0.040 – 0.063mm, LOT 040353707) fromMACHEREY-NAGEL GmbH& Co. KG. TLCwas conducted

on pre-coated TLC sheets ALUGRAM®Xtra SIL G/UV254 fromMACHEREY-NAGELGmbH&Co. KG, layer: 0.20mmsilica

gel 60 with fluorescent indicator UV254 LOT 802046. TLC was examined using UVAC-60 neolab ultraviolet lamp (254

nm) or by application of aqueous KMnO4 (0.5 %) solution followed by heat treatment via hot-gun. NMR spectra

were recorded on Bruker AVANCE NEO spectrometers at 400 MHz and Bruker AVANCE III HD at 176 MHz. Chemical

shifts were given in parts per million (ppm). NMR spectra were evaluated with TopSpinTM by Bruker. Lyophilisa-

tion was conducted with Christ™ Gefriertrocknungsanlage ALPHA 1-2 LDplus. Freeze-drying was done via liquid

nitrogen and subsequent water removal by inducing high vacuum on CRVpro6 oil pump.
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11.2 [1-13C]hydantoin 8

formula molecular weight yield appearance

C3H4N2O2 101.069 g/mol quantitative white solid

m[mg] M[g/mol] n[mmol] equivalents

[1-13C]glycine 7 C2H5NO2 500 76.07 6.57 1

potassium cyanate KOCN 800 81.12 9.86 1.5

Table 13: reactants and reagents for the synthesis of [1-13C]hydantoin

[1-13C]glycine 7 and KOCN were weighed into a 25 ml round-bottomed flask. 4.2 ml of water were added to the

white solids and the reaction mixture was heated in an oil bath to 100 °C, equipped with a reflux condenser. The

solids dissolved and after two hours of stirring the flask was cooled in an ice bath. At 0 °C 1.6 ml of concentrated

HCl were slowly added to conduct the ring closure. Upon addition, a white solid precipitated. The vessel was

returned to the oil bath, equippedwith a reflux condenser and heated to 120 °C. After one hour of stirring thewhite

solid was dissolved and the colourless suspension was again placed in an ice bath. After precipitation of the white

hydantoin, the liquid was removed by vacuum-filtration with a filter funnel. Additional fractions were collected by

evaporating the filtrate under reduced pressure, cooling it and separating further precipitated solids by vacuum-

filtration. Over-all 800 mg of [13C]hydantoin 8 (6.5 mmol; quantitative) were obtained.
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11.3 Para-fluorobenzal-[1-13C]hydantoin 9a

formula molecular weight yield appearance

C10H7FN2O2 207.17 g/mol 51 % yellow solid

m[mg] ρ[g/ml] V[µl] M[g/mol] n[mmol] equivalents

[1-13C]hydantoin 8 C3H4N2O2 546 - 101.069 5.4 1

ethanol amine C2H7NO 530 1.02 520 61.08 8.68 1.6

4-fluorobenzaldehyde C7H5FO 940 1.175 800 124.11 7.57 1.4

Table 14: reactants and reagents for the synthesis of para-fluorobenzal-[1-13C]hydantoin

In a 25ml two-necked flask, equippedwith a reflux condenser and glass plug, [13C]hydantoin 8was dissolvedwith

2.5mlofwater at 70 °C. Togive apH-valueof 7 0.5mlof saturatedNaHCO3wereadded to the solution. Thenethanol

amine was added and the reaction mixture was heated to 90 °C. 4-fluorobenzaldehyde was dissolved in 3 ml of

ethanol and slowly added to the vessel. The aldol condensationwas conducted over night at 120 °C. The following

day the yellow reaction mixture was cooled down to 0 °C to induce the precipitation of the crude product. The

yellow solid was separated from the fluid by vacuum-filtration and recrystallised from EtOH. 170 mg (0.82 mmol,

15 %) of grey-yellow solid were yielded and 400 mg (1.93 mmol, 36 %) of bright yellow solid with slight impurities

were obtained after solvent evacuation under reduced pressure, cooling and vacuum-filtration.
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11.4 3,5-difluoro-4-hydroxybenzal-[1-13C]hydantoin 9b

formula molecular weight yield appearance

C10H6F2N2O3 241.158 g/mol 59 % yellow solid

m[mg] ρ[g/ml] V[ml] M[g/mol] n[mmol] equ

[1-13C]hydantoin 8 C3H4N2O2 182 - 101.069 1.8 1.9

ethanol amine C2H7NO 151 1.02 0.148 61.08 2.47 2.6

3,5-difluoro-4-hydroxybenzaldehyde C7H4F2O2 150 - 158.10 0.95 1

Table 15: reactants and reagents for the synthesis of 3,5-difluoro-4-hydroxybenzal-[1-13C]hydantoin

In a 25ml two-necked flask, equippedwith a reflux condenser and glass plug, [13C]hydantoin 8was dissolvedwith

2.5 ml of water at 70 °C. To give a pH-value of 7 0.5 ml of saturated NaHCO3 were added to the solution. Then

ethanol amine was added and the reaction mixture was heated to 90 °C. 3,5-difluoro-4-hydroxybenzaldehyde was

dissolved in 3ml of EtOH and slowly added to the vessel. The aldol condensation was conducted over night at 120

°C. The following day the yellow-brown reaction mixture was evaporated under reduced pressure and EtOAc/hep-

tane/MeOH 5:5:1 was added to induce the precipitation of the crude product. The yellow solid was separated from

the fluid by vacuum-filtration to yield 135 mg (0.56 mmol, 59 %) of yellow solid.
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11.5 2,6-difluoro-4-hydroxybenzal-[1-13C]hydantoin 9c

formula molecular weight yield appearance

C10H6F2N2O3 241.158 g/mol 79 % red solid

m[mg] ρ[g/ml] V[ml] M[g/mol] n[mmol] equ

[1-13C]hydantoin 8 C3H4N2O2 80 - 101.0869 0.79 1

ethanol amine C2H7NO 80 1.02 0.078 61.08 1.3 1.65

2,6-difluoro-4-hydroxybenzaldehyde C7H4F2O2 150 - 158.10 0.95 1.2

Table 16: reactants and reagents for the synthesis of 2,6-difluoro-4-hydroxybenzal-[1-13C]hydantoin

In a 25ml two-necked flask, equippedwith a reflux condenser and glass plug, [13C]hydantoin 8was dissolvedwith

2.5 ml of water at 70 °C. To give a pH-value of 7 0.5 ml of saturated NaHCO3 were added to the solution. Then

ethanol amine was added and the reaction mixture was heated to 90 °C. 2,6-difluoro-4-hydroxybenzaldehyde was

dissolved in 3 ml of EtOH and slowly added to the vessel. The aldol condensation was conducted over night at

120 °C. The following day the red reactionmixturewas evaporated under reduced pressure and purified by column

chromatography (silica gel, EtOAc/heptane/MeOH 5:5:1) to obtain 150 mg (0.62 mmol, 79 %) of red solid.
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11.6 Fluorophenyl-[1-¹³C]pyruvate 10

formula molecular weight yield appearance

para-fluorophenyl-[1-13C]pyruvate 10a C9H6FO3 182.135 g/mol 70 % grey solid

3,5-difluoro-4-hydroxyphenyl-[1-13C]pyruvate 10b C9H5F2O4 216.125 g/mol 74 % orange solid

2,6-difluoro-4-hydroxyphenyl-[1-13C]pyruvate 10c C9H5F2O4 216.125 g/mol 60 % red solid

m[mg] M[g/mol] n[mmol] equ

para-fluorobenzal-[1-13C]hydantoin 9a pFBH 150 207.169 0.72 1

3,5-difluoro-4-hydroxybenzal-[1-13C]hydantoin 9b 3,5 – FHBH 135 241.158 0.56 1

2,6-difluoro-4-hydroxybenzal-[1-13C]hydantoin 9c 2,6 – FHBH 120 241.158 0.5 1

Table 17: reactants and reagents for the synthesis of fluorinated phenylalanine precursors

The substrates were weighted into a 25 ml two-necked flask respectively. Then the vessels were equipped with a

septum and reflux condenser and put in an oil bath. After continuous argon flow was applied, 5 ml of NaOH 20 %

were slowly added with a syringe through the septum. To conduct the hydrolysis, argon purging was continued

throughout the reaction for 3 hours at 110 °C. The oil bath and argon line were removed and the solutions were

extracted two times with Et2Ounder argon atmosphere constituted by a balloon to avoid degradation of the crude

products. Adding half concentrated HCl the α-keto acids precipitated upon reaching a strong acidic pH value. The

flasks were removed from the argon atmosphere and the suspensions were transferred to a separating funnel.

Theywere extracted five timeswith Et2O, the combined organic layerswere dried overMgSO4 and Et2Owas evapo-

rated under reduced pressure in a 100ml round-bottomed flask. The corresponding NMR spectra of 3,5-difluoro-4-

hydroxyphenyl-[1-13C]pyruvic acid 10b (Scheme 65, 66) and 2,6-difluoro-4-hydroxyphenyl-[1-13C]pyruvic acid 10c

(Scheme 70, 71) revealed impurities. 20 ml of water were added to each free α-keto acid respectively and 1 N

NaOH was utilized to give pH values of 7 which dissolved the precipitates. The solutions were lyophilised to yield

92 mg (0.51 mmol, 70 %) of grey sodium para-fluorophenyl-[1-13C]pyruvate 10a, 89 mg (0.41 mmol, 74 %) of or-

ange sodium 3,5-difluoro-4-hydroxyohenyl-[1-13C]pyruvate 10b and 65mg (0.3mmol, 60%) of impure red sodium

2,6-difluoro-4-hydroxyphenyl-[1-13C]pyruvate 10c, respectively.
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11.7 5-[(para-fluorophenyl)methyl]hydantoin 11

formula molecular weight yield appearance

C10H9FN2O2 208.192 g/mol 73 % grey solid

m[mg] M[g/mol] n[mmol] equivalents

para-fluorobenzal-hydantoin 9a C10H7FN2O2 75 206.176 0.36 1

10 % palladium on charcoal Pd/C 40 106.42 0.38 1.03

Table 18: reactants and reagents for the synthesis of 5-[(4-fluorophenyl)methyl]hydantoin

In a 50 ml two-necked flask para-fluorobenzal-hydantoin was solved in 6 ml of MeOH. After adding the catalyst,

the reaction bulb was equipped with a double-layered H2-balloon. The hydrogenation was conducted over night

during vigorous stirring under atmospheric pressure. The following day theH2-balloonwas detached and the Pd/C

was removed in a funnel by Celite filtration. MeOH was evaporated under reduced pressure to yield 55 mg (0.26

mmol, 73 %) of grey compound 11.
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11.8 Para-fluorophenylalanine 12

formula molecular weight appearance

C9H9FNO2 182.18 g/mol white-yellow solid

m[mg] M[g/mol] n[mmol] equivalents

5-[(para-fluorophenyl)methyl]hydantoin 11 C10H9FN2O2 55 208.192 0.26 1

Table 19: reactants and reagents for the synthesis of racemic p-fluorophenylalanine

The substrate was weighted into a 25 ml two-necked flask. Then the vessel was equipped with a septum and re-

flux condenser and put in an oil bath. After continuous argon flow was applied, 10 ml of 20% NaOH were slowly

addedwith a syringe through the septum. To conduct the hydrolysis, argon purgingwas continued throughout the

reaction for 3.5 hours at 130 °C. The oil bath and argon line were removed and half concentrated HCl was added

until the crude product precipitatedwhilst reaching strong acidic pH value. The flask was removed from the argon

atmosphere and the white solid was separated from the fluid and dried by vacuum-filtration with a filter funnel. In

the corresponding NMR spectra only solvent peaks were visible. As a consequence, bulk NaCl was tried to remove

via ion exchanger revealing traces of para-fluorophenylalanine ammonium-salt together with an unidentified side

product.
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Abbreviations

PIDA phenyliodo diacetate. 6, 11, 13–19, 22

TsNBr2 N,N-dibromo-p-toluensulfonamide. 6

15N-labeled ANP [4-15N]amino-[3-15N]nitropyridine. viii, xiv, 2, 9, 12, 19, 25

E. coli Escherichia coli. vi, xi, xv, 31, 36, 41

EN electro negativity. 34

vdW van der Waals. 34

EM electron microscopy. 27, 28

4AP 4-aminopyridine. vi, xiv, 10–12, 23–25, 66

ACN acetonitrile. 11, 13–18

ATP adenosine triphosphate. 36

Bn benzyl ester protecting group. 35

Boc tert-butyloxycarbonyl. 35

DAHP 3-deoxy-D-arabino-heptulosonic acid 7-phosphate. 36

DBU 1,8-diazobicyclo[5.4.0]unde-7-ene. 11, 23

DCC dicyclohexylcarbodiimide. 5

DIPEA N,N-Diisopropyl ethylamine. 11, 13–18, 22

DMSO-d6 deuterated dimethyl sulfoxide. vi, xv, 61–65, 67–75

DMT-MM 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride. 5

DPPA diphenylphosphoryl azide. 5

E4P D-erythrose-4-phosphate. xiv, 36, 38

EC enzyme code. 35, 36, 38
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glyphosate N-phosphonomethylglycine. 31, 35, 41

HSQC heteronuclear single quantum coherence. 32

INA isonicotinamide. 9–11, 13, 14, 16–19, 22–24

MS mass spectroscopy. vii, 2, 20, 84–92

MW molecular weight. 28

NADPH nicotinamide adenine dinucleotide phosphate. 36

NBS N-bromosuccinimide. 6, 11, 23

NMR nuclear magnetic resonance. vi, vii, ix, xi–xiii, xv, xvi, 2, 20, 23–25, 28–30, 32–34, 40, 42, 43, 48, 50, 61–83

NOESY nuclear Overhauser effect spectroscopy. 32

Nu- nucleophile. 3

Oxone® potassium peroxymonosulfate. 6

PDB protein data bank. xii, 27

PEP phosphoenolepyruvate. xiv, 36, 38

PhIO iodosylbenzene. 6

SEAr electrophilic aromatic substitution. v, xii, 7, 8

TEA triethylamine. 13, 17

THF tetrahydrofuran. 10, 20, 21

TLC thin layer chromatography. 13, 17, 20, 21, 43

tRNA transfer RNA. 35, 36

TROSY transverse relaxation-optimized spectroscopy. ix, xi, 31, 32, 42

US ultrasound. 11, 13, 14

Z atom or group which is bound to the acyl group. 3
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Appendix A

Spectral analysis: nuclear magnetic

resonance

solvent 1H-NMR absorption H2OorHDO

δ [ppm] δ [ppm]

DMSO–d6 2.49 3.3

CDCl3 7.24 1.5

D2O 4.65 4.8

Table 20: solvent peaks of 1H-NMR spectra (400 MHz)

A.1 NMR spectra of [4-15N]amino-[3-15N]nitropyridine 6 synthesis

A.1.1 1H-NMR (400MHz) of isonicotin-[15N]amide 3

Scheme 32: overview 1H-NMR 400 MHz (DMSO-d6) of [15N]isonicotinamide
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Scheme 33: ROI 1H-NMR 400 MHz (DMSO-d6) of [15N]isonicotinamide

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

7.65, 7.78 singlet, singlet 1 H JNH = 1.3 -15NHA 2

7.76 doublet of doublets 2 H JHH = 5.0, 5.0 -pyridyl CH 4, 8

8.17, 8.30 singlet, singlet 1 H JNH = 1.3 -15NHB 2

8.71 doublet of doublets 2 H JHH = 5.0, 5.0 -pyridyl CH 5, 7

Table 21: 1H-NMR of [15N]isonicotinamide

Scheme 34: peak assignment of 1H-NMR of [15N]isonicotinamide
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A.1.2 13C-NMR (176 MHz) of [15N]isonicotinamide 3

Scheme 35: 13C-NMR 176 MHz (DMSO-d6) of [15N]isonicotinamide

Chemical shift [ppm] Integration Assignment Atom no.

121.38 2 C –pyridylC( – C) 4, 8

141.26 1 C –pyridylC( – C ––O) 9

150.21 2 C –pyridylC( –N) 5, 7

166.27 1 C –C ––O 3

Table 22: 13C-NMR of [15N]isonicotinamide
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A.1.3 1H-NMR (400 MHz) of [4-15N]aminopyridine 5

Scheme 36: overview 1H-NMR 400 MHz (DMSO-d6) of [4-15N]aminopyridine

Scheme 37: ROI 1H-NMR 400 MHz (DMSO-d6) of [4-15N]aminopyridine

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

7.96 doublet 2 H 3JHH = 1.4 –N–pyridyl CH2 3, 5

6.44 doublet 2 H 3JHH = 1.2 –C–pyridyl CH2 2, 6

5.83, 6.05 singlet, singlet 2 H 1JNH = 2.2 -15NH2 1, 1

Table 23: 1H-NMR of [4-15N]aminopyridine
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Scheme 38: peak assignment for 1H-NMR of [4-15N]aminopyridine

A.1.4 13C-NMR (176 MHz) of [4-15N]aminopyridine 5
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Scheme 39: 13C-NMR 176 MHz (DMSO-d6) of [4-15N]aminopyridine

Chemical shift [ppm] Integration Assignment Atom no.

109.3 2 C –pyridylC( – C) 2, 6

149.4 2 C –pyridylC( –N) 3, 5

154.6 1 C –pyridylC( – 15N) 7

Table 24: 13C-NMR of [4-15N]aminopyridine
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A.1.5 1H-NMR (400 MHz) of compounds resulting from alternative 4AP 5 synthesis’

Scheme 40: 1H-NMR 400 MHz (CDCl3) of compound resulting from alternative path b

Scheme 41: 1H-NMR 400 MHz (CDCl3) of n-(4-pyridyl) methyl carbamate 4b
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Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

3.75 singlet 3 H - –CH3 11

6.66 singlet 1 H - –NH –CO– 7

7.3 doublet 2 H 3JHH = 1.54 –C–pyridyl CH 2, 6

8.4 doublet 2 H 3JHH = 1.56 –N–pyridyl CH 3, 5

Table 25: 1H-NMR of n-(4-pyridyl) methyl carbamate 4b

Compound structure 

Spectrum 

ChemAxon NMR Predictor - Version 22.3.0
Date: Mon Mar 07 12:37:08 CET 2022

Spectrum type: 1H
Measurement frequency: 500.0 MHz

Page 1 of 2

Scheme 42: peak assignment for 1H-NMR of n-(4-pyridyl) methyl carbamate 4b

Scheme 43: 1H-NMR 400 MHz (DMSO-d6) of 4-aminopyridine hydrochloride 5b

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.38

6.0 singlet 2 H - –C–NH2 1, 1

6.45 doublet of doublets 2 H 3JHH = 15.9 –C–pyridyl CH2 2, 6

7.95 doublet 2 H 3JHH = 15.9 –N–pyridyl CH2 3, 5

Table 26: 1H-NMR of [4-15N]aminopyridine
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Scheme 44: 1H-NMR 400 MHz (DMSO-d6) of brominated 4-aminopyridine 5c

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

6.43 singlet 2 H - –C–NH2 7, 7

8.25 singlet 2 H - –N–pyridyl CH 3, 5

Table 27: 1H-NMR of brominated 4-aminopyridine 5c

Compound structure 

Spectrum 

ChemAxon NMR Predictor - Version 22.3.0
Date: Mon Mar 07 12:39:31 CET 2022

Spectrum type: 1H
Measurement frequency: 500.0 MHz

Page 1 of 2

Scheme 45: peak assignment for 1H-NMR 400 MHz (DMSO-d6) of brominated 4-aminopyridine 5c
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

A.1.6 1H-NMR (400 MHz) of [4-15N]amino– [3-15N]nitropyridine 6

Scheme 46: overview 1H-NMR 400 MHz (DMSO-d6) of [4-15N]amino-[3-15N]nitropyridine (a)

Scheme 47: ROI 1H-NMR 400 MHz (DMSO-d6) of [4-15N]amino-[3-15N]nitropyridine (a)

Scheme 48: overview 1H-NMR 400 MHz (DMSO-d6) of [4-15N]amino-[3-15N]nitropyridine (b)
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Scheme 49: ROI 1H-NMR 400 MHz (DMSO-d6) of [4-15N]amino-[3-15N]nitropyridine (b)

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

8.98 singlet 1 H - –N–pyridyl CH –CNO2 5

8.14 doublet 1 H 3JHH = 1.5 –N–pyridyl CH –CH 3

8.05, 7.82 singlet, singlet 1 H 1JNH = 2.2 –C– 15NH2 7, 7

6.89 doublet 1 H 3JHH = 1.5 –C pyridyl CH –CNH2 2

Table 28: 1H-NMR of [4-15N]amino– [3-15N]nitropyridine

Scheme 50: peak assignment for 1H-NMR of [4-15N]amino– [3-15N]nitropyridine
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

A.1.7 13C-NMR (176 MHz) of [4-15N]amino– [3-15N]nitropyridine 6
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Scheme 51: 13C-NMR 176 MHz (DMSO-d6) of [4-15N]amino– [3-15N]nitropyridine

Chemical shift [ppm] Integration Assignment Atom no.

113.2 1 C –pyridylC( – C) 2

148.54 1 C –pyridylC( – 15NO2) 6

148.55 1 C –pyridylC( – 15NH2) 1

149.89 1 C –pyridylC( –N) 5

152.19 1 C –pyridylC( –N) 3

Table 29: 13C-NMR of [4-15N]amino– [3-15N]nitropyridine
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

A.2 NMR spectra of fluorinated phenylalanine precursor compounds

A.2.1 1H-NMR (DMSO-d6) of [1-13C]hydantoin 8

Scheme 52: 1H-NMR 400 MHz (DMSO-d6) of [1-13C]hydantoin

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

4.0 doublet 2 H 2JHH = 14.2 –NH–CH2 –CO– 10, 11

7.8 doublet 1 H 2J13CH = 16.3 –CO–NH –CO– 8

10.7 singlet 1 H - –CH2 –NH –CO– 9

Table 30: 1H-NMR of [1-13C]hydantoin
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Scheme 53: peak assignment for 1H-NMR of [1-13C]hydantoin

A.2.2 1H-NMR (DMSO-d6) of para-fluorobenzal-[1-13C]hydantoin 9a

Scheme 54: 1H-NMR 400 MHz (DMSO-d6) of para-fluorobenzal-[1-13C]hydantoin

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

6.18 singlet 1 H - –CH –– 18

7.18 singlet 2 H - –phenyl CH 11, 13

7.69 singlet 2 H - –phenyl CH 10, 14

9.08 broad 1 H - –CO–NH –CO– 16

Table 31: 1H-NMR of para-fluorobenzal-[1-13C]hydantoin
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Scheme 55: peak assignment for 1H-NMR of para-fluorobenzal-[1-13C]hydantoin

A.2.3 1H-NMR (DMSO-d6) of 3,5-difluoro-4-hydroxybenzal-[1-13C]hydantoin 9b

Scheme 56: 1H-NMR of 3,5-difluoro-4-hydroxybenzal-[1-13C]hydantoin

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

6.20 doublet 1 H 3J13CH = 1.4 –CH –– 18

6.95 quartet 2 H 3JFH = 21.1 –phenyl CH 2, 6

9.92 singlet 1 H - –CO–NH –CO– 19

Table 32: 1H-NMR of 3,5-difluoro-4-hydroxybenzal-[1-13C]hydantoin
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Scheme 57: peak assignment for 1H-NMR of 3,5-difluoro-4-hydroxybenzal-[1-13C]hydantoin

A.2.4 1H-NMR (DMSO-d6) of 2,6-difluoro-4-hydroxybenzal-[1-13C]hydantoin 9c

Scheme 58: 1H-NMR 400 MHz (DMSO-d6) of 2,6-difluoro-4-hydroxybenzal-[1-13C]hydantoin
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

6.11 doublet 1 H 3JHH = 14.5 –OH 15

6.52 doublet 2 H 3JFH = 25.9 –phenyl CH 11, 13

10.08 doublet 1 H 3J13CH = 18.2 –CH –– 20

10.66 singlet 1 H - –C–NH –CO– 19

11.22 singlet 1 H - – 13CO–NH –CO– 18

Table 33: 1H-NMR of 2,6-difluoro-4-hydroxybenzal-[1-13C]hydantoin

Scheme 59: peak assignment for 1H-NMR of 2,6-difluoro-4-hydroxybenzal-[1-13C]hydantoin

A.2.5 1H-NMR (CDCl3) of p-fluorophenyl-[1-13C]pyruvic acid 10a

Scheme 60: comparison 1H-NMR 400 MHz of p-fluorophenyl-[1-13C]pyruvic acid prior and p-fluorophenyl-

[1-13C]pyruvate after lyophilization
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Scheme 61: 1H-NMR 400 MHz (CDCl3) of p-fluorophenyl-[1-13C]pyruvic acid

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

4.1 singlet 2 H - –CH2 –CO– 7

6.5 singlet 1 H - –CH –– 27

6.97 - 7.01 multiplet 4 H - –phenyl CH 3,5, 8,16

7.16 - 7.19 multiplet 2 H - –phenyl CH 2, 6

7.68 - 7.71 multiplet 2 H - –phenyl CH 15, 19

Table 34: 1H-NMR of p-fluorophenyl-[1-13C]pyruvic acid

Scheme 62: peak assignment for 1H-NMR of p-fluorophenyl-[1-13C]pyruvic acid keto enol form
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

A.2.6 1H-NMR (D2O) of p-fluorophenyl-[1-13C]pyruvate 10a

Scheme 63: 1H-NMR 400 MHz (D2O) of p-fluorophenyl-[1-13C]pyruvate

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

4.02 singlet 2 H - –CH2 –CO– 7

7.03 doublet of doublets 2 H 3JFH = 7.4 –phenyl CH 10, 12

7.05 - 7.18 multiplet 2 H - –phenyl CH 9, 13

Table 35: 1H-NMR of p-fluorophenyl-[1-13C]pyruvate

Scheme 64: peak assignment for 1H-NMR of p-fluorophenyl-[1-13C]pyruvate
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

A.2.7 1H-NMR (CDCl3) of 3,5-difluoro-4-hydroxyphenyl-[1-13C]pyruvic acid 10b

Scheme 65: overview 1H-NMR 400 MHz (CDCl3) of (3,5-difluoro-4-hydroxyphenyl)[1-13C]pyruvic acid

Scheme 66: ROI 1H-NMR 400 MHz (CDCl3) of (3,5-difluoro-4-hydroxyphenyl)[1-13C]pyruvic acid
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

4.53 singlet 2 H - –CH2 –CO– 8

6.3 doublet of doublet 2 H 3JFH = 11.8 –phenyl CH 2, 6

6.5 doublet of doublet 2 H 3JFH = –phenyl CH 15, 19

6.8 singlet 1 H - –phenyl C –OH 20

6.9 singlet 1 H - –phenyl C –OH 7

7.4 doublet 1 H 3J13CH = 15.4 –CH –– 31

7.6 doublet 1 H 3J13CH = 18 –CH––C–OH – 23

9.74 singlet 2 H - – 13COOH 13, 26

Table 36: 1H-NMR of (3,5-difluoro-4-hydroxyphenyl)pyruvic acid

Scheme 67: peak assignment for 1H-NMR of (3,5-difluoro-4-hydroxyphenyl)[1-13C]pyruvic acid keto enol

form

A.2.8 1H-NMR (D2O)of 3,5-difluoro-4-hydroxyphenyl-[1-13C]pyruvate 10b

Scheme 68: 1H-NMR 400 MHz (D2O) of (3,5-difluoro-4-hydroxyphenyl)[1-13C]pyruvate
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

3.85 singlet 2 H - –CH2 –CO– 6

6.63 - 6.65 multiplet 2 H - –phenyl CH 8, 12

Table 37: 1H-NMR of 3,5-difluoro-4-hydroxyphenyl-[1-13C]pyruvate

Scheme 69: peak assignment for 1H-NMR of 3,5-difluoro-4-hydroxyphenyl-[1-13C]pyruvate

A.2.9 1H-NMR (CDCl3) of 2,6-difluoro-4-hydroxyphenyl-[1-13C]pyruvic acid 10c

Scheme 70: 1H-NMR 400 MHz (CDCl3) of 2,6-difluoro-4-hydroxyphenyl-[1-13C]pyruvic acid
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

Scheme 71: ROI 1H-NMR 400 MHz (CDCl3) of (2,6-difluoro-4-hydroxyphenyl)[1-13C]pyruvic acid

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

6.06 singlet 1 H - phenyl C –OH 22

6.09 singlet 1 H - phenyl C –OH 7

6.3 doublet of doublets 2 H 3JFH = 20.6 –phenyl CH 18, 20

6.9 doublet of doublets 2 H 3JFH = 20.5 –phenyl CH 3, 5

7.4 singlet 1 H - –CH –– 31

8.0 singlet 1 H - ––C–OH 27

10.0 singlet 1 H - –CO–OH 15

11.8 singlet 1 H - –CO–OH 30

Table 38: 1H-NMR of (2,6-difluoro-4-hydroxyphenyl)[1-13C]pyruvic acid

Scheme 72: peak assignment for 1H-NMR of (2,6-difluoro-4-hydroxyphenyl)[1-13C]pyruvic acid keto enol

form
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APPENDIX A. SPECTRAL ANALYSIS: nuclear magnetic resonance

A.2.10 1H-NMR (CDCl3) of 5-[(4-fluorophenyl)methyl]hydantoin 11

Scheme 73: 1H-NMR 400 MHz (CDCl3) of 5-[(4-fluorophenyl)methyl]hydantoin

Chemical shift [ppm] Multiplicity Integration Coupling [Hz] Assignment Atom no.

2.79 - 2.84 multiplet 1 H 3JHH = 54.4 –CH2 – 16

3.13 - 3.17 multiplet 1 H 3JHH = 42.6 –CH2 – 17

4.10 - 4.22 multiplet 1 H - –CH2 –CH – 18

6.95 doublet of doublets 2 H 3JFH = 2.1 –phenyl CH 3, 5

7.10 doublet of doublets 2 H JHH = 2.7 –phenyl CH 2, 6

Table 39: 1H-NMR of 5-[(4-fluorophenyl)methyl]hydantoin

Scheme 74: peak assignment for 1H-NMR of 5-[(4-fluorophenyl)methyl]hydantoin
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APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy
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APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy

Appendix B

Spectral analysis: mass spectroscopy

B.1 MS of [4-15N]amino-[3-15N]nitropyridine 6 synthesis

B.1.1 High-resolution MS of [15N]isonicotinamide 3

Analysis Info Acquisition Date 12/13/2021 8:33:12 PM
Analysis Name E:\Data\MS_MessService\85634000001.d

mscMethod tune_low_MS_Service_12_21.m Operator
INA Instrument maXisSample Name

Comment Cikan / Org.Chem.
Ergebnis +/- 5ppm
ACN / MeOH + 1% H2O

Generic Display Report

Bruker Compass DataAnalysis 4.1 printed: 1 of 1Page 12/13/2021 8:36:37 PM mscby:Scheme 75: MS-HRMS of [15N]isonicotinamide80 Master’s thesis



APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy

m/z Intensity Assignment Formula

calculated 124.12 100 % (M+H)+ C5H6N15N

5.4 %

found 124.12 100 % (M+H)+ C5H6N15N

5.4 %

Table 40: MS-HRMS of [15N]isonicotinamide
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APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy

B.1.2 High-resolution MS of [4-15N]aminopyridine 5

Analysis Info Acquisition Date 12/23/2021 12:27:45 PM
Analysis Name E:\Data\MS_MessService\85958000001.d

mscMethod tune_low_MS_Service_12_21.m Operator
AP Instrument maXisSample Name

Comment Cikan / OC
Ergebnis +/- 5ppm
ACN / MeOH + 1% H2O

Generic Display Report

Bruker Compass DataAnalysis 4.1 printed: 1 of 1Page 12/23/2021 1:47:25 PM mscby:

Scheme 76: MS-HRMS of [4-15N]aminopyridine
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APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy

m/z Intensity Assignment Formula

calculated 96.0574 100 % (M+H)+ C5H6N 15N

97.0604 5.4 %

found 96.0573 100 % (M+H)+ C5H6N 15N

97.0606 5.4 %

Table 41: MS-HRMS of [4-15N]aminopyridine
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APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy

B.1.3 MS of brominated [4-15N]aminopyridine 5c

Analysis Info Acquisition Date 10/7/2021 11:35:11 AM
D:\Data\MS_MessService\83919_HofUml._amazon.dAnalysis Name

Method Operator MSCMSC-Service_direct-injection.m
Instrument amaZon speed ETDSample Name 83919_Hof.Uml._amazon

Comment Lichtenecker / Org.Chem.
ACN / MeOH + 1 % H2O

Generic Display Report

printed: 1 of 1Page Bruker Compass DataAnalysis 4.0 10/7/2021 11:43:01 AM

Scheme 77: MS-HRMS of brominated [4-15N]aminopyridine
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APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy

m/z Intensity Assignment Formula

calculated 251.8721 100 % (M+H)+ C5H4Br2N2

249.8741 51.3 %

253.8700 48.8 %

found 252.85 100 % (M+H)+ C5H4Br2N2

250.81 51 %

254.85 49 %

Table 42: MS-HRMS of brominated [4-15N]aminopyridine
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APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy

B.1.4 High-resolution MS of [4-15N]amino– [3-15N]nitropyridine 6

Analysis Info Acquisition Date 12/23/2021 12:36:44 PM
Analysis Name E:\Data\MS_MessService\85959000001.d

mscMethod tune_low_MS_Service_12_21.m Operator
ANP Instrument maXisSample Name

Comment Cikan / OC
Ergebnis +/- 5ppm
ACN / MeOH + 1% H2O

Generic Display Report

Bruker Compass DataAnalysis 4.1 printed: 1 of 1Page 12/23/2021 1:50:24 PM mscby:

Scheme 78: MS-HRMS of [4-15N]amino– [3-15N]nitropyridine
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APPENDIX B. SPECTRAL ANALYSIS: mass spectroscopy

m/z Intensity Assignment Formula

calculated 142.0395 100 % (M+H)+ C5H5O2N15N2

143.0425 5.4 %

found 142.0394 100 % (M+H)+ C5H5O2N15N2

143.0425 5.4 %

Table 43: MS-HRMS of [4-15N]amino– [3-15N]nitropyridine
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