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ABSTRACT 

 

Artificial Metalloenzymes through Chemical Modification of Engineered Host 

Proteins  

 

Anna Veronika Zernickel 

 
With a few exceptions, all organisms are restricted to the 20 canonical amino acids for ribosomal protein 

biosynthesis. Addition of new amino acids to the genetic code can introduce novel functionalities to 

proteins, broadening the diversity of biochemical as well as chemical reactions and providing new tools to 

study protein structure, reactivity, dynamics and protein-protein-interactions.  

The site directed in vivo incorporation developed by P. G. SCHULTZ and coworkers, using an archeal 

orthogonal tRNA/aaRS (aminoacyl-tRNA synthase) pair, allows site-specifically insertion of a synthetic 

unnatural amino acid (UAA) by reprogramming the amber TAG stop codon. A variety of over 80 different 

UAAs can be introduced by this technique. However by now a very limited number can form kinetically 

stable bonds to late transition metals.  

This thesis aims to develop new catalytically active unnatural amino acids or strategies for a 

posttranslational modification of site-specific amino acids in order to achieve highly enantioselective 

metallorganic enzyme hybrids (MOEH). As a requirement a stable protein host has to be established, 

surviving the conditions for incorporation, posttranslational modification and the final catalytic reactions. 

mTFP* a fluorescent protein was genetically modified by excluding any exposed Cys, His and Met forming 

a variant mTFP*, which fulfills the required specifications. Posttranslational chemical modification of 

mTFP* allow the introduction of single site metal chelating moieties. For modification on exposed 

cysteines different maleiimid containing ligand structures were synthesized.  

In order to perform copper catalyzed click reactions, suitable unnatural amino acids (para-azido-(L)-

phenylalanine, para-ethynyl-(L)-phenylalanine) were synthesized and a non-cytotoxic protocol was 

established. The triazole ring formed during this reaction may contribute as a moderate σ-donor/π-acceptor 

ligand to the metal binding site. 
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Since the cell limits the incorporation of boronic acids, an aqueous protocol for Miyaura borylation using a 

highly active palladacycle catalyst was established and can be transferred to a selective borylation of 

proteins. It allows subsequent Suzuki cross coupling and therefore broadens the possibilities for chemical 

modifications and the establishment of new metalloenzymes.  

Different metal chelating amino acids were investigated, such as Hydrochinolin-Alanine, Bipyridyl-

Alanine, Dipyridine-Lysines and phosphorous containing amino acids.  
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1 General introduction  

 

Catalysis is an area with huge impact on chemical industrial performance for a variety of 

reasons. The global demand on catalysts was valued at US$ 29.5 billion in 2010 and will 

out value continuously.1 By lowering the activation energy of a chemical reaction a 

catalyst fastens the reaction and allows it to take place with less energy consumption 

compared to the un-catalyzed reaction. In other words, less free energy is required to 

reach the transition state although the total free energy from starting compound to 

product stays the same. The reaction pathway follows an alternative mechanism 

involving different transition states. Consequently catalysts can enable reactions that 

would usually be hindered by a kinetic barrier. The catalyst is not consumed by the 

reaction and can therefore be applied in very tiny amounts and can be recycled after the 

reaction completed. However practical observation demonstrates that the catalyst activity 

is vanishing because of inhibition, deactivation or is destroyed by secondary processes.  

For all those reasons academia and industry continuously seek to improve catalyst 

performance or invent new catalyst with better turn over frequency (TOF) and higher 

enantioselectivities. The term TOF is used to refer to the turnover of moles of substrate 

(S) that a catalyst (cat.) can convert per unit time and is used to measure the efficiency of 

a catalyst.  

       for       

 

TOF for chemical reactions are usually in the range of 10−2 - 102 s−1, whereas for 

enzymes they are in the range 103 - 107 s−1. An additional advantage of a catalyzed 

reaction is the circumvention of the formation of side products, which can pose hazards 

to human health and the environment. Such processes might not need extensive and 

mostly expensive purification steps, since only the desired product is formed. 

Furthermore they increase yields and stereo- and enantioselectivities.  

Such sustainable chemical developments allow the design of products and processes that 

minimize the use and generation of hazardous substances and therefore reduce the 

TOF[ 1
sec
] = dcP

ccat ⋅dt S P
cat.
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negative impact of chemistry on the environment by preventing pollution at its source 

and simultaneously lower the consumption of natural resources.  

PAUL ANASTAS and JOHN WARNER introduced 12 fundamental principles of green 

chemistry:2  

 

1) Prevention: It is better to prevent waste than to treat or clean up waste after it has been 

created. An often-used measure of waste is the E-factor, described by Roger Sheldon, 

which relates the weight of waste coproduced to the weight of the desired product.  

More recently, the ACS Green Chemistry Institute Pharmaceutical Roundtable (ACS 

GCIPR) has favored process mass intensity, which expresses a ratio of the weights of all 

materials used (water, organic solvents, raw materials, reagents, process aids) to the 

weight of the active drug ingredient (API) produced. 

2) Atom Economy: Synthetic methods should be designed to maximize the incorporation 

of all materials used in the process into the product.  

3) Less Hazardous Chemical Syntheses: Wherever practicable, synthetic methods should 

be designed to use and generate substances that possess little or no toxicity to human 

health and the environment.  

4) Designing Safer Chemicals: Chemical products should be designed to affect their 

desired function while minimizing their toxicity.  

5) Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g., solvents, 

separation agents, etc.) should be made unnecessary wherever possible and innocuous 

when used.  

6) Design for Energy Efficiency: Energy requirements of chemical processes should be 

recognized for their environmental and economic impacts and should be minimized. If 

possible, synthetic methods should be conducted at ambient temperature and pressure.  

7) Use of Renewable Feedstocks: A raw material or feedstock should be renewable rather 

than depleting whenever technically and economically practicable.  

8) Reduce Derivatives: Unnecessary derivatization (use of blocking groups, protection / 

deprotection, temporary modification of physical/chemical processes) should be 
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minimized or avoided if possible, because such steps require additional reagents and can 

generate waste.  

9) Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric 

reagents.  

10) Design for Degradation: Chemical products should be designed so that at the end of 

their function they break down into innocuous degradation products and do not persist in 

the environment.  

11) Real-time analysis for pollution prevention: Analytical methodologies need to be 

further developed to allow for real-time, in-process monitoring and control prior to the 

formation of hazardous substances. 

12) Inherently Safer chemistry for accident prevention: Substances and the form of a 

substance used in a chemical process should be chosen to minimize the potential for 

chemical accidents, including releases, explosions, and fires. 

 

Certainly it is almost impossible to design a chemical reaction that complies with all of 

those rules at the same time. However in this thesis the approach of designing an artificial 

metalloenzymes as natural based catalyst complies in many points. First and foremost 

water as a non-hazardous solvent can be used to conduct catalysis in it.  

 

Especially asymmetric (enantioselective) catalysis indicates an important role in 

upcoming demands of modern synthetic chemistry, depicted by the honor of the Nobel 

Prize in chemistry in 2001 for K. B. Sharpless, R. Noyori and W. S. Knowles for their 

groundbreaking work in this area.3 Enantiomerically pure compounds are of essential 

interest for the production of medical drugs,4 biomacromolecules,5 agrochemicals6, 

flavoring agents7 and many other types of compounds. However, despite the recent 

rewards, the synthesis of optically pure compounds is demanding and costly. The 

application of biological, organic, homogenous or heterogeneous transition metal-based 

catalysts is the key strategy in enantioselective synthesis. 

Besides chiral separations and the conversion of prochiral precursors, enantioselective 

catalytic reactions present the most versatile alike economically and ecologically 
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sustainable approach.8 The most employed catalytic strategies hereby are enzymatically9 

and chiral homogenous transition metal catalyzed.10  

 

In biological systems nearly all chemical transformations are catalyzed by enzymes.11 

Enzymes have the capacity to highly specifically bind substrates and therefore the 

substrate diversity of many enzymes is usually low. By engaging intermolecular forces, 

enzymes bring substrates together in an optimal orientation at the so-called active site. 

The active site is composed of catalytic groups, which directly contribute in the 

transformation reaction by coordinating the transition metal or providing proton or 

acceptor groups. Secondary interactions comprise a variety of ligand-substrate 

interactions such as hydrogen bonding, electrostatic interactions, van der Waals forces, π-

stacking and Lewis acid-base interactions. Side chain residues, which can act as proton 

donor or acceptors, can stabilize developed charges in the transition state and therefore 

activate nucleophiles and electrophiles or stabilize leaving groups. For instant Histidine is 

the most common amino acid involved in catalytic transformations due to its capability to 

both accept and donate protons. This feature is due to the Histidine’s pka of 6.00, which 

refers to a neutral pH.12 Furthermore it has been found that electrostatic interactions have 

by far the largest influence to catalysis.13 So-called co-factors, which are usually 

represented by transition metal ions or coenzymes, play many different roles. A transition 

metal ion lowers the pka of water so it can act as a nucleophile. Presumably one third of 

all enzymes contain metals, to which some mechanistically elegant conversions can be 

accounted to.14 On the other hand, the enzyme provides a more polar environment than 

water itself and therefore, by providing distinct dipols, stabilizes ionic transition states or 

charged species. In catalysis in water, the reorganization energy plays an important role, 

but not in the active site of an enzyme where water is usually even excluded during the 

binding of a substrate. These interactions are responsible for the high activity and 

selectivity in enzymatic reactions and can therefore be used in enantioselective catalysts 

design.  

By combining enzymatic with homogenous catalysis, both disciplines’ advantages can be 

used to develop highly active but very selective catalysts. Reagent specificity can be 
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improved with comparatively mild operating conditions. According to green chemistry 

environmental impact can be lowered, since enzymes are usually easily recycled and can 

therefore be used in a new cycle of the reaction with high TOF (Table 1).  

Table 1: Comparison of features of homogeneous and enzymatic catalysis.  

Characteristic Homogeneous catalysis Enzymatic catalysis 
reaction repertoire large small 

substrate scope large small 
second coordination sphere ill defined well defined 

enantiomers both enantiomers single enantiomer 
optimization chemical genetic 

catalyst recovery difficult straightforward 
turnover numbers large large 

reaction conditions harsh mild 

reaction medium aqueous and organic mostly aqueous 

 

Arisen from this idea, organometallic-enzyme-hybrids (OMEH) were designed to provide 

artificial metalloenzymes. Through this approach a broad variety of reactions can be 

catalyzed by homogenous catalyst motifs combined with the advantages of enzymes. In 

turn the incorporation of transition metal complexes in a protein broadens the reaction 

scope of enzymes, since many transformations known in organic catalysis cannot be 

catalyzed by enzymes, such as hydroformylation, olefin hydrogenations, metathesis or 

allylic substitutions (Table 2).  

Organometallic-enzyme-hybrids can be gained by chemical or biological modification of 

the active site and subsequent incorporation of an appropriate organometallic system into 

the enzyme. The enzyme hereby acts as a chiral ligand, in which its supramolecular chiral 

surface facilitates enhanced regio- and stereoselectivity. As done by WARD, artificial 

metalloenzymes can be categorized in three different:15  

(I) the type of metal  

(II) biological scaffold 

(III) anchoring strategy  
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Furthermore different types of interactions between the organometallic motif and the 

biological moiety can be distinguished:  

a) supramolecular anchoring  

b) dative anchoring  

c) covalent anchoring  

Non-covalent insertion of metal cofactors can be achieved using (a) metal complexes 

anchored to native substrates known as supramolecular anchoring or by (b) modified 

metal cofactors or synthetic metal complexes know as dative anchoring.  

 

Supramolecular anchoring 

In 1978 WILSON and WHITESIDES were the first to report the realization of an enzymatic 

hydrogenation catalyst based on an achiral biotin-functionalized rhodium-diphosphine 

moiety embedded inside avidine.16 Later WARD optimized this approach and used 

streptavidin as host protein, which possesses a similar affinity for biotin but has a deeper 

binding pocket. Hydrogenation of acrylic acid yielded enantioselectivities up to 96%.17 It 

was assumed that the second coordination sphere effects enantioselectivities.  

 

Dative anchoring 

The first who modified a metal cofactor by dative modification was KAISER by 

introducing copper instead of zinc into the active site of a carboxypeptidase A (CPA).18 

First observed enantioselectivities with an organometallic-enzyme-hybrid was reported 

by KOKUBO in 1983 by coordinating osmium tetroxide to bovine and human serum 

albumin.19 Another strategy for the establishment of hybrid catalysts is the non-covalent 

insertion of metalloporphyrins into proteins or antibody cavities. KEINAN and NIMRI 

proofed that the artificial antibody(SN37.4)-ruthenium porphyrin simulate the transition 

state of sulfoxidation reactions and catalyzed the oxidation of thioanisol up to 43 %ee.20  

 

Covalent anchoring 

LEVINE and KAISER were the first who showed that chemical modification can introduce 

a cofactor into an enzyme to perform a catalytic reaction not know to this enzyme before. 
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The sulfhydryl group of a cysteine side chain of papain was alkylated and could serve as 

a catalyst for the oxidation of dihydronicotinamide, exhibiting up to 670-fold rate 

acceleration compared to the model flavin.21 Inspired by the work of KAISER many 

research groups have started to covalently modify proteins by introducing transition 

metal complexes to gain higher enantioselectivities. The work of DAVIES and DISTEFANO  

 

Table 2: Reactions catalyzed by artificial metalloenzymes compiled by WARD.15 

Reaction type Metal-complex Biomolecule host Anchoring 
Hydrogenation Rh-biotin (Strept)avidin Supramolecular16, 22, 23, 

24, 25  
 Rh Papain Covalent 26,27,26 a 
 Rh-diphosphine Antibody Supramolecular 27 
 Pd Apo-ferritin Supramolecular 28 
Ketone reduction M-biotin: M = Ru, Ir, Rh (Strept)avidin Supramolecular 29 
Alcohol oxidation Zn–Cu exchange Carboxypeptidase Dative 18 a 
 M-biotin: M = Ru, Ir, Rh (Strept)avidin Supramolecular 30 a 
Sulfoxidation Mn, Fe-corrole Bovine serum albumin Dative 31 
 Cr, Mn–Schiff base Myoglobin Dative 32 
 Mn–Schiff base Myoglobin Covalent 33 
 MO4n−: M = V, Mo, Re, Se, 

W 
Hydrolases, ferritin Dative 34 

Epoxidation Mn–Schiff base Papain Covalent 26,35 
 Zn–Mn exchange Carbonic anhydrase Dative 36 
Dihydroxylation OsO4 Bovine serum albumin Dative 37 
Peroxidation Se Subtilisin Covalent 38 a 
 Fe-porphycene Myoglobin Dative 39 a 
 Fe-hemin DNA, RNA Supramolecular 40 a 
Hydrolysis Cu-phenantroline Adipocyte lipid-binding 

protein 
Covalent 41,54 

Diels–Alder 
cycloaddition 

Cu-phthalocyanine Bovine serum albumin Dative 28,42 

 Cu-bidendate diimines DNA Supramolecular 43 
Hydroformylation Rh Human serum albumin Dative 44 
Acyl-transferase Se Subtilisin Covalent 45 a 
Transamination Cu-pyridoxamine Ribonuclease S Supramolecular 46 
DNA-cleavage Cu-phenantroline DNA-binding proteins Covalent 47 
 Zn Peptide-fragment with 

Rh-intercalator 
Covalent 48 

 Eu, Ce, Cu Helix-Turn-Helix/Ca-
binding motif 

Covalent 49 

 Ce Zinc finger protein Covalent 50, 51 
 Zr Peptide nucleic acid Covalent 52 
 Ce Complementary peptide 

nucleic acid 
Supramolecular 53 

a) no selectivity reported 
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has to be mentioned in this regard. They modified a single cysteine residue of ALBP with 

Iodoacetamido 1,10-Phenanthroline, loaded it with Cu(II) and the newly gained 

metalloenzyme could catalyze the enantioselective hydrolysis of unactivated amino acid 

esters up to 86% ee.54  

Numerous bio-conjugation techniques have been established by now to covalently link 

fluorescent probes, affinity tags or isotope labels to different biomolecules. Common 

methods of conjugation to proteins are for example amine coupling of lysine amino acid 

residues, sulfhydryl coupling of cysteine residues or photochemically initiated free 

radical reactions. However all of those performances show limited regio- and 

chemoselectivity.55 In vivo a variety of competing nucleophiles and electrophiles restrict 

the use of such techniques in biological systems. 

Site-specific conjugations in native environments need unique functional groups, which 

possess reactivities not present in biological systems (bioorthogonal), are not perturbing, 

yet are highly reactive towards specific non-natural functionalities.56 Such bioorthogonal 

functions should be reactive in water, while being resistant to oxidation. Generally two 

different classes can be distinguished: posttranslation, chemical modification of existing, 

including natural functionalities or the direct incorporation of unnatural building blocks. 

The first technique is usually easy to apply, but is restricted to its specificity, whereas the 

latter can be introduced into proteins site specifically and optimized by direct evolution. 

However unnatural amino acids have to fulfill specific requirements in order to be 

incorporated into a protein.  

 

The most frequently applied function in bioconjugation techniques is the azide moiety.57 

Azides are chemically inert, stable under physiological conditions, are not naturally 

found in biological systems and while being a mild electrophile they do not react with 

existing nucleophiles like amines. Therefore azides are ideal to be used in bioconjugation 

strategies, most usually by copper catalyzed 1,3-dipolar cycloaddition reactions (“click 

reactions”, Figure 1, A) or STAUDINGER ligation (Figure 1, C), but also in the 

STAUDINGER Phosphite reaction (Figure 1, D) or more recently in various strain promoted 
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copper-free cycloaddition reactions (Figure 1, B), with cyclooctynes,58,59 

oxanorbornadienes60 or dibenzocyclooctynes.61 

 

 

Figure 1: Chemoselective reactions of azides: copper assisted (A) and strain-promoted azide-alkyne 

cycloaddition (B), Staudinger (C) and Staudinger-phosphit reaction (D).62 

 

Besides of achieving high yields, being stereospecific with no generation of unnecessary 

byproducts, being physiologically stable, yet modular and wide in scope and being high 

in atom economy, the click reaction depicts one of the most suitable techniques for 

bioconjugation.  

 

As a new way to introduce transition metal complexes, the direct incorporation of 

unnatural amino acids with distinct metal complex ligation properties needs to be 

investigated. With a few exceptions, all organisms are restricted to the 20 canonical 

amino acids for ribosomal protein biosynthesis. Addition of new amino acids to the 

genetic code can introduce novel functionalities to proteins, broadening the diversity of 

biochemical reactions and providing new tools to study protein structure, reactivity, 

dynamics and protein-protein-interactions. 

Site directed in vivo incorporation of unnatural amino acids has first been reported by P. 

G. SCHULTZ, using an archeal orthogonal tRNA/aaRS (aminoacyl-tRNA synthase) pair. 
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His method allows site-specifically insertion of a synthetic unnatural amino acid (UAA) 

by reprogramming the amber TAG stop codon.63 A variety of over 80 different UAAs 

can be introduced by this technique (Figure 2). However by now only a very limited 

number of these UAAs can form kinetically stable bonds to late transition metals.  

 

 

Figure 2: A number of unnatural amino acids have been already incorporated into proteins.  

 

In the development of new UAA specific requirements have to be fulfilled in order to 

ensure successful incorporation. First of all the UAA has to be non-toxic for the 

expression system. Enantionmerically pure UAA enhance yields, although usually the 

expression system by itself distinguish between (D)- or (L)-form of the amino acid and 

will incorporate only the essential (L)-form. Another method to ensure selectivity can be 

maintained by enantiomerical resorption through the cell membrane. Overall the UAA 

needs to be polar and soluble in water, which is usually given by the amine and 

carboxylic functionality of the amino acids itself. Of course at the isoelectric point, the 
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amino acid will not be soluble in water, but usually buffers used for incorporation media 

are slightly basic and therefore ensure solubility. Newly introduced unnatural 

functionalities certainly need to be stable under aqueous or buffer conditions. 

The most critical point for a successful incorporation poses the fact that the UAA has to 

be accepted by the ribosome. The main criteria is hereby the structure of the UAA itself.  

Too large or sterically demanding moieties will not be recognized by the ribosome. The 

later figure illustrates the size criteria an amino acid has to fulfill in order to get accepted 

(Figure 3).  

 

 

Figure 3: [blue] good to excellent incorporation efficiency, [orange] moderate incorporation 

efficiency, [red] no protein expression detected.  

 

Furthermore a requirement we have to meet in our attempt to design new enzymes is the 

fact that the UAA needs to be catalytically active.  

  

H2N CO2H
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2 Objectives  

 

The field of organometallic enzyme hybrids has developed into a vivid research area 

during the last decades due to reported novel activities and high selectivities.64 Their 

catalytic and synthetic potential and applicability promise to be high, as they combine 

advantages of both organometallic catalysts and enzymes. They feature the enormous 

scope of reactions of homogeneous catalysts and performance can be optimized rationally 

via directed evolution65,66,67 and is not as much subject to serendipity68 as the finding of 

good chiral ligand systems. 

This thesis aims to develop new catalytically active unnatural amino acids or strategies 

for a posttranslational modification of site-specific amino acids in order to achieve highly 

enantioselective metalloenzymes.  

As a requirement the protein should not bind transition metal ions by its own and needs to 

be stable. A variety of posttranslational modifications are presented in literature but 

indeed need to comply with conditions compatible for proteins as well for all other 

functional groups present, for instant should not allow oxidation or reduction.  

In case in vivo incorporation of unnatural amino acid has been chosen, the ribosome 

needs to accept the UAA, so the UAA has to fulfill specific steric properties, needs to 

undergo acylation by the synthase and has to survive physiological conditions. For many 

steps water-soluble ligands are necessary.  

 

As a requirement a robust protein host has to be established, surviving the conditions for 

incorporation of metal coordinating unnatural amino acids, posttranslational modification 

and the final catalytic reactions (Chapter 3). mTFP* a fluorescent protein was 

genetically modified by excluding any exposed Cys, His and Met to fulfill the 

specifications. A variety of tests were conducted to verify the proteins stability and 

activity, especially referring to catalytic reactions. Posttranslational chemical 

modification of mTFP* allow the introduction of single site metal chelating moieties. For 

modification on exposed cysteines, different maleiimid containing ligand structures were 

synthesized.  
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Since the cell limits the incorporation of boronic acids, an aqueous protocol for Miyaura 

borylation, using a highly active palladacycle catalyst, was established (Chapter 4) and 

can be also transferred to proteins (Chapter 5). It allows selective borylation og proteins 

and subsequent Suzuki cross coupling and therefore broadens the possibilities for 

chemical modifications and the establishment of new metalloenzymes.  

Chapter 6: In order to perform copper catalyzed click reactions, suitable unnatural amino 

acids (para-Azido-(L)-phenylalanine, para-Ethynyl-(L)-phenylalanine) were synthesized 

and a non-cytotoxic protocol was established. The triazole ring formed during this 

reaction may contribute as a moderate σ-donor/π-acceptor ligand to the metal binding 

site. 

Different metal chelating amino acids were investigated, such as Hydrochinolin-Alanine, 

Bipyridyl-Alanine, Dipyridine-Lysines and phosphorous containing amino acids 

(Chapter 7). The newly generated artificial metalloenzymes are now being tested in 

enantioselective Suzuki and Tsuji-Trost cross coupling reactions and Diels-Alder 

cycloadditions.  

Chapter 8 and 9 contains the thesis summary and all experimental procedures and 

analytical data.  
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3.1 Introduction 

Advancing our understanding of catalytic systems and the application thereof has proven 

to be the key to overcome traditional limitations that industrial-scale synthetic processes 

suffered from.69 Herein innovative approaches lead to the development of effective 

(homogenous) catalysts that contributed essentially in the production and 

functionalization of numerous materials such as biomolecules or synthetically relevant 

precursors.70 More than ever catalysis has evolved to impact industries on a global scale, 

being apparent in all major domains such as health, nutrition and energy. Considering this 

omnipresence, consequently a great range of catalytically active systems including 

heterogeneous and homogenous catalysts have been developed and optimized for 

industrial scale applications.71 Nevertheless, despite these developments and the insights 

to countless reactions, still most transition-metal catalysts are lacking conversions with 

demanding scopes in either selectivity or (and) reactivity and are therefore hard to 

integrate within larger scale applications (without the loss of either catalyst or capital).72 

Moreover their inefficiency seems to be outperformed by nature’s biocatalytic portfolio 

and engineered mutants thereof69 (which have found their way to economically 

significant productions73). Increasing insights to mode of actions and advances in 

bioinformatics have pushed de novo designs and enhanced mutants to new 
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boundaries.70,74 Generally speaking, enzymes are believed to employ a great deal of 

properties that inorganic catalysts clearly miss - namely, being cheap to produce, 

sustainable and biocompatible (environmentally benign) while utilizing a narrow 

substrate scope at a high efficiency with lower energy requirements and producing fewer 

by-products at a smaller number of synthetic reaction steps70,75. In contrast biocatalysts 

lack the multitude of reactions that non-biological catalysts such as transition metal 

complexes incorporate. This promiscuity of transition-metals draws much attention as 

respective biological homologues fail to display sufficient activities with many reagents 

that inorganic catalysts convert at high rates. Further even genetically engineered and 

optimized mutants of any enzyme will not catalyse all synthetically important 

transformations that can be performed with transition-metal catalysts, in organic solvents 

or aqueous buffer.70,76 Consequently the convergence of either catalytic principle 

develops the idea of artificial metalloenzymes (ArMs) that would comprise a synthetic 

metal catalyst embedded into a protein scaffold.72,77 Hence combining the reactivity of 

the former with the versatility of the latter. Following this synergistic approach targets to 

introduce rationally designed functionalities to provide not only building blocks for the 

catalysis of asymmetric reactions, but also enzyme-like structures that follow regio-, 

chemo-, enantio- and substrate-selective principles.70a,78 To accomplish this, the 

identification of suitable scaffolds, i.e. protein hosts reveals to be challenging[9b]. Several 

reports demonstrated potential candidates for ArMs and presented a range of applications 

they could be utilized in.70a,72,76,79 Within these, a few major strategies were employed to 

facilitate a catalytically active species, a first coordination sphere, with a specificity 

determining second coordination sphere, yet a chiral environment. Namely means of 

posttranslational modification and subsequent bioconjugation largely employing covalent 

anchoring,76,80 supramolecular coordination via unnatural amino acid79,81 and scaffold 

coordination through native residues,82 comprising dative interactions, led to promising 

catalysts[14a]. Likewise the importance of properties, such as high expression levels, 

thermo stability, salt stability and organic solvent tolerance are stressed. Further to 

facilitate a diverse usage, the protein scaffold should comprise a well characterised side 

of incorporation that could be optimized, i.e. by guided evolution, to enhance 
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enantioselectivity of the respective ArMs – thus a cavity. However, inspite these 

advancements70a,75b,76,78a,83 and numerous published reports, utilizing a protein that obeys 

these terms does not serve the sole need for applicable catalysis. Herein we want to report 

a rationally designed fluorescent protein, yet an engineered host, mTFP*, that follows all 

of the aforementioned ideals, thus it comprises a very robust and predictable nature, but 

can also act as intrinsic probe due to its fluorescent origin. Further we address issues 

regarding unspecific metal coordination, that would interfere with precession catalysis, 

by means of computational guided mutagenesis and the subsequent eradication of 

respective amino acids. We demonstrate the potential of covalent modifications of unique 

residues at various sites within the protein scaffold, show a potent anchoring of metal 

ligands to introduce catalytic properties and therefore propose a host that can act as 

model system for artificial metalloenzyme studies.   

 

3.2 Results 

3.2.1 Screening for an ideal host 

Demonstrating a rationally designed host requires the prior consideration of the 

biomolecular scaffold, the mode of anchoring the catalyst to it and lastly the transition 

metal itself.84 These key parameters will then define the versatility of the rising ArMs. 

Since the choice of the transition metal catalyst is primarily defined by the aspired 

reaction that is to be catalyzed and the respective ligand is to serve this functionality too, 

a great deal of the desired success relies on the scaffold itself. With targeting diverse 

functionalities potential scaffolds for ArMs require a vastly durable nature, yet a pH, 

temperature and solvent tolerance.70a,72,81a,84 We envisioned to utilize Fluorescent Proteins 

(FPs) for this purpose, as they had been described as robust proteins in that sense. 

Consequently after screening and evaluating several FP we employed a monomeric, 

brightly fluorescent and very durable mutant of cyan FP, mTFP1 as sufficient host.85 
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3.2.2 Engineering 

In seeking to exploit our scaffold further, within our in silico design we obliged a few 

more rules that our host was to follow. At first, combining inorganic catalytic motifs with 

protein scaffolds to accomplish 

bioorthogonal hybrid enzymes, required a 

combinatorial approach towards the first and 

second coordination sphere. Whereas in 

traditional transition metal catalysis activity 

and selectivity are almost exclusively 

controlled by the first coordination sphere 

provided by the chelating ligand, enzymes 

utilize their protein scaffold, the second 

coordination sphere to introduce a chiral, yet 

defined environment.84,86 Adopting these 

principles to ArMs therefore involves 

expressing a protein scaffold with a well-

defined cavity that hosts both ligand and the 

catalytically active metal species. At second, 

ArMs that target to exploit the reactivity of 

transition metal complexes within a chiral 

environment that favours the enantiomer of 

interest. Therefore ambiguous binding of 

metals to the scaffold are not wished for. 

Since experimental studies have found that 

surface exposed cysteine, histidine and 

methionine residues might interfere with 

selective coupling reactions by binding metal 

catalysts, we evaluated the crystal structure of 

mTFP1 (PDB code: 2HQK). In silico, residues 

H30, M118, H128, H177, H178 and H209 
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(Figure 4) from the gene of mTFP1 (GenBank: DQ676819) were analysed for their 

conservation among homologues using ConSurf Algorithm.87 These exposed amino acids 

were then screened for vital hydrogen bonding and the relative free energy of folding was 

predicted using FoldX (Version 3.0).88 Subsequently, each of the identified amino acids 

was permutated with the remaining 17 and their change in free energy was calculated. 

Short listed residues per position were then further combined to get a good overall 

stability. Lastly we selected favourable mutants for molecular dynamics simulation 

studies, evaluated root mean square deviations (RMSD) of atomic positions (RMSD) and 

B-factors (Figure 4), and then built an homology model for our mutant1 (mTFP*) that 

comprised following mutations respective to the “wild-type” of mTFP1: H30Y, M118L, 

H128Y, H177Y, H178Y and H209Y (Figure 5).  

 

Figure 5: mTFP1 (orange) vs. mTFP* (green). 

 

3.2.3 Molecular Biology 

As an initial step towards the in vitro establishment and characterization of our model 

protein, we acquired the gene of fluorescent protein mTFP1 as described in literature.85 

Comparing the crystal structure of mTFP from [organism] (PDB code: 2HQK) with the 

sequence of our mutant mTFP1, two N- and C-terminal linker domains became apparent. 

Due to their variability Campbell et al. had already disregarded several residues in their 

design of 2HQK, however in our approach we proceeded with the removal of two 

additional, C-terminally located, amino acids. Thus the design of our primers shortened 
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the construct of mTFP1 in the course of insertion into our established host vector and 

formed pET303/SUMO_mTFP1.1. Subsequently all identified positions were mutated in 

a step-by-step manner, expressed under standard conditions and evaluated via 

fluorescence and circular dichroism to assure little perturbation of the resulting mutants. 

It should be noted at this point that our construct comprised an additional, N-terminally 

located serine residue that remained on the protein after SUMO-Protease digestion. The 

confirmed final construct pET303/SUMO_mTFP* was then used to optimize expression 

levels in BL21 (DE3) Gold cells. In the course we identified an induction with 1 mM 

IPTG at OD600=0.6 and a following 48 hours expression at 20 °C could yield in up to 

200 mg/L. We proceeded with large-scale cultures to obtain quantitative amounts of 

protein. After harvest and according to the outline in the experimental section, His6-

SUMO_mTFP* was purified from the crude extract via initial Ni-affinity 

chromatography, digested with SUMO protease and further heat to 60 °C treated to 

precipitate impurities that were present even after additional chromatography. Pure 

samples of mTFP* (as judged by SDS-PAGE) were then characterized more vigorously.  

 

3.2.4 Characterisation 

Extensive biochemical characterization revealed very distinctive properties of mTFP*, 

thus allowed a good estimation of its capabilities to act as scaffold for ArMs. Beforehand 

we analysed samples of pure mTFP* via LC/MS (ESI-TOF) measurements and found the 

expected mass, 25154 Da (25174 Da, as calculated with Protparam, www.expasy.ch) to 

have almost 100% abundance (Figure 25). Further the spectral properties were assessed. 

The chromophore of mTFP* (A62-Y63-G64), that forms in the course of a cyclisation 

and gains its fluorescence after a subsequent maturation (Figure 6) demonstrated an 

absorbance maximum at 468 nm as well as a sharp fluorescent emission peaking at 

495 nm and therefore deviated from previously reported values 462 and 492 nm (Figure 

7).85,89  
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Figure 6: Chromophore Formation (AYG).  

 

 

Figure 7: Absorbance and Fluorescence (mTFP*). 

 

Within some LC/MS measurements this maturation step could be followed upon, as the 

protein mass decreased by 20 Da due to the occurring condensation of water and 

subsequent deprotonation. Especially before and after heat purifications the relative ratio 

of maturated to unmaturated FP increased. Nevertheless, both absorbance and 

fluorescence are specific to determine the concentrations of mTFP* in solution. Thus via 

standardised fluorescence and absorbance measurements maturated scaffold 

concentrations could be determined under processing conditions and therefore act as 

intrinsic probe, monitoring a potential catalyst (Figure 8).  
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Figure 8: mTFP*: Concentration dependent Absorbance and Fluorescence. 

 

We further evaluated the inalienable stability of mTFP* by looking into circular 

dichroism and fluorescence measurements. Herein we identified a distinctive decrease in 

the ellipticity at 205 nm or a sudden decrease in fluorescence once the structural integrity 

was compromised and unfolding occurred. Despite the number of mutations that were 

introduced, it appeared that mTFP* and respective mutants (in 50 mM Tris/HCl, pH 7.4) 

obeyed the required robustness, yet an imperishable nature. In the course of thermal 

stability testings, samples could be heated up to 88 °C, as we observed only little 

perturbation from CD beforehand (Figure 9).  

Further pH stabilities were clarified through combination of CD and fluorescence 

measurements and revealed a similar robustness from pH 2.3 to 12.6 (Figure 11). 

Concentrations of chaotropic agents such as urea also failed to disrupt the integrity at 

concentrations reaching 10 M and up to 80 °C (Figure 10-13). 

 

Figure 9: Circular Dichroism Scan (mTFP*).  
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Figure 10: Temperature Stability (mTFP1 and mTFP*, fraction unfolded).  

 

Figure 11: pH Stability (mTFP*).  

 

Figure 12: Urea Stability, temperature resolved (mTFP*).  
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Figure 13: Urea Stability, concentration resolved (mTFP*).  

 

Additionally we proceeded with organic solvent screens to determine the overall 

capability of our host protein to withstand a more hostile environment that would be 

present during many catalytic operations (Figure 14). Judged by fluorescence and 

absorbance measurements even after 24 h, mTFP* remained mostly stable in up to 60% 

organic solvent such as acetone, 2-butanol, t-butanol, methanol, diglyme, dioxan, 

dimethylformamide, dimethylsulfoxide, ethanol, hexanol, 2-propanol, tetrafluoroethylene 

and tetrahydrofuran (Figure 14). Only concentrations of 80% and above succeeded to 

precipitate more than 50% of protein in the course of 24 h and therefore underlined the 

sincere robustness that is especially necessary for an artificial metalloenzyme.69,75b,76,84,90  

 

 

Figure 14: Aprotic and protic Solvents Screen 24h (0.05 mM mTFP*).  

 

Lastly we focused on our selective approach to minimize metal binding affinities within 
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replaced all surface exposed residues that would show affiliations towards metals 

(cysteine, histidine and methionine) with respectable other amino acids. Subsequently we 

wanted to test if our protein would show adduction or similar within LC/MS or MALDI 

measurements. To judge about strong and weak interactions we incubated 2, 4, 10 and 25 

eq. of various metal salts (Figure 15) with 0.32 mM mTFP* at room temperature or at 

60 °C for 1 h. Samples were then either dialysed over night or directly submitted to mass 

spectrometry. In the course we identified most metals not to have significant effects on 

either mass or fluorescence measurements. Notable exceptions appeared to be 

experiments that contained Pd or Cu ions. Herein we observed either a time or 

concentration dependent addition in MS measurements, or quenching of the specific 

fluorescence of mTFP*. These adverse effects however were of reversible nature and 

disappeared once the samples were dialysed (Figure 16).  We therefore assumed our 

approach to minimize the interactions between protein and metal ions succeeded and 

found these finding supported in later crystallographic studies.  

 

 

Figure 15: mTFP* Metal Soak, blank indicates mTFP*. 

 

Figure 16: mTFP*Cu-Soak (25eq. CuCl2, 4h dialysed sample, blank indicates mTFP*). 
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3.2.5 Structural Characterization 

The last element in the analysis of mTFP* had to be a full structural characterization that 

served two purposes. First we wanted to test our in silico design by revealing 

conformational changes that appeared in the scaffold due to the mutations that were 

introduced. Second, to grasp a comprehensive understanding of how and where the 

protein surface, or a present cavity could serve as model in the formation of ArMs and 

would thus interact with catalytic species. For this purpose we pursued with means of 

protein crystallography and were able to resolve the crystal structure of mTFP* to 1.00 Å 

resolution (Figure 17, PDB code: 4Q9W). 

 

 

Figure 17: Crystal Structure mTFP* at 1.00 Å (PDB: 4Q9W, red indicated residues at sites of 

mutation) and the chromophore of mTFP* (conjugating residues: T58, W89, R91, S142, H159). 

 

In this course we observed a slight conformational shift from mTFP1 to mTFP*. As 

deduced from other experiments however, it appeared that none of the mutations caused 

perturbations that led to the destabilisation of mTFP*. In general a homologous nature 

was observed for either mutant, each comprising variable regions within the loops, 

flanking the barrel structure as well as N- and C-terminally, wherein the chromophore 

was conjugated by residues: T58, W89, R91, S142 and H159 (Figure 18) without being 

heavily affected. Regarding B-Factors and RMSDs, comparisons of mTFP1 and our 

designed protein mTFP* (Model and XRay Data) further confirmed the earlier described 
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robustness. Only residues E111, G165 and K202, all positions representing the tip of a 

turning, antiparallel, beta pleated sheet, revealed higher thermal movements within 

mTFP*, as they appeared not to be stabilized through interactions with neighbouring 

molecules in the crystal. Similarly D154, V186 and A187 within mTFP1 showed greater 

variability than the same residues within mTFP*. However, vice versa, their position 

resembled also a turning point within the barrel structure that might, again, only resemble 

a stabilized artefact within one variant.  

Further we proceeded to evaluate metal coordinations within our host. As mTFP* was 

engineered to avoid extensive binding, we performed soaking and co-crystallization 

experiments using the same salts as in previous mass and fluorescence evaluations. 

Initially we failed, as under all conditions solid crystals shattered or dissolved in the 

cause of metal additions. Co-crystallization principles however yielded in usable material 

for most metal salts (except PdCl2), albeit we weren’t able to identify relevant 

coordinations within their derived structures. In spite of these findings we continued with 

soaking experiments and were able to obtain solid crystals in the presence of varying 

amounts of PdCl2, and could in a few cases highlight sites of coordination within mTFP*. 

Herein however we made a few immanent observations. Merely with concentrations of 

1 mM metal and above we observed, yet undescribed square planar and octahedral 

motifs, utilizing ε-amine and γ-carboxyl-groups from lysine, aspartate or glutamate to 

coordinate palladium. As precisely these coordinating residues seemed to be differently 

orientated and in close proximity to the pairing molecule in the unit cell of native mTFP* 

(they form the contacts), we comprehended the initial failure of co-crystallisation 

experiments. Taking these and other findings into account we concluded weak, 

kinetically labile interactions of our host with metals and found our hypothesis further 

supported.  

Lastly we evaluated potential sites of catalysis on the surface of mTFP*. Herein initially 

identified residues, Y200 and Y204 (respective mTFP*, Y209 respective mTFP1) were 

found to be flanking a 10 x 9 Å cleft that could be utilized as second coordination sphere 

(Figure 18). Within mentioned environment, future studies will elucidate the degree of 

specificity and versatility this cleft could comprise with different strategies of 
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functionalization. However within the present approach we targeted only general means 

of modification. 

 

 

Figure 18: mTFP* (potential pocket) and mTFP* (potential pocket, H200, H204).  

3.2.6 Modification and Conjugation 

Dealing with model scaffolds to establish an artificial metalloenzyme, we aimed to site 

specifically introduce metal binding capabilities. With means of site directed mutagenesis 

we introduced either a combination of metal affine residues (C197, H200, H204) to form 

a binding pocket with square planar orientation (as modelled from crystal structure) or 

thiol anchoring sites (C164, C204) that were expected to embody differently demanding 

scopes (surface orientated and buried within a cleft) for later bound ligands. We targeted 

to prove modifications and following conjugations with aforementioned metal species by 

principle means of mass spectrometry and were able to show successful derivatization. 

At first our mutant mTFP*C197H200H204 (mTFPmb) comprised a maturated wild-type 

mass of 25092 Da (as calculated with Protparam, www.expasy.ch, Figure 29). Further in 

LC/MS as well as MALDI measurements we tried to verify metal incorporation and 

binding. Therefore conjugated samples were prone to dialysis and further analysed via 

mass spectrometry. We were able to prove the binding of one palladium species, even 

after dialysis, as masses increased by 106Da (Figure 31) and note more over time. This 

addition appeared to be concentration dependent in MALDI measurements, as samples 

that were initially incubated with 2, 4, 6 and 8 equivalents of PdCl2 showed an increasing 

signal accordingly (Figure 26-28). However even after prolonged dialysis palladium 
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signals did not decrease below a 50% share of total mass peaks in LC/MS measurements. 

Interestingly, these findings could already be made with samples that contained only 2 

equivalents of PdCl2 and therefore argued a strong interaction between the metal and the 

newly introduced metal coordination sphere. 

Our second approach to functionalize mTFP* made use of site specifically introduced 

thiol groups that are generally absent within mTFP1 and derivatives. We identified two 

positions (E164, Y204) that were mutated to cysteines because of their exposed and 

respective, sterically demanding nature. Further conjugation with a small compilation of 

one alpha-halo pyridine and a phenanthroline-modified maleimide (Figure 19) seeked to 

visualize a tiny proportion of all possible modifications. Herein we utilized standardized 

protocols for the synthesis as well as the conjugation reaction itself.76,91  

 

 

Figure 19: Compounds 1 and 2 for posttranslational modification.  

 

Created bioconjugates were characterized by mass spectrometry and showed almost full 

conversion regarding compound 2 at the exposed position C164. We therefore biased our 

focus on this compound and looked further into metalation of it. After incubating 

conjugated mTFP*164Cys_Cmpd2 with stoichiometric concentrations of CuCl2 (1:0.95, 

Protein: Cu), upon binding of Copper, we observed in an exemplary approach the specific 

quenching of the phenanthroline fluorescence at around 400 nm (Figure 20). This 

quenching effect appeared to be reversible throughout the addition of an excess of 

scavenger substance, i.e. EDTA, and visualized a decent way to follow metalation of the 

conjugated first coordination sphere. Additional approaches to follow this binding with 

LC/MS did not result in sufficient data. However in a few cases MALDI-TOF appeared 
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to indicate the addition at reasonable scale. This difficulty however appears to be 

coherent with previous findings of REETZ and others. 

 

Figure 20: Figure S 1 mTFP*164Cys_Cmpd2, Cu(NO3)2 quenching and regeneration (Ex: 275nm).  

Concluding, in the first set of experiments we succeeded to introduce specific metal 

affinities throughout the establishment or incorporation of a first coordination sphere. 

Expanding this approach towards an establishment at more demanding sites, i.e. utilizing 

C204 within aforementioned cleft or means of unnatural amino acid etc., could allow the 

involvement of the essential second coordination sphere. 

 

3.3 Conclusion 

In the present study we demonstrated a rational, computationally assisted, yet holistic 

approach towards a robust protein host that comprises important ideals in the 

establishment of artificial metalloenzymes. Since the ground breaking work by WILSON 

and WHITESIDES,92 numerous strategies have been employed. However within our 

approach we targeted to address some of the existing problems, low expression yields, 

lacking stabilities, unspecific coordinations, ease of process handling by setting of from 

well-known and characterized fluorescent proteins. We anticipated our broad, in-depth 

knowledge from excessive characterization studies and demonstrated means of 

modification that laid the basis for the further introduction of catalytically active species, 

yet the generation of biocatalysts that could be optimized regarding activity and 

enantioselectivity by guided evolution.  
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3.4 Experimental Part / Methods:  

General Remarks: Unless otherwise noted, all chemicals were purchased from Aldrich 

or VWR and were used without further purification. LB-Media was obtained from Luria 

Broth Ready Mix (Sigma Aldrich). 

 

Cloning and Mutagenesis: The gene of mTFP185 (monomeric Teal Fluorescent 

Protein) was ordered from GeneartTM (Life Technologies GmbH) and amplified using the 

following Oligonucleotides (Eurofins MWG Operon):  

5’-ATTACAGGATCCGGCGTAATCAAGCCCGACATGAAG-3’ and 5’-

ATTACACTCGAG TTAGTCGGTGGAGTTGCGGGCCAC-3’. The amplification 

product was digested with BamH1 and Xho1 (New England Biolabs Inc.) and 

subsequently fused to a modified version of ChampionTM pET303/CT-His, (Invitrogen 

Life Technologies GmbH) that had been supplemented with a SUMO protein coding 

region (Smt3p from Saccharomyces cervisiae). The resulting plasmid 

pET303/SUMO_mTFP1.1 was then electrotransformed into E. Coli BL21 (DE3) Gold 

(StratageneTM, Agilent Technologies) for further plasmid purification and mutagenesis.  

 

Site-directed mutagenesis: Site-directed mutagenesis was performed on 

pET303/SUMO_mTFP1.1 (denoted as wild-type) to obtain our designed mutant mTFP* - 

the basis to all relevant mutants of this study. A detailed outline of all Mutants and 

Primers is shown in Figure 21. Primers were designed according to the guidelines of the 

QuikChange Kit (StratageneTM, Agilent Technologies) and subsequently obtained from 

Eurofins MWG Operon. Mutant plasmids were transformed into E. Coli BL21 (DE3) 

Gold (StratageneTM, Agilent Technologies) and purified using peqGOLD Plasmid 

MiniPrep Kit II (peqlab Biotechnologie GmbH). Purities and successful mutagenesis 

were checked by 1% Agarose Electrophoresis and Sanger Sequencing (KAUST Core 

Facilities).  

 

Expression and Purification: For production of mTFP*, LB Medium that contained 

180mg L-1 ampicillin was inoculated with E. Coli BL21 (DE3) Gold cells, purchased 
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from Agilent Technologies, that had been transformed with pET303/SUMO_mTFP* 

(Figure 21). Expression yields were improved by picking fluorescent colonies, from LB 

Agar containing 180 mg L-1 ampicillin and 1 mM IPTG, for pre-culture. Pre-cultures 

were left to grow overnight at 37 °C and were further used to inoculate expression 

cultures under standard protocol. Induction occurred at OD 0.5 – 0.6, using 1 mM IPTG. 

Cells were left to express for 48 hours at 20°C. Cultures were then centrifuged at 

4500 rpm for 30 minutes and cooled to 4 °C. Pellets were washed with Lysis Buffer A, 

containing 100 mM Tris/HCl pH 7.4, 500 mM NaCl and 20 mM Imidazole. Before lysis 

complete protease Inhibitor cocktail (Roche), was added together with DNase. Lysis 

occurred using Frenchpress (FIRM). Lysates were immediately centrifuged at 25000 rpm 

(Centrifuge) and also cooled to 4 °C. Respective supernatant was prawn to Ni-Affinity 

Chromatographic principles and eluted from the column between 20 and 35% of Elution 

Buffer B containing 100 mM Tris/HCl pH 7.4, 500 mM NaCl and 500mM Imidazole. 

SUMO protease was added to the eluted protein and the mixture then dialysed overnight 

at 4 °C against Buffer A. Further Ni-Affinity Chromatography followed to remove the 

SUMO-Tag. Pure Protein was collected from the flow, through whereas elution with 

Buffer B showed a distinct elution of residual SUMO-Tag and Protease. If necessary, 

batches of almost pure protein were further purified using Anion Exchange 

Chromatography. Anion Exchange Chromatography occurred using Q-Sepherose Colum 

(GE). Protein samples were dialysed against 100 mM Tris/HCl pH 7.4 and loaded onto 

the column. Elution occurred with a smooth gradient up 20% of the same Buffer 

containing additional 1 M NaCl. Purity was determined by SDS-PAGE gel 

electrophoresis at 12.5% acrylamide.  
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Figure 21: pET303/SUMO_mTFP1.1 and pET303/SUMO_mTFP*.  

 

Heat Purification: Alternatively to Anion Exchange Chromatography, Heat 

Purification principles were applied to obtain purest protein. Up to 5% of Glycerol added 

to almost pure protein and subsequent heating to 85°C for 15 minutes caused protein 

based impurities to precipitate. Centrifugation at 7100 rpm allowed the separation of 

impurities and condensed pure samples.  

 

Protein Storage: After protein purification pure protein samples were dialysed 

against 50 mM Tris/HCl pH 7.4 or 50 mM HEPES pH 7.9 depending on further usage. 

Samples that were to be stored for a longer period were frozen at -80 °C in either Buffer. 

Mass Spectrometry: Protein mass spectrometry was either carried out on a BRUKER 

maXis HDTM ESI-TOF (spectrometer) or a Bruker ultrafleXtremeTM MALDI-TOF/TOF. 

For ESI-TOF 0.04 mM of pure protein sample was dialysed against 5% ACN, 0.1% FA 

and prone to either direct injection or HPLC (Agilent Technologies), C4 Column 

(Column volume 5 mL). Elution occurred with a flowrate of 0.5 µl/min and a gradient to 

80% ACN, 0.1%FA at 8 min. Subsequently fractions were recorded according to 

standard procedure.  

Regarding MALDI measurements, samples were prepared with a double layer of 

sinapinic acid matrix. The first layer was prepared with sinapinic acid (SA) to saturation 

with 100% ethanol and sonicated for 10 min to saturate the solution. Unsoluble matrix 



 

 

56 

particles were pelleted by centrifugation at 13,400 × g for 10 min. This matrix solution 

was sprayed onto the MTP 384 ground steel target plate (Bruker, Bremen, Germany) and 

air-dried. A second solution of SA matrix was prepared to saturation similarly in TA30 

(30% [v/v] acetonitrile, 0.1% [v/v] trifluoroacetic acid (TFA) in water and was mixed at a 

1:1 ratio with the sample of interest. A 1 mL volume of the sample-matrix mixture was 

spotted on the target plate on top of the first matrix layer and let to air-dry. Mass spectra 

were obtained with an ultrafleXtremeTM matrix assisted laser desorption ionization-time-

of-flight/time-of-flight (MALDI-TOF/TOF) tandem mass spectrometer (MS/MS; Bruker 

Daltonics) equipped with a nitrogen laser emitting at 337 nm, a 3 ns pulse width, and 

operated in linear positive mode with the flexControl software (version 3.3.108.0; Bruker 

Daltonics) and a reflector voltage of 26.3 kV. The laser was used at a repetition rate of 

100 Hz and power was manually adjusted until obtaining optimum signal-to-noise, 

generally comprised between 30-40%. Spectra were acquired in the mass range 10,000 to 

35,000 m/z and each represent the accumulation of 4000 laser shots. Prior to acquiring 

spectra for samples, the machine was calibrated with the protein 1 calibration standard 

consisting of insulin (5734.52), cytochrome C (6181.05), myoglobin (8476.66), ubiquitin 

(8565.76), cytochrome C (12360.97) and myoglobin (16952.31) (Bruker) prepared to a 

1:1 ratio with the saturated SA matrix in TA30 and spotted on the target plate on top of 

SA first layer, similarly to the samples.  

Spectral Analysis: Absorbance and Fluorescence measurements were performed with 

pure protein samples, 0.04 mM mTFP* or respective mutant in 50 mM Tris/HCl, pH 7.4 

using a Tecan M1000 according to standard procedure.  

 

Stability Studies: Melting curves of mTFP* or respective mutant were obtained from 

circular dichroism measurements using a JASCO J-815 Spectropolarimeter. 400 µL of 

protein solution, 4 µM mTFP* or respective mutant in 50 mM Tris/HCl pH 7.4, was 

prepared and given into a Hellma Precision Cell (Type no. 110 QS, 1 mm light path). 

Temperature resolved (50 – 98 °C) far UV Spectra (210 – 200 nm) were recorded. 
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Solvent Screen: 2 mM mTFP* in 50 mM Tris/HCl, pH 7.4 was diluted to 0.05 mM 

with a mixture of water and organic solvent (acetone, 2-butanol, t-butanol, methanol, 

diglyme, dioxan, dimethylformamide, dimethylsulfoxide, ethanol, hexanol, 2-propanol, 

tetrafluoroethylene and tetrahydrofuran). Concentrations varied from 10 to 90% organic 

solvent. Fluorescence readings were accomplished with a TECAN INFINITE M1000 and 

NUNC.  

 

Metal Incubation: 50 µl of protein solution, 0.32 mM mTFP* or respective mutant in 

50 mM Tris/HCl pH 7.4, was mixed with the according metal at a ratio of 1:1, 1:2, 1:4, 

1:5, 1:10 and 1:25. Incubation occurred at 25 °C or 60 °C for 1 h. Metal salts were 

primarily dissolved in 50 mM Tris/HCl pH 7.4 ± DMSO to ensure solution. Metal 

addition was tested using Fluorescence or LC/MS measurements as described above. 

 

Crystallography: mTFP* (in 50 mM HEPES, pH 7.9) was concentrated to 50 mg/mL 

using a 10 kDa NMWL Amicon Ultra Centrifugal Filter Device (Millipore, Billerica, 

MA). Crystals of mTFP* were grown at 20 °C, overnight to their final size of about 

0.5 x 0.1 x 0.1 mm³, using the sitting drop vapour diffusion method. Drops contained 

0.2 µL mTFP* and 0.2 µL of reservoir buffer (100 mM MES, pH 6.5 and 21.5% PEG 

3000). Co-crystallisation were performed by adding metal salts to a final concentration of 

1.25 mM. For the mTFP*:Pd dataset, mTFP* crystals were soaked for 24 h in 1 mM 

PdCl2. For X-ray measurements, crystals were soaked for 1 min in a mixture of mother 

liquor and 50% glycerol (1:1. v/v) and subsequently flash-frozen in liquid nitrogen. 

Datasets were recorded using synchrotron radiation at λ = 1.0 Å at the beam line X06SA, 

Swiss Light Souce (SLS), Villigen, Switzerland. X-ray intensities were evaluated with 

XDS.93 The space group of mTFP* was P21 (monoclinic) with unit cell dimensions of 

a = 38.5 Å, b = 85.2 Å, and c = 63.1 Å for the native dataset and a = 34.5 Å, b = 83.6 Å, 

and c = 37.8 Å for the mTFP*:Pd dataset. Model building was performed with Coot. 

Rigid body, TLS (Translation/Libration/Screw) and positional refinements with 

REFMAC5 resulted in the final models. The quality of the stereochemistry was 

confirmed by the Ramachandran plot determined with PROCHECK. 
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General Modification: 0.32 mM of mTFP*164cys, dissolved in 100 mM Tris/HCl 

pH 7.4 was reduced using 10 eq. DTT for 30 min. Dialysis under inert atmosphere for at 

least 4 h at 4 °C was performed to remove residual DTT. Ligands were dissolved in ACN 

or DMF and added to the protein with a final solute concentration of 10%. Addition 

reactions occurred for 24 h at 25 °C in the dark. Harvested samples were then prone to 

further dialysis against 100 mM Tris/HCl pH 7.4.  

 

Synthesis of compounds: Compounds were synthesized according to published 

protocols. 80, 91 

 

3.5 Supplementary material 

 
>mTFP1 711 bp, (GenBank: DQ676819) 

ATGGTGAGCAAGGGCGAGGAGACCACAATGGGCGTAATCAAGCCCGACATGAAGATCAAG 

CTGAAGATGGAGGGCAACGTGAATGGCCACGCCTTCGTGATCGAGGGCGAGGGCGAGGGC 

AAGCCCTACGACGGCACCAACACCATCAACCTGGAGGTGAAGGAGGGAGCCCCCCTGCCC 

TTCTCCTACGACATTCTGACCACCGCGTTCGCCTACGGCAACAGGGCCTTCACCAAGTAC 

CCCGACGACATCCCCAACTACTTCAAGCAGTCCTTCCCCGAGGGCTACTCTTGGGAGCGC 

ACCATGACCTTCGAGGACAAGGGCATCGTGAAGGTGAAGTCCGACATCTCCATGGAGGAG 

GACTCCTTCATCTACGAGATACACCTCAAGGGCGAGAACTTCCCCCCCAACGGCCCCGTG 

ATGCAGAAGAAGACCACCGGCTGGGACGCCTCCACCGAGAGGATGTACGTGCGCGACGGC 

GTGCTGAAGGGCGACGTCAAGCACAAGCTGCTGCTGGAGGGCGGCGGCCACCACCGCGTT 

GACTTCAAGACCATCTACAGGGCCAAGAAGGCGGTGAAGCTGCCCGACTATCACTTTGTG 

GACCACCGCATCGAGATCCTGAACCACGACAAGGACTACAACAAGGTGACCGTTTACGAG 

AGCGCCGTGGCCCGCAACTCCACCGACGGCATGGACGAGCTGTACAAGTAA 

Figure 22: Sequence mTFP1 (underscore = deleted nucleotides).  
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Figure 23: Purification mTFP*.  

Table 3: LC/MS: mTFPmb Pd Addition.  

Mutant Expected  ± dialysis 

mTFPmb 25092 25092 

mTFPmb + Pd 25198 25197 

Table 4: LC/MS: mTFP*164cys functionalization.  

Mutant Expected Observed 

mTFP*164cys 25128 25126 

mTFP*164cys_Cmpd2 25405 25415 

 

Table 5: Oligonucleotides to establish mTFP*.  

MUTATION 

(mTFP1 to 

mTFP*) 

POSITION 

(2HQK) 

PRIMER 

H30Y H25 5'-GGGCAACGTGAATGGCTATGCCTTCGTGATCGAGG-3' 

5'-CCTCGATCACGAAGGCATAGCCATTCACGTTGCCC-3' 

M118L M113 5'-AGTCCGACATCTCCTTGGAGGAGGACTCC-3' 

5'-GGAGTCCTCCTCCAAGGAGATGTCGGACT-3' 

H128Y H123 5'-CTCCTTCATCTACGAGATATATCTCAAGGGCGAGAACTTC-3' 

5'-GAAGTTCTCGCCCTTGAGATATATCTCGTAGATGAAGGAG-3’ 

H177Y, H172, 5'-TGCTGGAGGGCGGCGGCTATTATCGCGTTGACTTCAAGAC-3' 
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H178Y H173 5'-GTCTTGAAGTCAACGCGATAATAGCCGCCGCCCTCCAGCA-3' 

H209Y H204 5'-CCGCATCGAGATCCTGAACTATGACAAGGACTACAACAAGG-3' 

5'-CCTTGTTGTAGTCCTTGTCATAGTTCAGGATCTCGATGCGG-3' 

 

 

Figure 24: MALDI-TOF: mTFP*C197H200H204 (mTFPmb).  

 

Figure 25: LC/MS: mTFP*.  
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Figure 26: LC/MS: mTFP* Pd Soak (2eq. PdCl2).  

 

Figure 27: LC/MS: mTFP* Pd Soak (4eq. PdCl2).  

 

Figure 28: LC/MS: mTFP* Pd Soak after dialysis (8eq. PdCl2).  
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Figure 29: LC/MS: mTFP*C197H200H204 (mTFPmb).  

 

Figure 30: LC/MS: mTFP*C197H200H204 (mTFPmb) 2eq PdCl2 - before dialysis.   

 

Figure 31: LC/MS: mTFP*C197H200H204 (mTFPmb) 2eq PdCl2 - after dialysis.  
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Table 6: Metal Salts for Conjugation Test.  

 
Adduction as judged by 

Mass 

Adduction as judged by 

Fluorescence 

Metal Salt 
before 

dialysis 
after dialysis 

before 

dialysis 

after 

dialysis 

Manganese(II) chloride -    

Iron(II) chloride -    

Cadmium chloride -    

Palladium(II) chloride ++ - +++ - 

Platinum(II) chloride -    

Nickel(II) chloride -  + - 

Copper(II) chloride -  +++ - 

Zinc chloride -    

Rhodium(III) chloride -  ++ - 

Iridium(III) chloride -    

Ruthenium(III) chloride -    

Gold(III) chloride + +   
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Table 7: Crystallographic Parameters 

 mTFP* native mTFP* Pd 

Crystal parameters   

Space group P21 P21 

Cell constants (Å) a=38.5, b=85.2, c=63.1 a=34.5, b=83.6, c=37.8 

Molecules in asym. unit 2 1 

Disordered regions - 1, 218-220 

Data collection   

X-ray source SLS, X06SA SLS, X06SA 

Wavelength (Å) 1.0 1.0 

Resolution range (Å)a 10-1.0  

(1.1-1.1) 

20-1.9  

(2.0-1.9) 

No. observations 548622 45858 

No. unique reflectionsb 204329 15454 

Completeness (%)c 94.9 (88.1) 98.2 (98.3) 

Rmerge (%)a, c 3.6 (33.5) 3.6 (58.6) 

I/σ (I)a 15.6 (2.8) 16.5 (1.9) 

Refinement (REFMAC5)   

Resolution r nge (Å) 10-1.0 15-1.9 

No. reflections w rking set 194111 14681 

No. reflections test set 10217 773 

No. non hydrogen (protein) 3751 1752 

No. of heteroatoms 0 17 

No. of solvent wat r  761 64 

Rwork/Rfree (%)d 13.1/15.0 17.6/21.7 

RMSD bond lengths (Å)/(°)e 0.010/1.67 0.005/1.27 

Average B-factor (Å2) 12.2 41.5 

Ramachandran Plot (%)f 98.4/1.6/0.0 98.1/1.9/0.0 

PDB code   
a The values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the last resolution 

shell. 
b Friedel pairs were treated as identical reflections. 
c Rmerge(I) = ΣhklΣj |[I(hkl)j - I(hkl)]|/Σhkl Ihkl , where I(hkl)j is the jth measurement of the intensity of reflection hkl and 

<I(hkl)> is the average intensity. 
d R = Σhkl ||Fobs| - |Fcalc||/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly chosen 5 % of 

reflections, which were not used for structure refinement, and Rwork is calculated for the remaining reflections. 
e Deviations from ideal bond lengths/angles. 
f Number of residues in favored region/allowed region/outlier region. 
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Figure 32: mTFP*:Pd (K102, K121, E123) and mTFP*:Pd (K9, D112).  

 

Table 8: Oligonucleotides to establish mutants of mTFP*.  

Mutation 

(mTFP*) 

position 

(2HQK) 

primer 

E164C E168 5'-GCACAAGCTGCTGCTGTGCGGCGGCGGCTATTATC-3' 

5'-GATAATAGCCGCCGCCGCACAGCAGCAGCTTGTGC-3' 

Y204C Y208 5'-CTGAACTATGACAAGGACTGCAACAAGGTGACCGTTTAC-3' 

5'-GTAAACGGTCACCTTGTTGCAGTCCTTGTCATAGTTCAG-3' 

I197C, 

Y200H 

I201, 

Y204 

5'-TGGACCACCGCATCGAGTGCCTGAACCATGACAAGGACTACAAC-3' 

5'-GTTGTAGTCCTTGTCATGGTTCAGGCACTCGATGCGGTGGTCCA-3' 

Y204H Y208 5'-CTGAACTATGACAAGGACCACAACAAGGTGACCGTTT-3' 

5'-AAACGGTCACCTTGTTGTGGTCCTTGTCATAGTTCAG-3' 
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3.6 Additional information 

My contributions to this paper consist in the synthesis of different ligand structures, 

which are attached based on a thio-click reaction to respective cysteines in mTFP*.94 

Maleiimid compounds can be attached by Michael addition, whereas iodine compounds 

will undergo a SN2 reaction.  

Different maleiimid and iodine compounds were synthesized, which were either already 

metal bearing complexes or potential ligand structures, which after metal soaking 

represent single metal coordination sites. In the following, detailed synthesis of some 

ligands is presented. Already described by REETZ95 and others the neutral bipyridyl and 

phenanthroline ligands are quite useful in bioconjugation to demonstrate potential metal 

ligation, due to their strong bidentate coordination properties.   

 

Di(pyridin-2-yl)methanamine 04 can be synthesized according to literature procedures 

starting from commercially available 2,2’-Dipyridyl keton (Scheme 1).96  The first step 

comprises the transformation of the keton to the ketoxime 03 by hydroxylamine. 

Subsequent zinc catalyzed BECKMANN rearrangement and further hydrolysis yields in the 

amine 04.97  

 

 

Scheme 1: Keton-to-Ketoxim transformation and subsequent Beckmann rearrangement yields in 

2,2’-Dipyridylmethanamine.  

 

In the synthesis of the Michael acceptors the amine initially reacts with maleic anhydride, 

followed by the ring forming condensation in Acetic anhydride and Sodium acetate under 

reflux conditions (Table 9).98  
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Table 9: Formation of Michael acceptors.  

 
Entry # Starting amine Reaction conditions Product Yield 

1 

 

1) DCM, rt, 3 h 
2) Ac2O, NaOAc, 
    80 °C, 24 h 

 

05: 26% 

2 

 

1) DCM, rt, 43 h 
    50 °C, 1 h 
2) Ac2O, NaOAc, 
    100 °C, 2 h 

 

02: 50% 

3 

 

1) DCM, rt, 24 h 
2) Ac2O, NaOAc, 
    80 °C, 3 h 

 

06: 95% 

 
 
F. A. TEZCAN described a way of using iodoacetic acid anhydride as the reagent to 

synthesize the heterocyclic compound, which can be linked to the protein surface.99 We 

ensured quantitative conversion of 2-Iodoacetic acid 07 by transformation to its active 

ester (Scheme 2).100 Activated acids promote the formation of amides in the presence of 

amines. Synthesis of the corresponding activated iodine compound took place by reacting 

2-Iodoacetic acid101 with pentafluorophenol, which is known from peptide synthesis to be 

a suitable activating reagent besides succinimidyl compounds. To avoid any 

decomposition the active ester is therefore stored under argon at +4 °C.  

Utilizing this Pentafluorophenyl 2-iodoacetate 08 allows the formation of several ligand 

type compounds (compound 1, 11, Table 10) or metal complexes respectively (compound 

9, 10, Table 10) by reacting the precedent amine with the synthesized active ester. In case 
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of compound 11 no clean NMR could be achieved, therefore a yield could not be 

determined.   

 

 

Scheme 2: Synthesis of Pentafluorophenol derivative. 

 

Table 10: Formation of Iodine compounds. 

 
Entry # Starting compound Product Yield 

04 
 

 

01: 15% 
 

05 

 
 

09: 0.3% 

06 

  

10: 19% 

07 

  

11: - 
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All compounds 2, 5, 6 and 1, 9-11 were tested in modification of mTFP*, which was 

prior treated with dithiotritol (DTT) to reduce potential disulfide bonds. Compound 1 and 

2 gave positive results in bioconjugation, but mass spectrometry of the protein conjugated 

with 5 gave no clear evidence for bioconjugation.  
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4 Direct boronic acid synthesis from aryl halides in aqueous phase  
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4.1 Abstract 

Employing the water soluble and atom-economical tetrahydroxydiboron (BBA) as boron 

source, we were able to develop an efficient, broadly applicable protocol for a Palladium 

catalyzed Miyaura borylation in aqueous phase. This protocol allow the conversion of a 

broad range of aryl iodides, bromides and even some aryl chlorides at 20-40 °C in good 

to excellent yields. Since in water BBA undergoes base catalyzed decomposition and 

hydrogen evolution, maintaining the reaction pH about neutral was found to be the most 

important factor influencing reproducibility and yields.  

 

4.2 Introduction 

Aryl- and vinylboronic acids provide a unique combination of stability, mild Lewis 

acidity, low toxicity and distinct reactivity profile. Hence, tremendous interest in this 

highly versatile intermediates and target compounds exists.[102] Boronic acids, esters and 

trifluoroborates are substrates for numerous transformations including various cross-

coupling reaction, e.g. Suzuki-Miyaura coupling, the Hosomi-Sakurai allylation103 or the 

oxidative Chan-Lam coupling[104], as well as 1,4- [105] and 1,2-additions[106] of boronic 

acids to Michael acceptors and aldehydes, e.g. the Petasis borono-Mannich reaction[107]. 

In bioorganic and medical chemistry, boronic acids serve as valuable tools for a broad 

range of applications including sensors molecules,[108] enzyme inhibitors[109] or in vivo 

alteration of cellular functions[110].  
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As illustrated in scheme 1, various ways to introduce boronic acids at sp2 centers were 

developed. However, each of them has specific limitations. The traditional metal-halogen 

exchange approach utilizes organolithium or Grignard-reagents, which offer only limited 

tolerance to functional groups. Several research groups, including those of Smith[111], 

Hartwig[112], Miyaura[113] and Marder[114] have recently reported efficient procedures 

using Ir- or Rh- catalysts, but regioselectivity is determined by steric and electronic 

factors, which represents a major drawback. Currently, transition-metal-catalyzed 

Miyaura borylations of aryl, heteroaryl and vinyl halides/triflates therefore provide the 

most versatile access to aryl boronic acids.[115], as it combines high functional group 

tolerance and selectivity. Yet, this method typically requires the use of expensive 

pinacolato-borono precursors and yields boronic acid esters, necessitating an additional 

deprotection step to obtain the target structures (Scheme 3). Molander et al. recently 

reported a palladium-catalyzed protocol, which employed bis-boronic acid (BBA) as 

boron source.[116] Using ethanol as a solvent, the resulting diethyl boronic acid esters may 

be converted in situ into the more stable trifluoroborates or can directly be applied in 

cross-coupling reactions. This represents a major step towards more atom economic and 

sustainable applications of organo-boronic acids.  

 

 

Scheme 3: Major synthetic routs to a boronic acids. 
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We recently observed that Pd-catalyzed cross-coupling reactions could benefit strongly 

form the development of an aqueous protocol.[117] Besides eliminating organic solvents, 

and the concomitant reduction of the environmental footprint, we also observed 

accelerated rates in water in comparison to various organic solvents, if temperatures are 

kept below 50 °C. We therefore considered the development of an aqueous Miyaura-

borylation protocol a good possibility to further improve the reaction’s sustainability and 

potentially lower reaction temperatures. Herein, we report our studies, which lead to a 

mild, aqueous palladium-catalyzed protocol for the borylation of aryl halides including 

bromides and chlorides.  

 

4.3 Results and Discussion 

Our previous studies on aqueous cross-coupling protocols revealed that 4-bromo- and 4-

iodophenol represent good model substrates to optimize reaction conditions and analyze 

the influence of various parameters on product yields.[16] We chose the conversion of 4-

iodophenol with tetrahydroxydiboron (BBA) in water at 40 °C as model reaction for the 

palladium catalyzed borylation of aryl halides, to investigate the effect of catalyst type 

and loading, base, reaction pH, additives, and substrate concentrations on reaction rates 

and product yields. The direct quantification from aqueous phase is difficult and suffers 

form low reproducibility. Therefore, the reaction products were subsequently converted 

into the more robust respective pinacol esters. This conversion tremendously reduced the 

observed fluctuations of yields, which were determined for independent runs. 

Alternatively, if no GC/MS analysis is required, conversion to potassium trifluoroborate 

salts by addition of aqueous KHF2 is also feasible. The interplay of the pre-catalyst’s 

structure, solubility and activity is particularly hard to predict for the aqueous phase. 

Correspondingly, we first screened a broad range of catalyst motifs, including Davis’ 

catalyst 2[9d] and other water-soluble palladium salts with and without ligands (Table 11). 

Surprisingly, neither the combination of XPhos and palladium acetate, which was found 

to be good catalyst precursor for this reaction in EtOH phase at 80 °C, nor any of the 

water-soluble motives generated any detectible product within 6 h if applied at a 

palladium concentration of 0.1 mol-%.  
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Table 11: Influence of nature and concentration of the catalyst on reaction yields.[a] 

 

 

Entry Catalyst Pd [mol%] Yield [%][b] 

1 1 0.20 83, (5) 

2 1 0.10 >99, (1) 

3 1 0.05 96 

4 1 0.01 67 

5 Na2PdCl4 0.10 0 

6 K2PdCl4 0.10 0 

7 2  0.10 0 

8 Pd(NO3)2 0.10 0 

9 Pd(OAc)2 0.10 0 

10 PdCl2 / L1 0.10 0 

11 PdCl2 / L2 0.10 0 

12 PdCl2 / L3 0.10 0 

13 Pd(OAc)2/XPhos[c] 0.5 0 

[a] Reaction conditions: Aryl halide (0.5 mmol), BBA (3eq.), catalyst 1 (0.1 mol-%), degassed water (0.1M), 40°C, 6 h. 
[b] conversion determined by GC/MS as Pinacol ester against durene as internal standard; yield in bracket indicates 
hydrodehalogenated product (phenol). [c] 3 eq. of XPhos.  

 

This is in sharp contrast to the reactivity found for the palladacyclic catalyst 1, which 

already achieves good conversion at [Pd] of 0.01 mol-%. For further studies, we chose a 

catalyst loading of 0.05 mol-% since at this concentration near-quantitative conversion 
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was achieved, while the side-reactions are still insignificant. At higher catalyst 

concentrations, a markedly increased yield of phenol is observed, indicating accelerated 

hydrodehalogenation for higher catalyst loadings.  

From previous studies in organic solvents it is already known that besides the pre-

catalyst, also the nature of the base determines product yields.[14a] We therefore 

investigated the influence of structure and concentration of various bases on the outcome 

of the reaction (Table 12). When three equivalents of base are applied, no conversion is 

observed for bases with a pKb < 4 (e.g. carbonates, hydroxides, phosphate and amines). 

For moderate bases, however, up to quantitative conversion can be achieved with acetate 

and formate (pKb = 9.24 and 10.23)[118] giving the best results. Stronger (HPO4
2-, pKb = 

6.79; B4O7
2-, pKb = 5.0) or weaker (H2PO4

-, pKb = 11.77) bases only lead to incomplete 

conversion. We also observe a distinct concentration influence of the base on the yields. 

For acetate, the addition of 2 - 4 eq. results in near quantitative yields, while lower and 

higher acetate concentrations only lead to incomplete conversions within 6 h. For 

moderately stronger bases like borax, addition of one equivalent is sufficient to achieve 

full conversion, while higher base concentrations result in reduced yields. Notably, even 

without addition of base we still observe a slow conversion resulting in 60 % yield after 

72 h.  

From the results described above we concluded that not the nature of the base but mainly 

the reaction pH determines the outcome of the reaction. Table 2 lists the pH values 

measured at the beginning of each reaction. High yields are only achieved for reactions 

performed in a narrow pH window of 6.7 to 7.7. To eliminate any influence of the base 

other than the pH it generated, we evaluated the relationship of yield and reaction pH 

(Figure 33) using a buffered system (0.3 M phosphate). To clearly identify reactivity 

differences, we chose for this study a reaction time that does lead to high but not 

quantitative conversions (4 h). Highest yields were achieved for 6.5 < pH < 7.5. At a  
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Table 12: Influence of type and concentration of the base on borylation yields.[a] The reaction pH has a high 

influence on the outcome. 

 

Entry Base/additive eq. [mol] pH[b] Yield [%][c] 

0 No base - 5.9 4, 14[d], 60[e] 

1 NaOAc 1 6.1 42, (2) 

2  2 6.2 97, (3) 

3  3 6.7 >99 

4  4 6.8 99, (1) 

5  5 6.9 45, (2) 

6 KOAc 3 6.8 47, (1) 

7 NaOAc/ScCl3 3/3 5.3 90 

8 ZnOAc 3 5.6 0 

9 NaHCOO 3 6.7 >99 

10 Na2B4O7
.10H2O 1 7.6 >99 

11 Na2B4O7
.10H2O 3 8.4 12 

12 NaH2PO4 3 4.4 63 

13 Na2HPO4 3 8.0 49 

14 Na3PO4 3 9.2 0 

15 Na2CO3 3 9.1 0 

16 Cs2CO3 3 9.4 0, (2) 

17 NaOH 3 9.4 0, (1) 

18 NEt3 3 9.6 0 

19 KOtBu 3 9.0 0 

[a] Reaction conditions: Aryl halide (0.5 mmol), BBA (3eq.), catalyst 1 (0.1 mol-%), degassed water (0.1 M), 40 °C, 6 
h. [b] Initial pH of the reaction measured after 10 min at 40 °C in a separate vessel, which was prepared with the 
exception of catalyst addition. [c] conversion determined by GC/MS as Pinacol ester against durene as internal 
standard; yield in bracket indicates hydrodehalogenated product (phenol). [d] 2nd addition of 3 eq. BBA after 24 h; total 
reaction time 48 h. [e] 2nd and 3rd addition of 3 eq. BBA after 24 h and 36 h; total reaction time 48 h. 
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reaction pH > 9.0 no conversion was observed, while evolution of hydrogen (identified  

by head space GC/MS) became evident. In a separate experiment, we investigated the 

change in stability of BBA with varying pH in aqueous phase. We found that after an 

induction period of 5 min, during which the BBA dissolves completely, the rate of BBA 

decomposition (measured as hydrogen evolution rate) follows the rate law d[V(H2)]/dt = 

k(H2)*[BBA]*[OH-], with the rate constant for the hydrogen evolution k(H2) = 

0.13 mM(H2)*s-1 mM-2. This rate law indicates a hydroxide or base catalyzed BBA 

decomposition reaction. Correspondingly, at pH < 5, no hydrogen evolution was 

detectable, while for pH > 8.0 the hydrogen evolution reaction consumes BBA at a rate 

which exceeds that of the palladium catalyzed borylation reaction (initial rate of product 

formation at pH 6.7 under typical test conditions ([4-iodo-phenol] = 100 mM, 3 eq. of 

BBA): rateini, product = 0.03 mM s-1). The half-life time of BBA at pH = 7.5 is about 4.5 h, 

which is reduced to about 9 min at pH = 9.0. This pH dependent stability profile of BBA 

explains the observed dependence of product yields on the nature and concentration of 

the base applied. The constant decomposition of BBA also is presumably responsible for 

the excess the boron source, which is required to achieve high yields At a pH of 6.7 at 

least 2 eq. of BBA are required to achieve full conversion, while a stoichiometric amount 

of BBA only leads to a yield of 42 % within 6 h. High concentrations of over 5 eq. of 

BBA lead to acidification of the reaction mixture, which also reduces the reaction rates.  

Acidification by 0.3 – 1.1 pH occurs during the Miyaura borylation, with the extent 

depending on the buffering potential of the base applied. Since the reaction pH strongly 

influences the outcome, maintaining the proton concentration constant is important to 

achieve reproducible yields. Correspondingly, results achieved with 1 eq. of borax (ΔpH 

= -0.5) are not as reproducible as those from runs with 3 eq. of acetate (ΔpH = -0.2). 

However, buffer concentrations higher than 0.5 M can not be applied due to the reduced 

solubility of BBA at higher salt strengths, which again translated in reduced yields. The 

higher ionic strength and a resulting kosmotrophic effect of such salts apparently induce 

“salting out” conditions for the boron source.  

No hydrogen evolution was observed when the alternative boron source 

bis(pinacolato)diboron was applied at a moderately basic pH of 9.0. However, only very 
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sluggish conversion is detected for this diboron compound leading to 11 % yield after 6 h 

(figure 1, right panel). Both, increased stability towards hydrogen evolution as well as 

reduced reactivity in the Miyaura borylation is probably a result of the low solubility we 

find for this substrate in the aqueous phase.  

Interestingly, addition of the Lewis acid ScCl3 generated high yields at an acidic pH of 

5.3 (table 1, entry 7). We therefore investigated the influence of other salts on the 

reaction rate. Zn(OAc)2 did not result in a detectable product formation (pH = 5.6), while 

addition of alkali bromides and iodides, lead to moderately improved yields for 1.5 eq. of 

BBA, however, no effect on rate was found when 3 eq. of BBA were applied (Table 13). 

Addition of phase transfer agents like PEG-2000, α-cyclodextrin or CTMA had a 

negative effect on yields.  

 

 

Figure 33: Influence of initial reaction pH (left) and boron source (BBA vs. B2Pin2; right) onto the 

observed borylation yields. The grey curve in the left scheme illustrates the dependence of the 

hydrogen evolution rate (unit mL*min-1mmol(BBA)-1) from BBA. 

 

The same trend is observed for the addition of co-solvents, which generally reduce the 

observed activity (table 4). For the eight different organic solvents that were tested in a 

1:1 ratio with water, methanol, THF and dichloromethane (biphasic) still gave good 

yields, however, at the expense of noticeable formation of the hydro-dehalogenation 

product phenol, which was received in up to 18 % yield (solvent mixture ethanol: water = 
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1:1). In pure solvents other than water and methanol catalyst 1 shows only very low 

(ethanol) to no catalytic activity (all other solvents tested) at 40 °C. This observation 

suggests a crucial role of water in promoting the borylation reaction. A reduced solubility 

of the base and BBA in organic solvents may be partially responsible for the observed 

loss in activity. 

In our previous studies of the Suzuki cross-coupling reactions with pre-catalyst 1 we 

established that a 30 min pre-stirring period of the palladacycle with base in water prior 

to the addition of the aryl halide is very beneficial for the conversion rates achieved.[16] 

However, we found near quantitative conversions for all three addition sequences tested 

(no pre-stirring vs. pre-stirring of base and BBA in water and subsequent addition of aryl 

 

Table 13: Influence of the nature and concentration of additives on reaction yields.[a] 

 

Entry Base/additive eq. [mol] Yield [%][b] 

1 NaOAc 1.5 50 

2 NaOAc/KCl 1.5/1.5 53, (1) 

3 NaOAc/NaCl 1.5/1.5 68, (2) 

4 NaOAc/NaBr 1.5/1.5 64, (1) 

5 NaOAc/KBr 1.5/1.5 82, (1) 

6 NaOAc/LiBr 1.5/1.5 80, (2) 

7 NaOAc/NaI 1.5/1.5 80, (1) 

8 NaOAc/NaF 1.5/1.5 57, (5) 

9 PEG-2000 0.1 33 

10 α-cyclodextrine 0.1 34 

11 CTMA 0.1 47 

[a] Reaction conditions: Aryl halide (0.5 mmol), BBA (3eq.), catalyst 1 (0.1 mol-%), degassed water (0.1 M), 40 °C, 6 
h. [b] conversion determined by GC/MS as Pinacol ester against durene as internal standard; yield in bracket indicates 
hydrodehalogenated product (phenol).  
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halide and catalyst vs. pre-stirring of base, BBA and catalyst with subsequent addition of 

Ar-X in water) for the borylation reaction studied here. However, the formation of black 

side products accompanied a significant drop in yields to around 20 %, if the conversion 

was attempted under air.  

Correspondingly, to study the substrate scope of this protocol, the reaction vessel was 

charged under air with the required amount of substrates, base and catalyst (added as 

stock solution in DCM) followed by an exchanging the atmosphere to argon and addition 

of degassed water as a solvent. Typically, the conversion of aryl halides into boronic 

acids required 0.05 mol-% of catalyst 1 and was than performed at 40 °C for 6 h. The 

results of this investigation are compiled in table 5. Again, the reaction yields for all 

products were quantified following the conversion to the respective pinacol esters.  

This protocol provides a mild synthetic route to boronic acids and their esters under 

  

Table 4. Influence of the applied solvent (mixture) on reaction yields.[a] 

 

Entry Solvent                              Yield [%][b] 

  50 % in water Pure solvent 

1 water - >99 

2 MeOH  91, (9) >99 

3 EtOH  52, (18) 18 

4 THF  87, (13) 6 

5 DCM  86, (14) 0 

6 ACN  63, (7) 0, (3) 

7 DMSO  31, (1) 0 

8 Acetone  15 0 

9 EtOAc  0 0 

[a] Reaction conditions: Aryl halide (0.5 mmol), BBA (3eq.), NaOAc (3eq.), catalyst 1 (0.1 mol-%), solvent (0.1M), 
40 °C, 6 h. [b] conversion determined by GC/MS as Pinacol ester against durene as internal standard; yield in bracket 
indicates hydrodehalogenated product (phenol).  

 

 

I

1) BBA 3 eq.
    NaOAc 3 eq.
    0.5 mol-% 1
    solvent 0.1 M

2) Pinacol
    EtOAc
    40 °C, 30 min

BPin

HO HO
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Table 14: Miyaura borylation of aryl iodides, bromides and chlorides and subsequent conversion of the 

resulting boronic acids to pinacol esters.[a] 

 

Entry  Starting material   Yield [%][b]   

 R= X=I X=Br X=Cl 

1 4-OH 99, 96[c] 71 26, 65[d] 

2 2-OH 99, 92[c] 88  

3 4-OMe 96, 71[c]  39[d] 

4 2,4(OMe)2 16, 52[e]   

5 3,5(OMe)2  90  

6 3,5-Me2, 4-OH  68[e]  

7 4-Me 85 46[e]  

8 2-Me 21, 63[e]   

9 2,4-Me2  16  

10 H 60 52[e]  

11 4-CO2H 57  51[d] 

12 4-CO2Et 52  31 

13 4-CF3 9   

14 3-CN 64 71[e]  

15 4-Ac 68 35  

17 4-Cl 28[f]  30[g] 

18 2-Cl 5[f]  16[g] 

[a] Reaction conditions: Aryl halide (0.5 mmol), BBA (3eq.), catalyst 1 (0.1 mol-%), degassed water (0.1 M). T = 
40 °C, t = 6 h, if not stated otherwise. [b] Isolated yields. [c] Room temperature. [d] 2nd and 3rd addition of 3 eq. BBA 
after 12 and 36 h, total reaction time 72 h. [e] Reaction time 24 h. [f] Yield for borylation at the iodo-position; for yield 
of diborylation product see column X=Cl. [g] Yield for diborylation of chloro-iodo-benzene.  

 

aqueous conditions. Various functionalities are tolerated, e.g. phenol, methoxy, nitril 

carboxylate, ester and acetyl groups. Products form aryl halides, which are functionalized 

with electron donating and/or water-solubilizing substituent were isolated in yields of 60 

% and more, while those with strongly electron-withdrawing moieties (-CF3, -NO2) tend 

to generate low yields. Reaction temperature can be lowered for electron rich iodoarene 

I

1) BBA 3 eq.
    NaOAc 3 eq.
    0.05 mol-% 1
    H2O 0.1 M

2) Pinacol
    EtOAc
    40 °C, 30 min

BPin
R R
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substrates, which generate yields of over 90 % within 6 h even at 20 °C. With the 

exception of a 2-hydroxy substituent, the steric hindrance, which is introduced by ortho-

substitutents, strongly reduces the reactivity of the substrates. Obviously, substrate 

solubility should be a limiting factor for conversions in aqueous phase. However, neither 

the addition of phase transfer agents (PEG-2000, α-cyclodextrin and CTMA were tested) 

nor the addition of dichloromethane increased the yields for 4-nitro and 4-trifluoromethyl 

iodobenzene. Interestingly, also bromo- and even chloroarenes undergo the borylation at 

moderate temperatures, yet at reduced rates. However, the catalyst is not deactivated 

during the reaction and the reduced reactivity can be compensated by extended reaction 

times. For several bromoarenes, satisfactory conversions were achieved within 24 h, 

while for 4-chloro substituted phenol or benzoic acid yields reach 65 % or 51 % after 

72 h. To compensate for the BBA loss resulting from the slow decomposition of the 

boron source, BBA was resupplied after 12 and 36 h. An interesting case represents the 

conversion of 2-chloro and 4-chloro iodobenzene. Here, selective borylation at the 

position of the iodo-substituent is hampered by the subsequent conversion of the 

chlorophenyl boronic acids formed. Correspondingly, up to 30 % of the bis-borylated 

product were received (Entry 17 in Table 14).  

The BBA driven Miyuara borylation occurs under reaction conditions, which are 

moderately reducing and hence are prone to the formation of Pd nanoparticles, yet we did 

not observed emergence of the colour, which typically is indicative for metallic 

nanoparticles. To answer the question, if palladium nanoparticles are the catalytically 

active species, we performed a mercury drop test, which is widely used to exclude 

catalysis by nanoparticles. Amalgamation should only deactivate heterogeneous metal 

particle catalyst, yet is not expected to occur for a ligated homogenous Pd(II) species.[119] 

Despite the addition of 400 eq. of mercury to the catalytic reaction yields remained as 

high as >99%. Another suitable experiment to examine the formation of palladium 

nanoparticles involves poisoning by thiophene. A substantial decrease in yield would be 

expected if metallic palladium contributes to the catalytic activity. Nevertheless, addition 

of 400 eq. of thiophene did not affect the catalyst performance and almost quantitative 

yields for the borylation reaction were observed (96%). These poisoning experiments 
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present strong evidence for a homogeneous nature of the catalytically active species, 

presumable the intact palladacycle. Catalytic activity is still present in solution after all 

substrates are consumed. When a second batch of BBA, base and 4-iodophenol are 

added, again near quantitative substrate borylation is achieved. 

 

4.4 Conclusions 

We have developed a mild aqueous protocol for the Miyaura borylation of aryl iodides, 

bromides and chlorides using the water-soluble boron source tetrahydroxydiboron 

(BBA). At 40 °C only 0.05 mol-% of the palladacyclic catalyst 1 are required to achieve 

good to excellent yields. Since BBA undergoes base-catalyzed decomposition, control of 

the reaction pH is the key to achieve good and reproducible results. Lower borylation 

rates, which are observed for aryl chlorides and electron withdrawing substituents, can be 

(partially) compensated by extended reaction times, while fast reacting substrate even 

achieve full conversion at room temperature. For applications on larger scale the 

individual optimization of these parameters might be necessary for each substrate.  

In 2006, Van Aken et al.[120] introduced the Eco-scale as a metrics to evaluate green 

organic synthesis protocols. A respective analysis establishes an Eco-scale value of 88.5 

points for the borylation of 4-iodophenol, 2-iodophenol or 4-iodoanisol by our protocol 

(supplementary material), which comes already close to the score of 100 points for an 

‘‘ideal’’ reaction. An improvement may still be possible, if the excess of BBA can be 

reduced, e.g. by introducing a constant BBA feed. The observation that strongly electron-

withdrawing groups hamper conversion, while for electron-rich chloroarenes good yields 

can be achieved suggests that the oxidative addition step might not be rate determining 

for all conditions tested for this protocol. Elucidating the interplay of solubility, BBA 

stability, catalytic mechanism and reaction rates should therefore allow further 

improvements and will be the focus of future studies. 
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4.5 Experimental Section 

4.5.1 Materials and methods 

If not stated otherwise, reactions where run under argon atmosphere in a Carousel 12 

PlusTM Reaction Station from Radleys, which allow simultaneously stirring and heating 

of up to 12 reactions. HPLC-grade water was used as the solvent and degassed by prior to 

use by three freez-pump-thaw cycles. All reagents were obtained from commercial 

sources and used without further purification unless stated otherwise. Column 

chromatography was performed using silica gel 60 (0.040-0.063 mm) from Merck, but 

much like other carboxylic acids the boronic acid interact strongly with slica gel.[121] 

Thus prolonged exposure to silica has to be avoided. Solvents were used in HPLC grade. 

For GC/MS analysis, a GC from Agilent 7890 A with an Agilent 5975C instrument for 

MS detection (inert XL EI/CI MSD with Triple-Axis Detector, EI, 70 eV) was used. 

Method parameters: (80-280 °C DB-5MS): Initial 80 °C, 3 min; Ramp 25 °C/min, 

280 °C, 6 min; total 17 min.  

 

4.5.2 General procedure for the Pd-catalyzed Miyaura borylation reaction 

followed by Pinacol-esterification  

214 µL of a 1.16 mM stock solution of palladacycle 1[16a] in DCM are added to the 

reaction tube followed by evacuation of the flask for 5 min to evaporate the solvent. 

NaOAc (123 mg, 1.5 mmol, 3 eq.), tetrahydroxydiboron (134 mg, 1.5 mmol, 3 eq.) and 

arylhalide (0.5 mmol) are added before the flask atmosphere is changed to argon gas. 5 

mL of degassed water are added and the reaction mixture is stirred vigorously (1500 rpm) 

at 40 °C for 6 h. Subsequently, 2 mL of 3 M HCl are added to quench the reaction. The 

acidic aqueous phase is extracted with EtOAc (3x 5 mL) and dried over MgSO4. Addition 

of Pinacol (600 mg) to the organic phase and stirring at 40 °C for 1 h yields the boronic 

acid pinacolato-ester, which can be further purified by column chromatography (SiO2, 

Hexane:EtOAc = 9:1) if higher purity is required. Analytical data of all products are 

summarized in the supporting information. For time vs. conversion studies, samples of 
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250 µL were drawn form the aqueous solution, and work-up was performed as described 

above using EtOAc, which contained 0.01 M Durene as internal standard.  
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4.6 Supplementary material 

4.6.1 Analytical methods 

NMR spectra were recorded on Bruker BioSpin 400, 500, 600 or 700 MHz spectrometer 

at 297 K. Chemical shifts in ppm are referenced to the residual signal of the solvent 

(CDCl3, δH = 7.26 and δC = 77.16 ppm).122 Coupling constants J are given in Hz and 

signal multiplicities are abbreviated as: s (singlet), d (doublet), t (triplet), vt (virtual 

triplet), q (quartet), m (multiplet) and br (broad). As already known in literature in 13C the 

carbon next to the boron tend to be broadened beyond the limits of detection due to the 

quadrupolar relaxation of 11B.123  

MS: High resolution (HR-MS) was measured by the CORE LABS of King Abdullah 

University of Science and Technology at a LTQ Orbitrap from Thermo Scientific. Low 

resolution (LC-MS or MS by direct injection) spectra were recorded on a TSQ Vantage 

MS from Thermo Scientific. For the combination of gas chromatography with mass 

spectroscopic detection (GC-MS), a GC from Agilent 7890 A with an Agilent 5975C 

instrument for MS detection (inert XL EI/CI MSD with Triple-Axis Detector, EI, 70 eV) 

was used. GC/MS Method (80-280 °C DB-5MS): Initial 80 °C, 3 min; Ramp 25 °C/min, 

280 °C, 6 min; total 17 min. 

Thin layer chromatography was performed using SiO2 pre-coated glass plates (Merck 60, 

F-254). The chromatograms were examined under UV light at 254 nm and 365 nm and 

by staining of the TLC plate with a 0.1 mM solution of 10-hydroxybenzo[h]quinolone 

(HBQ) in ethanol, followed by heating with a heat gun. 124   
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4.6.2 Synthesis of palladacycle catalyst [125] 

([1,1'-Biphenyl]-2-yloxy)diisopropylphosphine 

 
In a Schlenk tube 2-Phenylphenol (1.70 g, 10.0 mmol, 1.0 eq.) was dissolved in 50 mL 

dry toluene and Triethylamine (1.51 g, 14.9 mmol, 1.5 eq.) was added. After stirring the 

solution for 15 min at r.t. Chlorodiisopropylphosphine (1.51 g, 9.9 mmol, 0.95 eq.) was 

added. The reaction mixture was refluxed for 16 h. After cooling to r.t. pentane (50 mL) 

was added. A precipitated white solid was removed by filtration through a pad of Celite® 

and washed with pentane (3 × 10 mL). The combined organic fractions were evaporated 

to dryness in vacuo yielding the phosphinite ligand (2.63 g, 92%), which was used 

without further purification.  

Yield:  92%, 1H-NMR (CDCl3, 500 MHz): δH = 7.61-7.58 (m, 2H, CHarom.), 7.51-7.43 

(m, 3H, CHarom.), 7.39-7.32 (m, 3H, CHarom.), 7.10 (m, 1H, t, 3J(H,H) = 7.5 Hz, CHarom.), 

1.86 (dvt, 2H, 2J(P,H) = 2.9 Hz, 3J(H,H) = 9.1 Hz, CHCH3), 0.06 (dd, 6H, 3J(P,H) = 11.4 

Hz, 3J(H,H) = 7.0 Hz, CH3) ppm. 13C-NMR (CDCl3, 126 MHz): δC = 156.2 (d, 2J(P,C) = 

8.5 Hz CHarom.), 138.9 (s, CHarom.), 132.6 (s, CHarom.), 130.8 (s, CHarom.), 130.0 (s, 

CHarom.), 128.6 (s, CHarom.), 127.8 (s, CHarom.), 126.9 (s, CHarom.), 121.7 (s, CHarom.), 118.2 

(s, CHarom.), 28.3 (d, 2J(P,C) = 17.7 Hz, PCH(CH3)2), 17.7 (d, 2J(P,C) = 19.2 Hz, 

PCH(CH3)2), 17.1 (d, 2J(P,C) = 8.5 Hz, PCH) ppm. 31P-NMR (CDCl3, 600 MHz): 

δP = 150.82 (s, PiPr2) ppm.  

 

 [{Pd(µ-Cl){κ2-P,C-P(iPr)2(OC6H3-2-Ph)}}2] (1)  

 

C18H23OP
M = 286.35

O P(iPr)2

C36H44Cl2O2P2Pd2
M = 854.42O

P(iPr)2
Pd Cl

2
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In a Schlenk tube ([1,1'-Biphenyl]-2-yloxy)diisopropylphosphine (2.63 g, 9.9 mmol, 1.0 

eq.) and PdCl2 (1.75 g, 9.9 mmol, 1.0 eq.) were dissolved in dry toluene (50 mL). The 

reaction mixture was refluxed for 19 h. After cooling to r.t. the solvent was removed in 

vacuo. The residue was extracted with DCM (20 mL) and filtered through a pad of 

Celite®. The product was precipitated from the organic solution by addition of ethanol, 

collected by filtration and recrystallized from DCM/EtOH. 

Yield: 43%, 1H-NMR (CDCl3, 600 MHz): δH = 7.55  (m, 1H, CHarom.), 7.49-7.47 (m, 2H, 

CHarom.), 7.39-7.36 (m, 2H, CHarom.), 7.30-7.28 (m, 1H, CHarom.), 7.08-7.07 (m, 1H, 

CHarom.), 6.88-6.86 (m, 1H, CHarom.), 2.45-2.42 (m, 2H, CHCH3), 1.31-1.26 (m, 12H, 

CH3) ppm. 13C-NMR (CDCl3, 126 MHz): δC = 161.8 (s, CHarom.), 139.2 (s, CHarom.), 

136.3 (s, CHarom.), 136.1 (s, CHarom.), 129.1 (s, CHarom.), 128.3 (s, CHarom.), 128.1 (s, 

CHarom.), 126.9 (s, CHarom.), 126.8 (s, CHarom.), 122.7 (s, CHarom.), 122.5 (s, CHarom.), 29.7 

(d, PCH(CH3)2), 17.8 (d, PCH(CH3)2), 17.1 (d, PCH) ppm. 31P-NMR (CDCl3, 600 MHz): 

δP = 201.42 (s, PCH(CH3)2, 100%), 200.14 (47%) ppm.  

 

4.6.3 Synthesis of aryl boronic acids  

 

General procedure for the Pd-catalyzed Miyaura borylation reaction followed by Pinacol-

esterification  

214 µL of a 1.16 mM stock solution of palladacycle 1 in DCM are added to the reaction 

tube followed by evacuation of the flask for 5 min to evaporate the solvent. NaOAc 

(123 mg, 1.5 mmol, 3 eq.), tetrahydroxydiboron (134 mg, 1.5 mmol, 3 eq.) and arylhalide 

(0.5 mmol) are added before the flask atmosphere is changed to argon gas. 5 mL of 

degassed water are added and the reaction mixture is stirred vigorously (1500 rpm) at 

40 °C for 6 h. Subsequently, 5 mL of 3 M HCl are added to quench the reaction. The 

acidic aqueous phase is extracted with EtOAc (3x 10 mL) and dried over MgSO4. 

Addition of Pinacol (600 mg) to the organic phase and stirring at 40 °C for 30 min or up 

to 2 h for larger scales, yields the boronic acid pinacolato-ester, which can be further 

purified by column chromatography (SiO2, Hexane:EtOAc = 9:1) if higher purity is 
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required. For time vs. conversion studies, samples of 250 µL were drawn form the 

aqueous solution, and work-up was performed as described above using EtOAc, which 

contained 0.01 M Durene as internal standard.  

 

4.6.3.1 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenol  

 
4-Iodophenol (110 mg, 0.5 mmol), Yield: 99% (GC-MS), 74% (isolated). 

Rf (Hexane:EtOAc = 9:1) = 0.17 [UV] 1H-NMR (CDCl3, 500 MHz): δH = 7.70 (d, 3J = 10 

Hz, 2H, CHarom.), 6.82 (d, 3J = 10 Hz, 2H, CHarom.), 1.33 (s, 12H, CH3) ppm. 13C-NMR 

(CDCl3, 126 MHz): δC = 158.56 (s, CHarom.), 136.91 (s, CHarom.), 114.97 (s, CHarom.), 

83.84 (s, Ctert), 24.95 (s, CH3) ppm (C-B not detected as known in literature). HR-MS 

(C12H17BO3): calculated: 220.1265, found: 220.1257. GC-MS: 8.97 min.  

 

4.6.3.2 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenol  

 
2-Iodophenol (110 mg, 0.5 mmol), Yield 99% (GC-MS), 38% isolated. Rf (DCM:MeOH 

= 9:1) = 0.95 [HBQ] 1H-NMR (CDCl3, 600 MHz): δH = 7.81 (s, 1H, OH), 7.62 (d, 3J = 

7.6 Hz, 1H, CHarom.), 7.34 (t, 3J = 7.4 Hz, 1H, CHarom.), 6.90-6.87 (m, 2H, CHarom.), 1.38 

(s, 12H, CH3) ppm. 13C-NMR (CDCl3, 151 MHz): δC = 163.74 (s, CHarom.), 135.84 (s, 

CHarom.), 133.95 (s, CHarom.), 119.65 (s, CHarom.), 115.58 (s, CHarom.), 84.59 (s, Ctert), 

24.94 (s, CH3) ppm (C-B not detected as known in literature). GC-MS: 8.94 min.  

 

HO
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4.6.3.3 2-(4-Methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

 

  
4-Iodoanisol (117 mg, 0.5 mmol), Yield 96% (GC-MS), 74% isolated. Rf (Hexane:EtOAc 

= 5:1) = 0.67 [UV, HBQ] 1H-NMR (CDCl3, 500 MHz): δH = 7.75 (d, 3J = 10 Hz, 2H, 

CHarom.), 6.89 (d, 3J = 10 Hz, 2H, CHarom.), 3.83 (s, 3H, OCH3), 1.33 (s, 12H, CH3) ppm. 
13C-NMR (CDCl3, 126 MHz): δC = 162.24 (s, CHarom.), 136.63 (s, CHarom.), 113.42 (s, 

CHarom.), 83.68 (s, Ctert), 55.23 (s, OCH3), 24.98 (s, CH3) ppm (C-B not detected as 

known in literature) HR-MS (C13H19BO3): calculated: 234.1422, found: 234.1412. GC-

MS: 8.81 min.  

 

4.6.3.4 2,6-Dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol  

 
4-Bromo-2,6-dimethylphenol (101 mg, 0.5 mmol), Yield 68% (GC-MS), 20% isolated. Rf 

(Hexane:EtOAc = 9:1)  = 0.35 [UV] 1H-NMR (CDCl3, 500 MHz): δH = 7.46 (s, 2H, 

CHarom.), 2.24 (s, 6H, CH3), 1.33 (s, 12H, CH3) ppm. 13C-NMR (CDCl3, 126 MHz): 

δC = 155.26 (s, CHarom.), 135.66 (s, CHarom.), 131.08 (s, CHarom.), 83.64 (s, Ctert), 24.94 (s, 

CH3), 15.72 (s, CH3) ppm (C-B not detected as known in literature). HR-MS 

(C14H21BO3): calculated: 248.1578, found: 248.1569. GC-MS: 9.61min.   
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4.6.3.5 4,4,5,5-Tetramethyl-2-(o-tolyl)-1,3,2-dioxaborolane  

 
1-Iodotoluene (109 mg, 0.5 mmol), Yield 63% (GC-MS), 21% isolated. Rf (DCM:MeOH 

= 9:1) = 0.98 [HBQ] 1H-NMR (CDCl3, 400 MHz): δH = 7.76 (dd, 3J = 8 Hz, 4J = 2 Hz 

1H, CHarom.), 7.32 (dt, 3J = 8 Hz, 4J = 2 Hz, 1H, CHarom.), 7.17-7.14 (m, 2H, CHarom.), 

2.54 (s, 3H, CH3), 1.34 (s, 12H, CH3) ppm. 13C-NMR (CDCl3, 126 MHz): δC = 135.98 (s, 

CHarom.), 130.92 (s, CHarom.), 129.91 (s, CHarom.), 124.84 (s, CHarom.), 83.55 (s, Ctert), 

29.86 (s, CH3), 25.04 (s, CH3) ppm (C-B not detected as known in literature). GC-MS: 

7.90 min.  

 

 

4.6.3.6 4,4,5,5-Tetramethyl-2-phenyl-1,3,2-dioxaborolane  

 
Iodobenzene (102 mg, 0.5 mmol) Yield 60% (GC-MS). 1H-NMR (CDCl3, 400 MHz): 

δH = 7.82 (d, 3J = 8 Hz, 2H, CHarom.), 7.47 (t, 3J = 8 Hz, 1H, CHarom.), 7.38 (t, 3J = 8 Hz, 

2H, CHarom.), 1.36 (s, 12H, CH3) ppm.  13C-NMR (CDCl3, 101 MHz): δC = 135.2 (s, 

CHarom.), 131.7 (s, CHarom.), 128.2 (s, CHarom.), 84.2 (s, Ctert), 25.3 (s, CH3) ppm (C-B not 

detected as known in literature). GC-MS: 4.1 min.  
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4.6.3.7 Methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate  

 
Methyl-4-chlorobenzoate (85 mg, 0.5 mmol) Yield 31% (GC-MS), 26% isolated. Rf 

(Hexane:EtOAc = 5:1) = 0.52 [UV, HBQ] 1H-NMR (CDCl3, 400 MHz): δH = 7.93 (d, 3J 

= 8 Hz, 1H, CHarom.), 7.53-7.48 (m, 2H, CHarom.), 7.43-7.38 (m, 1H, CHarom.), 3.90 (s, 3H, 

CO2CH3), 1.40 (s, 12H, CH3) ppm. 13C-NMR (CDCl3, 101 MHz): δC = 168.6 (s, 

CO2Me), 133.5 (s, CHarom.), 132.3 (s, CHarom.), 131.9 (s, CHarom .), 129.1 (s, CHarom.), 

128.9 (s, CHarom.), 84.2 (s, Ctert), 52.4 (s, OCH3), 25.0 (s, CH3) ppm (C-B not detected as 

known in literature). GC-MS: 9.27 min.  

 

4.6.3.8 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile  

 
3-Bromobenzonitrile (91 mg, 0.5 mmol), Yield: 71% (GC-MS), 30% isolated. Rf 

(Hexane:EtOAc = 9:1) = 0.39 [UV, HBQ] 1H-NMR (CDCl3, 500 MHz): δH = 8.09 (s, 1H, 

CHarom.), 8.00 (d, 3J = 5 Hz, 1H, CHarom.), 7.72 (d, 3J = 5 Hz, 1H, CHarom.), 7.47 (t, 3J = 

7.6 Hz, 1H, CHarom.), 1.35 (s, 12H, CH3) ppm. 13C-NMR (CDCl3, 126 MHz): δC = 138.89 

(s, CHarom.), 138.55 (s, CHarom.), 134.57 (s, CHarom.), 128.54 (s, CHarom.), 119.01 (s, CN), 

112.15 (s, CHarom.), 84.63 (s, Ctert), 24.99 (s, CH3) ppm (C-B not detected as known in 

literature). HR-MS (C13H17NBO2): calculated: 230.1347, found: 230.1338. GC-MS: 

8.92 min.  
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4.6.3.9 1-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethanone  

 
1-(4-Bromophenyl)ethanone (100 mg, 0.5 mmol), Yield 35% (GC-MS), 28% isolated. Rf 

(Hexane:EtOAc = 5:1) = 0.55 [UV, HBQ] 1H-NMR (CDCl3, 400 MHz): δH = 7.90 (dd, 3J 

= 8 Hz, 4H, CHarom.), 2.61 (s, 3H, OCH3), 1.35 (s, 12H, CH3) ppm. 13C-NMR (CDCl3, 

101 MHz): δC = 198.6 (s, C=O), 139.1 (s, CHarom.), 135.0 (s, CHarom.), 127.4 (s, CHarom.), 

84.3 (s, Ctert), 26.9 (s, CH3), 25.0 (s, CH3) ppm (C-B not detected as known in literature). 

GC-MS: 9.47 min.  

 

4.6.3.10 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde  

 
4-Chlorobenzaldehyde (70 mg, 0.5 mmol) Yield 15% (GC-MS). 11% isolated. 

Rf (Hexane:EtOAc = 5:1) = 0.53 [UV, HBQ] 1H-NMR (CDCl3, 400 MHz): δH = 10.04 (s, 

CHO), 7.96 (d, 3J = 8 Hz, 2H, CHarom.), 7.86 (d, 3J = 8 Hz, 2H, CHarom.), 1.36 (s, 12H, 

CH3) ppm. 13C-NMR (CDCl3, 101 MHz): δC = 192.8 (s, CHO), 138.2 (s, CHarom.), 135.3 

(s, CHarom.), 128.8 (s, CHarom.), 84.5 (s, Ctert), 25.0 (s, CH3) ppm (C-B not detected as 

known in literature). GC-MS: 8.92 min.  
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4.6.3.11 2-(4-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  

 
1-Chloro-4-iodobenzene (119 mg, 0.5 mmol) Yield 28% (GC-MS), 18% isolated. Rf 

(Hexane:EtOAc = 9:1) = 0.64 [UV, HBQ] 1H-NMR (CDCl3, 400 MHz): δH = 7.73 (d, 3J 

= 8 Hz, 2H, CHarom.), 7.74 (d, 3J = 8 Hz, 2H, CHarom.), 1.34 (s, 12H, CH3) ppm. 13C-NMR 

(CDCl3, 101 MHz): δC = 137.7 (s, CHarom.), 136.3 (s, CHarom.), 128.1 (s, CHarom.), 84.2 (s, 

Ctert), 25.0 (s, CH3) ppm  (C-B not detected as known in literature). GC-MS: 8.36 min.  

 

4.6.3.12 1,4-bis(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzene  

 
1-Chloro-4-iodobenzene (119 mg, 0.5 mmol), Yield 30% (GC-MS), 18% isolated. Rf 

(Hexane:EtOAc = 5:1) = 0.47 [UV, HBQ] 1H-NMR (CDCl3, 400 MHz): δH = 7.81 (s, 4H, 

CHarom.), 1.35 (s, 24H, CH3) ppm. 13C-NMR (CDCl3, 101 MHz): δC = 134.01 (s, CHarom.), 

84.0 (s, Ctert), 25.0 (s, CH3) ppm (C-B not detected as known in literature). GC-MS: 

10.86 min.  
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4.6.3.13 E-factor calculation:  

 
reaction:  

C6H5IO + 3 B2O4H4 + 3 NaOAc   ---> C6H7BO3 

 

total amount of reactants: 110 mg +134 mg + 124 mg = 368 mg  

[solvent (water) and catalyst have been excluded from this calculation] 

 

Amount of final product: 69 mg 

Amount of final waste: 299 mg 

E-factor: Amount of waste/Amount of product = 299/69 = 4.3 

 

Table 15: E-factor Calculation for the borylation reaction of 2-Iodophenol.  

2-iodophenol (2-OH) 

  
Aqu. 

borylation 
>99% 

points 
Molander: 
17%, EtOH 
0.1M, 80°C. 

points 

1. yield (100 – 
%yield)/2  0.5  41.5 

2. Price of reaction component 
(to obtain 10 mmol of end 
product)  € 117.67  € 3'429.34  
Inexpensive (< $10) = 0 0     
Expensive (> $10 and < $50) = 
3 3     
Very expensive (> $50) = 5 5  5  5 
3. Safety      
N (dangerous for environment)  5  0  0 
T (toxic)   5  0  0 
F (highly flammable)   5  0  0 
E (explosive)  10  0  0 
F+ (extremely flammable)   10  0  10 
T+ (extremely toxic)  10  0  0 

4. Technical setup      

Common setup 0  0  0 
Instruments for controlled 
addition of chemicals 1     
Unconventional activation 
technique  2     

Pressure equipment, > 1 atmd 3     
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Any additional special 
glassware 1     

(Inert) gas atmosphere 1  1  1 

Glove box  3     

5. Temperature/time      

Room temperature, < 1 h 0     

Room temperature, < 24 h  1  1   

Heating, < 1 h 2     

Heating, > 1 h 3  0  3 

Cooling to 0°C 4     

Cooling, < 0°C  5     

6. Workup and purification        

None 0     

Cooling to room temperature 0  0  0 

Adding solvent 0  0   

Simple filtration 0  0   
Removal of solvent with bp < 
150°C 0  0  0 

Crystallization and filtration  1  1  1 
Removal of solvent with bp > 
150°C 2     

Solid phase extraction  2     

Distillation 3     

Sublimation 3    3 

Liquid-liquid extraction  3  3  3 

Classical chromatography  10     

Total Points   11.5  67.5 

 
Eco-scale 

value  88.5  32.5 
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4.7 Additional information 

 

Table 16: Non puplished Miyaura borylation products. 

 
Entry Starting material Product Time [h] Yield [%]a 

1 X = I 

 

6 0b 

2 X = I 
 

6 9 

3 X = I 

 

6 - 

4 X = Cl 

 

6 15 

5 X = I 

 

6 30, 24c 

6 X = I 

 

6 57, 31c 

[a] Reaction conditions: Aryl halide (0.5 mmol), BBA (3eq.), catalyst 1 (0.1 mol-%), degassed water 

(0.1 M). T = 40 °C, t = 6 h, if not stated otherwise. [b] reaction time 24 h. [c] Yield for diborylation of 

iodo- and fluoro position. 

 

 

 

I

1) BBA 3 eq.
    NaOAc 3 eq.
    0.05 mol-% 1
    H2O 0.1 M

2) Pinacol
    EtOAc
    40 °C, 30 min

BPin
R R

B(OH)2

O2N

B(OH)2F3C

B(OH)2F3C

CF3

B(OH)2

OHC

B(OH)2

F

B(OH)2

F
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4.7.1 Further isolated products:  

4.7.2 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde  

 
4-Chlorobenzaldehyde (70 mg, 0.5 mmol) Yield 15% (GC-MS). Rf (Hexane:EtOAc = 

5:1) = 0.53 [UV, HBQ] 1H-NMR (CDCl3, 400 MHz): δH = 10.04 (s, CHO), 7.96 (d, 3J = 

8 Hz, 2H, CHarom.), 7.86 (d, 3J = 8 Hz, 2H, CHarom.), 1.36 (s, 12H, CH3) ppm. 13C-NMR 

(CDCl3, 101 MHz): δC = 192.8 (s, CHO), 138.2 (s, CHarom.), 135.3 (s, CHarom.), 128.8 (s, 

CHarom.), 84.5 (s, Ctert), 25.0 (s, CH3) ppm. (C-B not detected as known in literature) GC-

MS (Method 1): 8.92 min.  

 

4.7.3 General procedure for the Pd-catalyzed Miyaura borylation reaction 

followed by Suzuki coupling 

0.1 mol-% Palladacycle catalyst 1, in degassed water 0.1 M, 1 eq. Aryl bromide 

(0.5 mmol, 4-Bromo acetophenon), 3 eq. Na2CO3 (pH > 10.5), reaction time 6 h, 40 °C.  

 
4-Iodophenol (110 mg, 0.5 mmol), Yield 78% (GC-MS, isolated). Rf (Hexane:EtOAc = 

9:1)  = 0.35 [UV] 1H-NMR (CDCl3, 400 MHz): δH = 8.03 (d, 3J = 4 Hz, 2H, CHarom.), 

7.64 (d, 3J = 8 Hz, 2H, CHarom.), 7.53 (d, 3J = 8 Hz, 2H, CHarom.), 6.94 (d, 3J = 8 Hz, 2H, 

CHarom.), 2.63 (s, 3H, CH3) ppm. 13C-NMR (CDCl3, 101 MHz): δC = 198.0 (s, C=O), 

156.2 (s, COHarom.), 145.5 (s, Cq.), 135.5 (s, Cq.), 132.6 (s, CHarom.), 128.8 (s, CHarom.), 

126.8 (s, CHarom.), 120.1 (s, CHarom.), 116.0 (s, CHarom.), 26.8 (s, CH3) ppm. GC-MS 

(Method 1): 11.18 min.   

B
O

O C13H17BO3
M = 232.08

OHC

HO

O

C14H12O2
M = 212.24
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4.7.4 Internal standard calibration 

 

1,2,4,5-Tetramethylbenzene was used as internal standard I GC-MS determination. It was 

calibrated against samples with known starting material or product to standard ratio. 

Samples were prepared by adding a constant amount of internal standard and varying the 

amount of starting material or product added to the standard between 0.1 and 1.0 eq. 

Resulting data was plotted and a trend line was established according to the highest 

coefficient of determination R2 (Table 16). Reproducible results were achieved by 1 µL 

injection in contrast to 5 µL injection.  

 

Table 17: Calibration of 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenol versus 4-Iodophenol 

or 1,2,4,5-Tetramethylbenzene respectively.  

 

  

Ar-I / Standard 
 

Entry Theoretical Measured 

 

1 90 % 1.9401 
2 75 % 1.6802 

3 50 % 1.3055 

4 25 % 0.8185 

5 10 % 0.3294 

6   0 % 0 

Ar-BPin / Standard 

 Theoretical Measured 

7 90 % 3.7087 

8 75 % 3.2777 

9 50 % 2.5103 

10 25 % 1.4787 

11 10 % 0.6920 

12   0 % 0 

HO

BPin

HO

I
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5 A direct borylation strategy for selective modification of biomolecules 

 

Keywords:  

posttranslational chemical modification, Miyaura borylation, Suzuki cross coupling 

 

Boronic acids are, as described in the previous chapter, important chemical building 

blocks for synthetic applications such as SUZUKI cross couplings.126 For posttranslational 

modification these functionalities are of important role, but yet were introduced by the 

species, which was coupled to the biomolecule. The Aryl halogen counterpart was herby 

incorporated into the peptide, sugar, protein or DNA. SUZUKI cross couplings on proteins 

are well known and presented in literature to introduce a variety of biological markers, 

sugars and dyes or new functionalities (Figure 34).127,128,129,130  

 

 

Figure 34: SUZUKI cross coupling on proteins.131  

 

Commonly those cross couplings are transition metal catalyzed, usually by palladium. 

However B. DAVIS recently presented a self-liganded SUZUKI-MIYAURA coupling for 

protein PEGylation.132  

To broaden the range of applications it would be beneficial to introduce the boronic acid 

functionality itself into the biomolecule. Cancer research already targeted the 

introduction of boronic acids into proteins in order to 18F-label133 these unnatural amino 

acids or because melanoma tissue uptakes aromatic amino acids and hereby especially 

well para-(L)-borono phenylalanine (pBF) as J. A. CODERRE could show.134 Preloading 

with (L)-tyrosine increases herby the uptake of pBF in mouse melanoma cells.135  

However the introduction of boronic acid functionalities, such as pBF would provide, 

into biological systems, involve some challenges. Incorporation of pBF causes self-
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modifications due to cellular degradation reactions. Oxidation leads to (L)-tyrosine, 

whereas reduction leads to (L)-phenylalanine (Scheme 4).136  

 

Scheme 4: Cellular degradation limits incorporation of para-borono phenylalanine.  

 

In contrast to that limitation in vivo incorporation of para-iodophenylalanine (pIF) does 

give excellent incorporation yields and is therefore well used for various applications 

including in phasing for crystal structure determination,137 posttranslational modifications 

or as simple precursor for other unnatural amino acids. The iodine functionality can be 

easily transformed into a boronic acid by MIYAURA borylation. An aqueous approach for 

such modification was presented in the previous chapter.  

This chapter addresses the synthesis and incorporation of para-(L)-iodophenylalanine 

(pIF) and its posttranslational MIYAURA borylation on mTFP*.  

 

5.1 Synthesis and incorporation of para-iodophenol 

The synthesis of para-(L)-iodophenylalanine (pIF) 12 is straight forward, allows easily 

reaction control by TLC and purification is more simple compared to other unnatural 

amino acids as it is conducted by precipitation at its isoelectric point at pH = 5.5 from 

aqueous solution. Due to these advantages the synthesis starts from (L)-phenylalanine and 

therefore from the chiral pool.138 Extensive introduction of protection groups can thus be 

OH

B(OH)2

oxidation

reduction
H
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avoided. Aromatic iodination gives para-iodo-(L)-phenylalanine in high yields (Scheme 

5). Upscaling was performed up to batches of 80 g.  

 

 

Scheme 5: Synthesis of para-(L)-iodophenylalanine (pIF).  

 

Incorporation of pIF 12 into mTFP* was conducted as previously described for other 

unnatural amino acids (Chapter 3) and results in high expression yields. Different 

position for site selective incorporation were chosen, Q128pIF and Y188pIF are exposed 

positions, whereas Y200pIF and Y204pIF lie in cavity (Figure 35).   

 

 

Figure 35: designed mTFP* with 4 different positions for potential UAA incorporation 

(Q128pIF and Y188pIF, exposed positions; Y200pIF and Y204pIF, in cavity).  

 

Protein purification and characterization was conducted as previous described (Chapter 

3). A crystal structure could be resolved showing clearly the unnatural iodine moiety 

embedded in the protein scaffold (Figure 36).  

CO2HH2N I2
NaIO3
H2SO4/AcOH

70 °C, 22h

CO2HH2N

I
12

65%



 

 

101 

 

Figure 36: Crystal structure of mTFP*200pIF.  

 

Besides the visual evidence of a successful incorporation by a full-length protein with 

maturated chromophore, LC/MS determination was conducted to prove correct 

incorporation (Figure 37). 

 

 

Figure 37: mTFP*128pIF expec. 25313 Da, found 25319 Da. 

 

5.2 MIYAURA borylation 

For posttranslational modification we used the initial conditions transferred from the 

aqueous protocol we described in the previous chapter (Chapter 4). Different parameters 

have to be investigated to optimize borylation outcome, including the concentration of 

protein, borylation agent such as B2(OH)4 (BBA) and catalyst loading. As in the previous 

     Average Mass ([M + H]+): 25159.8407

Cmpd 2, 15.1 min

Component  Molecular     Molecule       Absolute   Relative
           Mass                         Abundance  Abundance

 A           25318.7563    25319.7400  [M + H]+         28026     100.00
 B           25158.8643    25160.7416  [M + H]+         11122      39.68
 C           25340.1629    25341.2980  [M + H]+          7687      27.43
 D            6116.9308     6117.2715  [M + H]+           876       3.13
 E           11271.5563    11272.5514  [M + H]+           792       2.82
 F           25358.8010    25360.2205  [M + H]+          1429       5.10

Component A Detail
       Actual     Charge   Isotopic    Predicted
       Peak                Mass([M + H]+)  Peak

     768.2114    33+         25318.7435      768.2118
     768.2400    33+         25319.6885      768.2422
     768.3008    33+         25321.6943      768.3030
     768.3297    33+         25322.6485      768.3334
     792.2433    32+         25320.5596      792.2496
     817.7408    31+         25319.7479      817.7412
     817.7591    31+         25320.3149      817.7736
     844.9871    30+         25320.4028      844.9991
     874.0561    29+         25319.4229      874.0677
     874.0797    29+         25320.1063      874.0677
     905.2358    28+         25319.4063      905.2484
     905.2626    28+         25320.1577      905.2484
     938.7201    27+         25319.2547      938.7017
     938.7445    27+         25319.9118      938.7388
     974.7808    26+         25319.1179      974.7669
     974.8149    26+         25320.0063      974.8054
    1013.7233    25+         25318.9073     1013.7172
    1055.9312    24+         25319.1819     1055.9135
    1055.9451    24+         25319.5143     1055.9553
   
     Molecular Mass ([M + H]+): 25318.7563      Std. Deviation: 0.293912
     Average Mass ([M + H]+): 25319.7400

Component B Detail
       Actual     Charge   Isotopic    Predicted
       Peak                Mass([M + H]+)  Peak

     812.6280    31+         25161.2483      812.6158
     812.6136    31+         25160.8043      812.6158

Compound Mass Spectrum Deconvolution Report

printed:Bruker Compass DataAnalysis 4.0 3 of 9Page 5/13/2013 5:11:00 PM
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chapter described, an optima of pH occurs at around neutral pH, not higher then 8, and 

can be easily met by a NaOAc buffer.  

As good catalyst, which allows acceleration of the reaction under very small catalyst 

loadings under aqueous conditions, we used the palladacycle catalyst (cat-1), which was 

developed in our group (Figure 38).139  

 

Figure 38: Paladcycle catalyst (cat-01). 

 

Different conditions were investigated in the MIYAURA borylation of mTFP*pIF so far. 

As expected mTFP1-183pIF with HisTag was not borylated, since the HisTaq will 

complex the Pd-catalyst and thus exclude it from catalytic performance (Entry 1,  Table 

18).  

Initial tests for a protein concentration of 4.8 mg/mL in 1 M acetate buffer show that 

borylation works in full conversion (Entry 2,  Table 18). LC/MS determination does not 

indicate remaining mTFP*pIF.  

If pH is adjusted to pH 10 or the reactions were conducted under oxidative conditions, 

degradation of the protein takes place. In later cases no MS determination could be 

performed. Degradation depends very much on the stirring or shaking techniques, buffer 

pH and concentration as well as the final work up of the protein.  

As known from the studies about the borylation of Aryl halides in the previous chapter, 

the influence of the pH is highly important since pH higher than 8 is leading to 

decomposition of BBA and hydrogen evolution.  

 

  

Pd
P(iPr)2

O
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 Table 18: Different borylation conditions were investigated.  

 

Entry Protein c(Protein) 
Acetate 

buffer 
conversion Estimated yield 

1 

mTFP1-

183pIF 

with HisTag 

4.7 mg/mL 1 M no conversion - 

2 
mTFP*-

128pIF 
4.8 mg/mL 1 M full 14-26% 

3 
mTFP*-

204pIF 
2.0 mg/mL 100 mM full 

24% 

Protein 

degradation 

4 
mTFP*-

204pIF 
1.0 mg/mL 100 mM full 

11-20% 

Protein 

degradation 

5 
mTFP*-

204pIF 
0.5 mg/mL 100 mM 

No full 

conversion 

22% 

Protein 

degradation 

 

 

 

 

 

I

BBA
Paladacycle cat-1
Acetate buffer

40 °C, 24 h

B(OH)2

mTFP*pIF mTFP*pBF
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Results were confirmed by LC/MS determination and showed signals at given MS ranges 

(Table 19).  

 

Table 19: Expected MS for different mutants of mTFP*. 

UAA position 
M [Da]      

pIF 

M [Da]           

borylation 

M [Da]           

Suzuki* 

mTFP*wt 25154   

mTFP*128 25313 25231 25305 

mTFP*188, 200, 204 25264 25182 25256 
*MS depends on the used arylbromide in SUZUKI cross coupling 

 

 

Figure 39: Spectra and deconvoluted spectra indicating full conversion/borylation of mTFP*128pIF 

into mTFP*128pBF.  
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5.3 Subsequent SUZUKI cross coupling 

 

Subsequent SUZUKI cross coupling was not conducted so far, but would allow 

introduction of further functionalities. As in the previous chapter described, subsequent 

cross coupling takes place by change of base from sodium acetate to sodium carbonate, 

which is accompanied by a rise of pH. In the case of the protein this can be conducted by 

simple dialysis against a new carbonate-containing buffer.  Addition of new catalyst must 

be considered.  

 

A variety of different halide containing building blocks can be coupled to mTFP*pBF in 

that way (Figure 40). In our primary attempt, different transition metal chelating ligands 

will be linked. Furthermore different biological markers, such as sugars or dyes can be 

considered. Different positions of the initial incorporated pIF will give new insights into 

possible secondary interactions and therefore might have different influences on 

enantionselectivities in the executed catalysis.  

To broaden this modification’s application, borylation can be conducted on different 

proteins. Proteins of medical interests can be investigated to determine structural change, 

for instant by introducing dyes acting as FRET partners.  

 

 

 

Figure 40: Different structures, which could be cross coupled to proteins.  
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5.4 Expression and purification of mTFP*XXXpIF:  

For production of mTFP*, LB Medium that contained 180mg L-1 ampicillin and 

50 mg/mL Chloramphenicol, was inoculated with E. Coli BL21 (DE3) Gold cells, 

purchased from Agilent Technologies, that had been transformed with 

pET303/SUMO_mTFP*XXXpIF and pEVOL-pIF. Expression yields were improved by 

picking fluorescent colonies, from LB Agar containing 180 mg L-1 ampicillin, 50 mg/mL 

Chloramphenicol, 1 mM IPTG and 0.02% L-Arabinose, for pre-culture. Pre-cultures were 

left to grow overnight at 37 °C and were further used to inoculate expression cultures 

under standard protocol. Induction occurred at OD 0.5 – 0.6, using 1 mM IPTG and 

0.02% L-Arabinose. Cells were left to express for 48 hours at 20 °C. Cultures were then 

centrifuged at 4500 rpm for 30 minutes and cooled to 4 °C. Pellets were washed with 

Lysis Buffer A, containing 100 mM Tris/HCl pH 7.4, 500 mM NaCl and 20 mM 

Imidazole. Before lysis c0mplete protease Inhibitor cocktail (Roche), was added together 

with DNase. Lysis occurred using Frenchpress. Lysates were immediately centrifuged at 

25000 rpm and also cooled to 4 °C. Respective supernatant was prawn to Ni-Affinity 

Chromatographic principles and eluted from the column between 20 and 35% of Elution 

Buffer B containing 100 mM Tris/HCl pH 7.4, 500 mM NaCl and 500 mM Imidazole. 

SUMO protease was added to the eluted protein and the mixture then dialyzed overnight, 

at 4 °C, against Buffer A. Further Ni-Affinity Chromatography followed to remove the 

SUMO-Tag. Pure Protein was collected from the flow-through whereas elution with 

Buffer B showed a distinct elution of residual SUMO-Tag and Protease. If necessary, 

Batches of almost pure protein were further purified using Anion Exchange 

Chromatography. Anion Exchange Chromatography occurred using Q-Sepherose Colum 

(GE). Protein samples were dialyzed against 100 mM Tris/HCl pH 7.4 and loaded onto 

the column. Elution occurred with a smooth gradient up 20 % of the same Buffer 

containing additional 1 M NaCl. Purity was determined by SDS-PAGE gel 

electrophoresis at 12.5% acrylamide.  
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5.5 General procedure for the Pd catalyzed Miyaura borylation reaction on 

protein, followed by Suzuki cross coupling 

 

To achieve small catalyst loadings, the Paladacycle cat (cat-01) (1 mol-% Pd, 0.5 mol% 

cat-01) is added to the reaction vial (2 mL Eppendorf tube) as a 1M stock solution in 

DCM. Prior the reaction the solvent is evaporated. Tetrahydroxydiboron BBA 5 eq. is 

added to the vial, followed by the protein in degassed acetate buffer 100 mM, pH=10 

(NaOAc/NaOH/AcOH). The solution vigorously shakes for 24 h at 40°C in Eppendorf 

Thermomixer comfort® at 1400rpm or in a closed GC/MS vial with atmosphere 

exchanged to Argon and a small stirring bar stirring at 1500 rpm. After 24 h the catalyst 

is removed by filtration through a centrifugal NANOSEP 30K OMEGA from Life 

Sciences. Samples for LC-MS analysis are dialyzed against carbonate buffer in Slide-A-

Lyzer® MINI Dialysis Units 2.000MWCO, concentrated and diluted prior the 

measurement in water/acetonitril 5%. For subsequent SUZUKI cross coupling the reaction 

mixture is dialyzed against carbonate buffer 100 mM, pH=11.5 (Na2CO3) (for 20 h using 

Slide-A-Lyzer® MINI Dialysis Units 2.000MWCO). The protein solution is transferred 

into a new reaction vial containing fresh catalyst (cat-01) (1 mol% Pd, 0.5 mol-% cat-01) 

and the compound, which is supposed to be cross coupled. The reaction mixture stirs for 

24 h at 40°C in Eppendorf Thermomixer comfort® at 1400 rpm. After 24 h the catalyst is 

removed by filtration through a centrifugal NANOSEP 30K OMEGA from Life Sciences 

and dialysed for LC-MS.  

3-mercaptopropionic acid (3-MPrAc) as Pd scavenger:140 Prior to MS analysis a 

scavenger concentration of 4.4 mmol mL-1 (3 equiv. w.r.t. Pd) was added as a dilute 

solution (5 mL mL-1) in water to the sample to ensure accurate titration. 

  

Figure 41: Borylation was performed in GC/MS vials, separation of the catalyst was done by 

centrifugation through NANOSEP 30K OMEGA.  
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6 A highly efficient protocol for click labeling of biomolecules using a recyclable 

Cu nano-catalyst  

 

Nature Methods 2014 

Arwa Makki, Dinesh Sawant, Johannes Fischer, Anna Zernickel, Rkia Laamarti, Paul 

Harris, Andy Kuo-Wei Huang, Jörg Eppinger 

 

6.1 Abstract 

 

As previous described, the click reaction is one of the most common tools in 

bioconjugation techniques. Especially the copper catalyzed azide alkyne cycloaddition 

(CuAAC) has found widespread application in chemistry and life science for the 

modification of ligands, polymers and dyes or for the labeling of biomolecules like 

peptides, proteins or DNA as well as for the synthesis of supramolecular compounds of 

challenging architecture. Both, in vivo and in vitro diversifications of biological 

molecules are active fields for the development of the bio-orthogonal CuAAC reaction. 

Its limitations are the toxic side effects of Copper in living organism, but recently, several 

metal-free click reactions were developed.141 We try to overcome this limitation by using 

an ultra-thin Cu2O layers on Cu nanowires catalyst (Cu2O/Cu), which are active at ppm 

concentrations of Cu+ in water at room temperature. Its heterogeneous nature allows 

simple filtration after completion of the reaction and therefore can be reused in a new 

cycle of reactions. In combination of side selective incorporation of unnatural amino 

acids such as p-Azido- or p-Ethynyl-phenylalanine (pAzF, pEynF) this protocol allows 

the efficient site-selective modification of proteins on living cells.  

 

6.2 Introduction 

Starting in the early 60ies HUISGEN studied [3+2]-cycloadditions, especially between 

azides and alkynes, to form 1,2,3-triazoles.142 But the high activation barrier, which could 

only be overcome by elevated temperatures or pressures, deterred synthetic chemist to 
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use this reaction. In 2002, SHARPLESS and MELDAL independently discovered that copper 

significantly accelerates the rate of that cycloaddition between azides and terminal 

alkynes.143 This copper-catalyzed azide-alkyne cycloaddition (CuAAC) proceeds rapidly 

at ambient temperatures and pressure to form exclusively 1,4-disubstituted 1,2,3-triazoles 

and thus is an excellent example of “click chemistry”. This name was selected by 

SHARPLESS, FINN and KOLB to describe a set of chemical reactions that efficiently 

connect two substrates in high yield and with minimal byproducts.144   

One of the most popular reactions in the click chemistry concept is the azide-alkyne 

cycloaddition by HUISGEN using a copper(I) catalyst at room temperature.  

 

Mechanistic investigations show that only terminal alkynes may undergo the catalytic 

cycle (Scheme 6). SHARPLESS et al. proposed that the copper(I) species I generates in situ 

a π-complex  II with the triple bond of the terminal alkyne. In the presence of a base, the 

terminal hydrogen is deprotonated to give a copper-acetylide intermediate III. Since the 

reaction is assisted by copper, which, when coordinated with the acetylide lowers the pKa 

of the alkyne C-H by up to 9.8 units, the reaction may be carried out even in the absence 

of a base. After that, the distal nitrogen of the azide attacks the C-2 carbon of the 

acetylide in III, forming the unusual six-membered copper(III) metallacycle V. This step 

is endothermic by 8.2 kcal/mol (12.6 kcal/mol when L is water), and the calculated 

barrier is 14.9 kcal/mol (18.7 kcal/mol when L is water), which is considerably lower 

than the barrier for the non-catalyzed reaction (25.7 and 26.0 kcal/mol).145 This explains 

the enormous rate acceleration of the copper(I)-catalyzed process, 7 to 8 orders of 

magnitude, as compared to the purely thermal cycloaddition. Cyclization takes place and 

generates a copper-azide-acetylide complex VI. This is followed by protonation. The 

product is formed by dissociation and the catalyst-ligand complex I is regenerated for 

further reaction cycles.  
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Scheme 6: Mechanism of copper catalyzed 1,3-dipolar cycloaddition between an alkyne and an azide. 

 

Due to its simplicity the click reaction has also impacted a lot of applications like the 

design and development of novel compounds in drug discovery146. The bioorthogonal 

nature of click chemistry offers the possibility of simple labeling and detection of 

biological molecules in complex environments such as cellular extracts or even in vivo. 

Such ligation techniques allow us to study localization and function within cells of a 

variety of biomolecules, including proteins, viruses, sugars, 147,148,149,150,151 DNA, 

152,153,154,155,156,157 RNA, and lipids.  

Site-specific introduction of azide or alkyne tags onto more complicated structures, 

particular proteins, is a quite challenging task. TIRELL and coworkers developed an 

approach of a global exchange of a natural amino acid with an analogue with closely 

related structure, eg. the replacement of methionine with homopropargylglycine or 

azidohomoalanine, or azidophenylalanine instead of phenylalanine.158 Usually the related 

natural amino acids occur in low abundance and therefore allows the unnatural amino 

acid, which is applied in excess, to be incorporated instead. However many applications 

would demand a site-specific incorporation of a single unnatural amino acid or even an 

incorporation of a structural entity deviate from natural residues. SCHULTZ and coworkers 
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introduced a new technique to overcome this challenge by reengineering the protein 

biosynthesis.159 An aminoacyl-tRNA/tRNACUA pair mediates the incorporation of an 

unnatural amino acid at a genetically determined position (in most cases an Amber, three-

base stop codon).  

SCHUMANN and TIRELL used this technique to develop a method for the detection of 

synthesized proteins by labeling via click reaction and called it bioorthogonal 

noncanonical amino acid tagging (BONCAT).160  

 

6.3 Results of CuAAC reaction on proteins 

An additional advantage of our protocol is that it does not need sodium ascorbate, which 

can induce cytotoxic effects, such as peroxide formation.161  

We discovered that an increase in salt concentration promotes the reaction rate, which 

speaks for a solubilizing effect of copper by the salt and thus a higher amount of 

homogenous copper species in solution. ICP-MS analysis indicates a Cu leaching of 

about 6% in solution (30µM for 0.5 mM reaction). An increase of solubilized copper 

species leads to an enhanced rate of reaction.  The following mechanism is proposed to 

be responsible for a copper leaching by present chlorine ions:  

 

Cu↔ Cu+ + e−

Cu+ + 2Cl− ↔ CuCl2
−
    and/or     

Cu +Cl− ↔ CuCl + e−

CuCl +Cl− ↔ CuCl2
−

   →     Cu + 2Cl− ↔ CuCl2
− + e−  

 

Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) was investigated as a water 

soluble click ligand, which increases the effective copper concentration by merging a 

copper chelator and protects the cell from damage by oxidation agents (Figure 42).162 The 

compound was kindly provided by the group of Dr. Valentine Rodionov. However results 

are indicating that such a ligand is not required to achieve high reaction rates.  
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Figure 42: THPTA as a water soluble click ligand.  

 

A standard organic reaction for screening the CuAAC conditions was performed on a 
water soluble coumarin dye, which shows blue fluorescence after successful formation of 
the triazole ring (Scheme 7).  
 

 
Scheme 7: CuAAC reaction conditions were investigated on a coumarin dye.  

 
This established protocol allows us to click different moieties to mTFP*. We aim to build 

site selective transition metal based catalysts and therefore are in need of ligand 

structures able to bear the active center. Furthermore we aim to click several complexes, 

dyes for FRET examinations or other labeling molecules. Water-soluble ligands are herby 

needed in order to achieve full conversion in the CuAAC reaction.  

Pyridine structures present one way of building such ligand structures. Derivatives of 

such, for example by an additional hydroxyl group can enhance water solubility. The 

triazole ring formed during this reaction may contribute as a moderate σ-donor/π-acceptor 

ligand to the metal binding site (Figure 43).  
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Figure 43: Click reactions allow conjugation of transition metal chelating ligand structures (A, B) as 

well as dyes (C), which can be used in FRET experiments. 

 

Several different substructures of catalytic active center are chosen, which directly 

coordinate the metal and therefore determine the hybrids reactivity, whereas the host 

protein merely serves as ligand controlling enantio-selectivity. Particularly asymmetric 

synthesis will benefit from combining the power of biocatalysis (substrate conversion via 

multi-step or cascade reactions, potentially immortal catalyst, unparalleled selectivity and 

optimization by evolutionary methods) with the versatility and mechanism based 

optimization methods of homogeneous catalysis. The application of water as an 

environmental benign and economically favorable solvent brings some advantages in 

contrast to common organic reaction media, because it is non-toxic, non-flammable and 

cheap. Hence this approach broadens the application of catalysis in aqueous media by 

introducing water-soluble catalysts.  

To ensure a more rigid structure, we created a protein mutant, which is able to 

incorporate two unnatural amino acids in a defined distance. By click modification of 

both of these selected sites we can introduce a bridging ligand structure, which can 

coordinate transition metals in a more defined manner (Figure 44).  

 

 
Figure 44: Double mutant of mTFP* allows building bridging structures.  
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6.4 Additional information 

My contributions to this project consist in the synthesis of different unnatural amino 

acids, respectively para-Azido-(L)-phenylalanine (pAzF) and para-Ethynyl-(L)-

phenylalanine (pEynF), which can be posttranslationally modified by a copper catalyzed 

click reaction.  

Furthermore I conducted incorporation experiments, although the main work on 

optimization of protein expression and purification where investigated by ARWA MAKKI 

(pEynF) and JOHANNES FISCHER (pAzF).  

In the very beginning of this project I synthesized a small water-soluble substrate in order 

to study the click conditions in aqueous media. Establishment of the final click conditions 

and posttranslational modifications are conducted by DR. DINESH SAWANT and ARWA 

MAKKI.  

 

6.5 Synthesis of para-Azido-(L)-phenylalanine (pAzF) 

Azides are commonly synthesized from amines.163 Introduction of an azide functionality 

into a protein can take place by a diazotransfer reaction or biochemically, either by 

genetic engineering, by incorporation of an azide containing amino acid into proteins or 

by posttranslational modification.  

Para-Azido-(L)-phenylalanine, which will serve as site specific anchoring point can be 

synthesized by a three-step synthesis starting from (L)-Phenylalanine, a starting material 

available from the chiral pool (Scheme 8). This will avoid complex and expensive 

chromatographic steps for chiral separation of the enantiomers.  

(L)-Phenylalanine, which is one of the 20 naturally occurring amino acids and therefore a 

simple feedstock and commercially available, was converted using nitric acid to para-

Nitro-(L)-phenylalanine (pNF), which can easily be hydrogenated to para-Amino-(L)-

phenylalanine (pAmF). Commonly used diazotation with sodium nitrate and sodium 

azide under acidic conditions gave the unnatural amino acid para-Azido-(L)-

phenylalanine.164 Since the starting material and all intermediates are soluble under acidic 

conditions this synthetic strategy will circumvent the use of any protecting groups.  
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Electrophilic aromatic substitution (SEA) of the aromatic moiety of (L)-Phenylalanine can 

be conducted under common nitration conditions with a mixture of concentrated nitric 

acid and sulfuric acid 1.27:1, which releases nitronium ions as active species.165 Care has 

to be taken to keep the inner reaction temperature stable at -10 °C to ensure mono-

nitration. The nitration is an exothermic reaction and hence promotes a rise of 

temperature easily, which stimulates multiple nitrations to occur. Reaction control can be 

performed by TLC with solvent mixtures and staining suitable for amino acids, eg. t-

BuOH / AcOH / H2O (4:2:3) or Acetone / AcOH / H2O (16:3:2.5) – (see experimental 

part).  

Para-(L)-Nitrophenylalanine (pNF) 14 could be observed in yields up to 72%, whereas it 

has to be noted that most of yield loss is due to the precipitation steps (Scheme 8).  

 

 
Scheme 8: Nitration of (L)-Phenylalanine to pNF.  

 

Subsequent hydrogenation of 14 furnishes para-(L)-Aminophenylalanine 15 (pAmF, 

Scheme 9). A solvent mixture of methanol and with HCl acidicfied water very much 

enhances solubility and consequently conversion rates. To ensure that all powdered pNF 

14 dissolves, sonication is a suitable technique. Slight hydrogen overpressure by a 

balloon and vigorously stirring is applied to ensure the reaction to take place at room 

temperature. Reaction control is again done by TLC as previous discribed. 
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Scheme 9: Hydrogenation of pNFA to pAmF.  

 

Aryl azides can be generally prepared by diazotization of an aryl amine and subsequent 

treatment with sodium azide. Further possibilities would be the use of triflyl azide as 

azidation reagent under mild conditions providing good compatibility with functional 

groups. However the triflyl azide is not commercially available.166 Furthermore a CuI 

catalyzed ULLMAN-type conversion of aryl halides can be conducted to get aryl azides.167  

Sodium nitrite under acidic conditions and subsequent addition of sodium azide to the 

amine furnishes the aryl azide compound para-Azido-(L)-phenylalanine 16 (Scheme 

10).168 In most cases precipitation by addition of NaOH solution at a pH around 5.5 can 

be conducted to isolate the unnatural amino acid. In some cases, especially in bigger 

scales up to 10 g, precipitation was difficult to occur. In this situation the aqueous 

solution was set to pH=5.5 and water was evaporated at the rotary evaporator (maximum 

45 °C, slowly decrease vacuum up to 20mbar). The solid residue was re-dissolved in 

Methanol and the solid, which is mainly NaCl, is filtered off. This purification procedure 

can be repeated several times until no more precipitation occurs. Since NMR spectra are 

conducted in D2O the amount of salts cannot be calculated with this technique. 

Elementary analysis can be performed to ensure a salt free compound, although for our 

biological approach salts are not harmful.  
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Scheme 10: Sythesis of para-Azido-(L)-phenylalanine (pAzF).  

 
Besides the transformation to an azide group pAmF 15 can be converted to thiocyanate 

17 under similar conditions, or diazoniums salts respectively (Scheme 11).169  

 

 

Scheme 11: Synthesis of 4-Thiocyanat-(L)-phenylalanine (pSCN-F).  

 

The synthesis of para-Thiocyanate-(L)-phenylalanine could be achieved in high yields. 

The aromatic proton signals in NMR shift towards downfield, which indicates conversion 

of the amine. Recrystallization in ethanol/diethylether was conducted to increase purity. 

Since this compound is very hydroscopic it was stored in a desiccator.  

This approach opens the field to an easy excess to radioactive labeled compounds. In the 

present case 15N-labeled KSCN would lead to the corresponding unnatural amino acid. 

Furthermore a 15N-labeled probe could verify, if a thiocyanate (-SCN) or isothiocyanate 

(-NCS) is formed.  

 

6.6 Synthesis of para-Ethynyl-(L)-phenylalanine (pEynF) 

Since the click reaction is a cycloaddition between an azide and an alkyne, another 

possibility for such bioconjugation reaction would be to incorporate an alkyne bearing 
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amino acid. The introduction of such functionalities requires a more complex synthesis. 

Para-Iodo-(L)-phenylalanine (pIF) is the required starting material. Its synthesis from 

(L)-Phenylalanine is described in the previous chapter about Miyaura borylation on 

proteins.  

In particular pIF needs to be fully protected, since especially the amine functionality 

would interfere with the subsequent Sonogashira cross coupling step.170 Appropriate 

protecting groups compose a Methyl ester and a tert-Butyloxycarbonyl (Boc) amide. 

They are synthesized by common procedures (Scheme 12).171   

 

 

Scheme 12: Carboxylic acid and amine protection of pIF. 

 

The triple bond will be introduced in the following steps by a palladium catalyzed 

Sonogashira cross coupling (Scheme 13). Removal of the silyl group requires deep 

temperatures for a selective deprotection and takes place quantitatively in the presence of 

the fluorine source tetrabutylammonium fluoride (TBAF).  

 

 

Scheme 13: Sonogashira cross coupling and subsequent silyl deprotection. 

 

The triple bond is herby successfully introduced and the remaining protecting groups can 

be cleaved off. The methyl ester is cleaved under basic conditions (Scheme 14).  
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Scheme 14: Deprotection of methyl ester under basic conditions. 

 

Initially deprotection of the Boc-protecting group was conducted using TFA under 

aqueous conditions. Unfortunately this result in addition of water to the triple bond 

(Scheme 15). The isolated aldehyde 12 could be confirmed by a new signal pattern in 1H-

NMR of a -CH2 signal at 2.60 ppm (in MeOD) and –CHO  signal at 7.8 ppm (in d6-

DMSO) in comparison to the alkyne signal at 3.52 ppm. Or according to 13C-NMR 

197 ppm (CHO) and 35 ppm (CH2) in comparison to 84 ppm and 80 ppm for the alkyne. 

LC-MS gave a single peak at 7.57 min with a corresponding mass of 208, which can be 

assigned to a full conversion to the aldehyde 12.  

 

 

Scheme 15: Formation of an aldehyde under aqueous conditions. 

 

Knowing about the formation of such aldehydes, the deprotection has to take place under 

water free conditions. The Boc-protected amino acid 11 was treated with HCl in Dioxane 

to quantitatively yield in the desired para-Ethynyl-(L)-phenylalanine (pEynF) 13 as a 

HCl salt (Scheme 16).  
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Scheme 16: Final step in the synthesis of para-Ethynyl-(L)-phenylalanine (pEynF).  

 

6.7 Incorporation of pAzF and pEynF into mTFP* 

 

Both synthesized unnatural amino acids pAzF 04 and pEynF 13 are successfully 

incorporated into mTFP*.  

A variety of in vivo methods have been developed to incorporate unnatural amino acids 

(UAA) into proteins employing the existing protein biosynthetic machinery of the cell. 

These methods take advantage of the fact that anticodon–codon recognition between 

mRNA and tRNA is largely independent of the structure of the amino acid linked to the 

3’-terminus of the acceptor stem of the tRNA. The amber stop codon (TAG), the least 

used stop codon in the E. coli genome, is utilized to code for the incorporation of the 

unnatural amino acid (Figure 45).172  
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Figure 45: Incorporation of para-Azido-(L)-phenylalanine into mTFP*.  

 

A fluorescent protein has been chosen to be the host of unnatural amino acid 

incorporation. As we could show this protein is non-toxic, well expressed, highly soluble, 

temperature and pH stable and can even be dissolved in a variety of organic solvents, 

which might be useful when in comes to catalytic reactions and the need for an organic 

cosolvent. The most obvious advantage is the proof of successful incorporation by appear 

colored, since only a full length folded protein chain will show fluorescence. The 

monomeric Teal fluorescent protein mTFP from Clavularia coral has increased 

brightness, optimal excitation and an increased photostability (λext = 462 nm; λemm= 492 

nm, quantum yield of mTFP1 = 0.85).173,174  

As we have recently published, computational studies highlighted that several positions 

in mTFP (Gln128, Tyr188, Tyr200 and Tyr204) are especially suitable incorporation of 

unnatural amino acids such as para-Azido-(L)-phenylalanine 16 (Figure 46). Two of 

them (Gln128, Tyr188) represent exposed positions on the protein surface, whereas the 

other two (Tyr200, Tyr204) lie in a cavity and can facilitate enantioselective catalysis by 

the chiral environment of the cavity (see chapter about metal coordinating amino acids).  
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It has to be proven if the location of the newly incorporated functionality effects 

expression yields, complexation to a metal and in the final enantioselectivities. mTFP has 

also to be modified to ensure a site specific complexation of a metal. To avoid an overall 

complexation all metal binding residues like Cys, His, Met are removed (H21Y, M109L, 

H119Y, 168Y, H169Y, H200Y) (Figure 46). In the beginning only surface located metal 

binding amino acids have been replaced, but it could be proven that metal soaking won’t 

affect amino acids positioned in the inner sphere of the protein. The new host is named 

mTFP* 

To establish mTFP* as a suitable host for incorporation of pAzF 16, first an efficient and 

robust expression system was developed. Successively thermo- and pH stability was be 

tested, to ensure that mTFP* is structurally stable under certain catalytic reaction 

conditions. Optimal incorporation conditions have been found to ensure high expression 

yields.  

 

Figure 46: Engineered protein mTFP* allows incorporation at four different positions:                  

Q128pAzF and Y188pAzF (exposed), Y200pAzF and Y204pAzF (in cavity). 

The unnatural amino acid para-Azido-(L)-phenylalanine has been incorporated by using 

the orthogonal pair approach developed by P. SCHULTZ and his group. 175  

 

Expression and Purification: For production of mTFP*, LB Medium that contained 

180mg L-1 ampicillin and 50 mg/mL Chloramphenicol, was inoculated with E. Coli BL21 

(DE3) Gold cells, purchased from Agilent Technologies, that had been transformed with 

pET303/SUMO_mTFP*XXXpAzF/pEynF and pEVOL-pAzF/pEynF. Expression yields 

were improved by picking fluorescent colonies, from LB Agar containing 180 mg L-1 

ampicillin, 50 mg/mL Chloramphenicol, 1 mM IPTG and 0.02% L-Arabinose, for pre-

culture. Pre-cultures were left to grow overnight at 37 °C and were further used to 
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inoculate expression cultures under standard protocol. Induction occurred at OD 0.5 – 

0.6, using 1 mM IPTG and 0.02% L-Arabinose. Cells were left to express for 48 hours at 

20 °C. Cultures were then centrifuged at 4500 rpm for 30 minutes and cooled to 4 °C. 

Pellets were washed with Lysis Buffer A, containing 100 mM Tris/HCl pH 7.4, 500 mM 

NaCl and 20 mM Imidazole. Before lysis c0mplete protease Inhibitor cocktail (Roche), 

was added together with DNase. Lysis occurred using Frenchpress (FIRM). Lysates were 

immediately centrifuged at 25000 rpm (Centrifuge) and also cooled to 4 °C. Respective 

supernatant was prawn to Ni-Affinity Chromatographic principles and eluted from the 

column between 20 and 35% of Elution Buffer B containing 100 mM Tris/HCl pH 7.4, 

500 mM NaCl and 500 mM Imidazole. SUMO protease was added to the eluted protein 

and the mixture then dialysed overnight, at 4 °C, against Buffer A. Further Ni-Affinity 

Chromatography followed to remove the SUMO-Tag. Pure Protein was collected from 

the flow-through whereas elution with Buffer B showed a distinct elution of residual 

SUMO-Tag and Protease. If necessary, Batches of almost pure protein were further 

purified using Anion Exchange Chromatography. Anion Exchange Chromatography 

occurred using Q-Sepherose Colum (GE). Protein samples were dialysed against 100 mM 

Tris/HCl pH 7.4 and loaded onto the column. Elution occurred with a smooth gradient up 

20 % of the same Buffer containing additional 1 M NaCl.  

 

Purity was determined by SDS-PAGE gel electrophoresis at 12.5% acrylamide, showing 

a single band slightly above 25kDa, which corresponds to the desired mass of 25180 Da 

for mTFP*pAzF (Figure 47).   

 

Figure 47: SDS-PAGE of mTFP*204pAzF.  
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Besides the visual evidence of a successful incorporation by maturation of the fluorescent 

chromophore of the protein mTFP*, which can be seen by the green color of the protein, 

LC-MS was conducted to confirm the protein’s mass (Table 20).  

 

Table 20: Expected MS for different mutants of mTFP*. 

UAA position M [Da] 
M [Da]               

after click 

mTFP*wt 25154  

mTFP*128pAzF 25228 25294 

mTFP*188, 200, 204 pAzF 25179 25245 

 
 
LC-MS data prove a fully expressed protein with incorporated unnatural amino acid 
(Figure 48).  
 

 

Figure 48: Deconvoluted spectra of mTFP*188pAzF showing successful incorporation of the 

unnatural amino acid (expected MS 25179).    
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7 Metal coordinating UAA 

 

Metal ions perform crucial roles in the structure and function of many proteins. They 

serve as important structural elements, control biological activity and are cofactors in a 

wide range of catalytic and electron-transfer processes. Accordingly, there is an increased 

interest in the rational design of metalloproteins.176 However it remains challenging to 

engineer centers which site selectively coordinate only one metal ion, surrounded by 

distinct inner- and outer sphere amino acid residues. The protein scaffold surrounding 

this metal center in close proximity could act as a chiral ligand enforcing 

enantioselectivity in a chemical reaction. One way of streamlining the design of 

metalloproteins is to genetically encode (multi-) dentate, metal-binding amino acids.177 

But so far there are known only a very limited number of such unnatural amino acids.  

This chapter gets involved with the rather challenging synthesis of metal coordinating 

unnatural amino acids.  

 

7.1 Bpy-Ala and HQ-Ala as anchoring points of active centers for enantioselective 

Diels-Alder [4+2] cycloaddition reaction 

 

PETER SCHULZ ET AL. attempted at first to synthesize 2,2’-Bipyridin-5-yl-(L)-alanine 

(Bpy-Ala) to investigate the biosynthesis of a site-specific DNA cleavage Protein.178 He 

could demonstrate that redox active metal ions, such as Cu2+ or Fe2+, can be selectively 

introduced at defined sites in a DNA binding protein by incorporation of this unnatural 

amino acid Bpy-Ala and therefore directly map the protein’s binding site on a duplex 

DNA (Figure 49). 

 

Figure 49: Bpy-Ala and HQ-Ala as metal chelating amino acids. 
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The characteristics of the Bpy-Ala side chain is a N,N’-bidentate that strongly coordinates 

transition metal ions such as Fe2+, Fe3+, Cu2+, Co2+, Co3+, Zn2+, Ni2+, Ru2+ or Ru3+ and is 

able to form dimeric or trimeric metal ion complexes. Computational explorations of an 

unnatural amino acid dependent metalloprotein, as well as experimental characterization 

reveals the ability to bind divalent cations to structures such as Bpy-Ala.179 X-ray crystal 

structures of the developed protein indicates bounding to Co2+ and Ni2+ and have RMSDs 

to the design model of 0.9 and 1.0 Å respectively over all atoms in the binding site. 

This prerequisite to coordinate divalent cations furthermore allows metal ion affinity 

purification of proteins by simple genetically incorporating metal-chelating amino 

acids.180 N. PARK ET AL demonstrated this method to be successful with Bpy-Ala and 

HQ-Ala genetically incorporated into Glutathione S-transferase (GST). GST mutants 

containing HQ-Ala could efficiently enriched in Ni-NTA by the metal ion affinity and 

purified to excellent purity. 

PETER SCHULTZ ET AL. also demonstrated that the addition of Zn2+ to HQ-Ala containing 

proteins results in the formation of a fluorescent probe and furthermore of a heavy metal 

binding site for single-wavelength anomalous diffraction (SAD) phasing in protein 

crystallographic structure determination.181 This proves that the genetic incorporation of 

metal chelating amino acids can result in sensitive biophysical probes.  

 

Despite those previous attempts it hasn’t been shown to use those unnatural amino acids 

as site-specific coordination sites for catalytically active metal organic enzyme hybrids. 

In our aim to design a catalytically active protein, which can be used in enantioselective 

reactions like Diels-Alder [4+2] cycloaddition, we are in need of these stable, 

complexating amino acids.  

 

7.1.1 Synthesis of 2,2’-Bipyridin-5-yl-(L)-alanine (Bpy-Ala) 

 

Bpy-Ala bears two main building blocks, which is on the one hand the amino acid moiety 

and on the other hand the unnatural, metal coordinating side chain. The simplest 

approach to synthesize such complex structures having sensitive or incompatible 
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functionalities is by fusion of an amino acid precursor to a side chain building block 

having a leaving group. Benzyl bromides pose as such electrophiles and can be attained 

by benzylic bromination of the forgoing 5-Methyl-2,2’-bipyridne.  

 

The required heterocycle can be obtained via different methods. Starting from the 

commercially available 5-Methylpyridin-2-ol, which can be easily converted into the 

corresponding Triflate (Scheme 17). The desired product can be obtained by Negishi 

cross coupling reaction in the present of tert-Butyllithium and ZnCl2 / LiCl in order to 

perform transmetallation to the active Pyridyl zinc reagent.182 Following this strategy the 

Triflate could be obtained in good yields, however the cross coupling step resulted in 

very low isolated amount of desired product. This could be due to not extensively dried 

solvents at that time, why traces of water hinders the formation of required electrophile.    

 

 

Scheme 17: Metalorganic approach to synthesize the Pyridine precursor. 

Alternatively 2,2-Bipyridine derivatives can be obtained by other cross coupling such as 

Stille couplings, which provides various dipyridyl compounds in moderate to good 

yields.183 However heat sensitive compounds might be challenging in this approach. The 

toxicity of tin reagents should be furthermore considered.  

Suzuki cross coupling was not performed in building 2,2-Bipyridine compounds until 

recent years, due to the difficulty of gaining stable 2-Pyridylboron coupling precursors. 

The relatively high catalyst loadings could furthermore limit its applications in organic 

synthesis. 
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However I tried to synthesize the required 2-Pyridylboronic acid derivative by using 2-

Bromo-5-methylpyridine as the starting material (Scheme 18). Unfortunately we could 

not isolate the heterocyclic boronic acid, however LC-MS indicated product formation.  

 

 

Scheme 18: Precursor for Suzuki cross coupling. 

 

Finally Bpy-Ala was synthesized by using a previously reported method with some 

modifications.184,185 The Kröhnke pyridine synthesis provides a fairly general method to 

produce substituted dipyridyl building blocks (Scheme 19). In case of the 5-Methyl-2,2′-

bipyridine it arises from 1-(2-Pyridylacetyl)pyridinium iodide, which can be synthesized 

from commercially available 2-Acetylpyridine.  

 

 

Scheme 19: Synthesis of 1-(2-Pyridylacetyl)pyridinium iodide. 

 

The high acidity of the methyl group undergoes a Micheal-like addition of α,β-

unsaturated carbonyl in the present of Ammoniumacetate, which subsequently undergoes 

a ring closure and the formation of the desired substituted pyridine (Scheme 21). As a 

byproduct Pyridinium iodide 27 is formed.  
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Therefore the mechanism of the Kröhnke pyridine synthesis requires Methacrolein as the 

targeted α,β-unsaturated carbonyl and Ammoniumacetate in order to generate in 5-

Methyl-2,2′-bipyridine (Scheme 20).186  

 

 

Scheme 20: Mechanism of the Kröhnke pyridine synthesis applied to 5-Methyl-2,2′-bipyridine. 

 

 

Scheme 21: Reaction conditions for the synthesis of 5-Methyl-2,2′-bipyridine. 

 

The benzylic bromination of heterocycle could not be achieved with the reaction 

conditions shown in literature of refluxing temperatures in Carbon tetrachloride. In 

conflict with the “SSS-rule”, which says that alkyl substituted aromatic compounds 

undergo substitution an the Side chain under specific conditions including UV-irridiation 

(Sun) and reflux temperatures (german: Siedehitze), 5-Methyl-2,2′-bipyridine 28 was not 

substituted at its benzylic position under those harsh conditions. Different conditions 

were investigated such as several radical starters, solvents. Furthermore we considered 

homogenous heating in a microwave, since it usually increases yields without significant 

side product formation (Table 21).    
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Table 21: Test of different reaction conditions: radical starters, solvents and ways of heating. 

 

# 
NBS 

[eq.] 

radical 

starter [eq.[ 
solvent T time 

GC yield 

[%]1 

1 1.1 AIBN 0.1 CCl4 100 °C2 7.5 h < 3 

2 1.8 DBPO 0.01 EtOAc 

MW: 400 W, T 

ca. 300 °C, shut 

down 

< 3min 10 

3 1.8 DBPO 0.01 DEC 

MW: 400 W, T 

ca. 225 °C, shut 

down 

< 3min 41 

4 

5 
1.8 DBPO 0.01 DEC MW: 80 °C 

30 min 

1 h 

2 

5 

6 0.45 - - 100 °C 1 h 31, s.p.  

7 1.8 DBPO 0.01 DEC MW: 80 °C 15 h 19 

8 1.0 DBPO 0.1 CCl4 MW: 80 °C 4 h n.c. 

9 1.8 DBPO 0.01 DEC 

MW: 400 W, T 

ca. 230 °C, shut 

down 

<5 min n.c. 

10 
1.2 

DBPO 0.1 

- 

CCl4 80 °C2 

80 °C2 

5 -17h 14 

12 DEC 5 -17h 12 

13 1.8 DBPO 0.01 DEC 

MW: 400 W, T 

ca. 230 °C, shut 

down 

<7 min n.c. 

14 

 
Br2,  

1.0 eq. 

- 
benzene/water 1:1 90 - 100 °C2 30 min – 21h 

n.c. 

15 DBPO 0.1 n.c. 

[1] Yields are determined by GC-MS without standard: n.c. = no conversion, s.p. = side 

products. [2] heating took place in a common oilbath, MW=Microwave; 

DEC=Diethylcarbonate, DBPO= Dibenzoylperoxid.  

 

N
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radical starter

(solvent)
T, tN

N
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All reaction conditions we investigated in the benzylic bromination of 5-Methyl-2,2′-

bipyridine could not achieve the desired product in acceptable yields. Still the best result 

gives DBPO 1 mol% in Diethylcarbonat under microwave conditions (Table 21, Entry 3) 

but yields only in 41%. 

H. TOGO ET AL presented different methods of performing benzylic bromination under 

quite mild conditions in the presence of Oxone® and Potassium bromide as bromine 

source.187 He obtained, that in high excess of those reagents the reactions runs up to the 

stage of brominated species, whereas only slight excess promotes the reaction to stay at 

the step of the benzoic acid. L. YIN confirmed this discovery, while testing similar 

compounds conversion in a mixture of Acetonitrile and water (Scheme 22).188  

 

 

Scheme 22: Condition shown by TOGO ET AL. 

 

Therefore similar conditions were tested, which might even avoid the environmentally 

unfriendly and toxic solvent such as Carbon tetrachloride.  

Generally speaking the best conversion could be achieved with N-Bromosuccinimide 

10 mol%, Dibenzoylperoxide 1 mol% in Diethylcarbonat under microwave conditions 

(Table 22, Entry 4, 11, 12) or with KBr, Oxone® in a Acetonitril-water mixture 6:0.5 

(Table 22, Entry 5-8), but none of all executed reactions led to satisfying results.  
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Table 22: Benzylic bromination under the conditions shown by TOGO ET AL. 

 

# Compound condition Solvent T Yield [%]2 

1 

 

KBr 1.0 eq., 

Oxone 3.0 eq. 
MeNO2 50 °C n.c. 

2 
KBr 1.0 eq. Oxone 

1.0 eq. 
MeNO2 50 °C n.c. 

3 

KBr 2.0 eq., 

Oxone 2.0 eq., 

sun1 

DCM: H2O 9:1 rt <1 

4 
NBS 1.8 eq. 

DBPO 0.1 eq. 
DEC 

MW, 

300 °C, 5min 
53, 313 

5 

 

KBr 1.1 eq. Oxone 

2.2 eq., sun1 
ACN: H2O 6/0.5 

45 °C 31, mix 

6 rt 45, 353 

7 

 

KBr 1.1 eq. Oxone 

2.2 eq., 

ACN: H2O 6/0.5 

45 °C 56 

8 

KBr 1.1 eq. Oxone 

2.2 eq., sun1 

 

rt 24, 413 

9 

 

KBr 1.1 eq. Oxone 

2.2 eq., sun1 
ACN: H2O 6/0.5 rt 68, 263 

10 
NaOH 1.0 eq., 

sun1 
ACN: H2O 6/0.5 rt 0, >993 

11 
NBS 1.8 eq. 

DBPO 0.1 eq. 
DEC 

MW, 

300 °C, 5min 
37 

12 

 

NBS 1.8 eq. 

DBPO 0.1 eq. 
DEC 

MW, 

300 °C, 5min 
57, 303 

bromination source

solvent
T, light source

Br

N
N

Br

N OH

N
N
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13 
 

NBS 1.8 eq. 

DBPO 0.1 eq. 
DEC 

MW, 

300 °C, 5min 
25, 303 

[1] “sun” irridates at wavelenght of 300-600 nm; [2] yields are determined by GC-MS without standard, 

n.c. = no conversion. [3] side products such as double bromination. 

MW=Microwave; DEC = Diethylcarbonate. 
 

Finally using the initial conditions of 1.1eq. NBS and 10 mol% AIBN in Carbon 

tetrachloride (Table 22, Entry 1), but reducing the temperature from reflux to milder 

40 °C result selectively in the benzylic brominated product. Purification by column 

chromatography can be operated and leads to a pure product, although under loss of yield 

(Scheme 23).  

 

 

Scheme 23: Final condition of successful benzylic bromination. 

 

Subsequent nucleophilic substitution by an amino acid precursor like deprotonated 

Diethylacetamidomalonate can be done without extensive purification of the starting 

material, if excess of AIBN and Succinimide was eliminated by simple extraction.  

Diethylacetamidomalonate can be deprotonated with NaH or other bases like Cs2CO3. 

Nucleophilic attack on the benzylic position of 5-(Bromomethyl)-2,2'-bipyridine leads to 

the still fully protected amino acid (Scheme 24).  
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Scheme 24: Fusion with an amino acid precursor. 

 

Subsequent deprotection takes place while stirring in 12 N Hydrochloric acid. The 

unnatural amino acid Bpy-Ala can be obtained in very good yield as HCl-salt, which 

appears as a white powder (Scheme 25).  

 

 

Scheme 25: Final deprotection step in the synthesis of Bpy-Ala. 

 

First attempts of transition metal complexation were successfully accomplished by Dr. 

Gabriel Büchel. X-Ray Crystal structure determination shows no coordination of the 

transition metal to the amino acid functionality, but as expected a bidentate chelating 

property of the 2,2’-Bipyridyl residue. Different transition metals were tested, which 

possible can act as catalytic centers in enzyme hybrids. Metal incorporation was 

conducted as Ruthenium and Rhodium complexes: [RuCl(Bpy-Ala)(benzene)] and 

[RhCl(Bpy-Ala)(Cp)] (Figure 50).  
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Figure 50: [RuCl(Bpy-Ala)(benzene)] and [RhCl(Bpy-Ala)(Cp)].  

 

2,2’-Bipyridin-5-yl-(L)-alanine (Bpy-Ala) could be already selectively incorporated into 

mTFP* using previously reported direct evolution methodology. An orthogonal 

tRNA/aaRS pair was generated from a Methanococcus jannaschii amber suppressor 

tyrosyl-tRNA (MjtRNATyr ) tyrosyl-tRNA synthetase (MjTyrRS) pair.  

 

Specific incorporation of Bpy-Ala was confirmed by LC-MS and MALDI-TOF-MS 

analysis of the mutant protein, for both exposed position (mTFP*128BpyA) and in cavity 

(mTFP*204BpyA) (Figure 51, Figure 52).  

 

 

Figure 51: LC/MS report of mTFP*204BpyA (expected MS: 25216.74, found: 25217). 

 

N
N NH2

OH

O

Ru
Cl

ClH-

N
N NH2

OH

O

Rh
Cl

Cl-

Component  Molecular     Molecule       Absolute   Relative
           Mass                         Abundance  Abundance

 A           25216.8319    25217.3443  [M + H]+         71652     100.00
 B           25278.1465    25278.5663  [M + H]+         26601      37.13
 C           25263.8337    25265.2627  [M + H]+         25236      35.22
 D           13291.7042    13294.4839  [M + H]+         11610      16.20
 E           25235.9648    25237.8790  [M + H]+         17743      24.76
 F           25297.0968    25299.9143  [M + H]+          7119       9.94
 G            6648.2121     6648.5012  [M + H]+          2452       3.42

Component A Detail
       Actual     Charge   Isotopic    Predicted
       Peak                Mass([M + H]+)  Peak

     721.4811    35+         25217.5895      721.4881
     742.6986    34+         25218.5122      742.7082
     765.1302    33+         25217.0643      765.1232
     788.9988    32+         25216.7368      789.0018
     814.4201    31+         25216.8042      814.4210
     841.5334    30+         25216.7898      841.5348
     870.5420    29+         25217.5136      870.5531
     901.6015    28+         25217.6468      901.6083
     934.9495    27+         25217.4475      934.9639
     970.8783    26+         25217.6552      970.8853
    1009.6705    25+         25217.5870     1009.6804
    1051.6901    24+         25217.3953     1051.7084
    1097.3756    23+         25217.4793     1097.3911
    1147.2131    22+         25217.5363     1147.2267
    1201.7668    21+         25216.9583     1201.7608
    1261.8058    20+         25216.9769     1261.7985
    1328.1996    19+         25217.6611     1328.2087
    1401.8729    18+         25216.5881     1401.8864
    1401.9555    18+         25218.0753     1401.9422
   
     Molecular Mass ([M + H]+): 25216.8319      Std. Deviation: 0.252325
     Average Mass ([M + H]+): 25217.3443

Component B Detail
       Actual     Charge   Isotopic    Predicted
       Peak                Mass([M + H]+)  Peak

     767.0220    33+         25279.4938      767.0116
     790.8935    32+         25277.3660      790.9179
     816.3765    31+         25277.4538      816.3989
     843.5919    30+         25278.5463      843.5786
     872.6564    29+         25278.8333      872.6674
     903.7482    28+         25277.7537      903.7622
     937.1914    27+         25277.9779      937.1976

Compound Mass Spectrum Deconvolution Report
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Figure 52: LC/MS report of mTFP*128BpyA (expected MS: 25265, found: 25258). 

 

mTFP*Bpy-Ala[(M)(L)] or mTFP*HQ-Ala[(M)(L)] respectively, which will be 

discussed in the next chapter, will be used as enantioselective catalysis such as Diels-

Alder [4+2]-cycloadditions (M=Cu). We hope that the protein’s environment will 

enhance chiral induction and therefore lead into distinct enantiomeric excess of the 

desired cyclic product.  

 

7.1.2 Synthesis of 2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQ-Ala) 

 

Hydroxychinolin derivatives are useful compounds with very different approaches. 

Besides its antiseptic properties based on transcription inhibition,189 8-Hydroxyquinoline 

is also used in organic light-emitting diodes (OLED’s) as an Aluminium(III) complex, 

whereas its luminescence properties vary with its substitution pattern.190 Its ability to 

complex transition metals is used in the analytical chemistry for the quantification of 

metals, since 8-Hydroxyquinoline forms stable, insoluble chelating complexes in water. 

These oxine complexes have different pH-dependent solubility’s and therefore can be 

used in separation of different cations like cupper or cadmium.  

We aim to use this structural characteristic as a host for catalytically active transition 

metals in order to perform enantioselective synthesis. 8-Hydroxyquinoline alanine (HQ-

     936.5182    27+         25259.8035      936.5335
     972.5031    26+         25259.8988      972.5153
    1011.3742    25+         25260.1802     1011.3756
    1053.4506    24+         25259.6474     1053.4325
    1053.4967    24+         25260.7532     1053.5161
    1099.2013    23+         25259.4691     1099.1901
    1149.1460    22+         25260.0594     1149.1532
    1203.8380    21+         25260.4526     1203.8268
    1263.9925    20+         25260.7118     1264.0179
    1330.2784    19+         25257.1591     1330.2809
    1330.3739    19+         25258.9729     1330.3865
    1330.4561    19+         25260.5348     1330.4393
    1404.2778    18+         25259.8772     1404.2967
    1486.7997    17+         25259.4790     1486.7841
    1486.9488    17+         25262.0140     1486.9612
   
     Molecular Mass ([M + H]+): 25257.2065      Std. Deviation: 0.313796
     Average Mass ([M + H]+): 25259.9982

Cmpd 2, 8.2 min

Component  Molecular     Molecule       Absolute   Relative
           Mass                         Abundance  Abundance

 A           25258.8700    25260.2505  [M + H]+        120051     100.00

Component A Detail
       Actual     Charge   Isotopic    Predicted
       Peak                Mass([M + H]+)  Peak

     702.6746    36+         25261.0311      702.6703
     722.7099    35+         25260.5994      722.7178
     743.9384    34+         25260.6666      743.9446
     766.4247    33+         25259.7822      766.4275
     766.4845    33+         25261.7551      766.4883
     790.3505    32+         25259.9891      790.3468
     815.8125    31+         25259.9685      815.8094
     842.9776    30+         25260.1160      842.9695
     872.0317    29+         25260.7168      872.0373
     903.1086    28+         25259.8447      903.1096
     936.5223    27+         25259.9139      936.5208
     972.5042    26+         25259.9275      972.5021
    1011.3700    25+         25260.0748     1011.3619
    1053.4970    24+         25260.7607     1053.5018
    1099.2187    23+         25259.8695     1099.2188
    1149.1634    22+         25260.4418     1149.1832
    1203.8390    21+         25260.4744     1203.8582
    1263.9872    20+         25260.6063     1264.0007

Compound Mass Spectrum Deconvolution Report

printed:Bruker Compass DataAnalysis 4.0 2 of 3Page 4/29/2014 2:07:39 PM
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Ala) is the desired unnatural amino acid, which will be incorporated into an engineered 

protein to ensure site specifically metal complexation (Figure 53).  

 

 

Figure 53: 8-Hydroxyquinoline alanine (HQ-Ala).  

 

The Skraup-Doebner-von Miller reaction is used to synthesize quinolones (Figure 54). To 

gain 8-Methoxyquinoline, 2-Methoxyaniline and the α,β-unsaturated carbonyl compound 
methacrolein are reacted in the present of sulfuric acid and catalyzed by a Lewis acid 

such as iodine, which can be generated in situ by sodium iodide.191  

 

Figure 54: Skraup-Doebner-von Miller quinolone synthesis.  
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Those reaction conditions were applied to synthesize the desired 8-Methoxyquinoline 

(Scheme 26). The compound 32 can be isolated in 57% yield after purification by column 

chromatography.  

 

Scheme 26: Synthesis of 8-Methoxychinoline. 

 

In order to perform a benzylic bromination in the subsequent step, the protection group 

needs to be changed to a more electron withdrawing group. Otherwise bromination at the 

aromatic core occurs. Deprotection can be achieved in the presence of Boron tribromide 

in good yields, whereas HBr doesn’t form the desired unprotected 8-Hydroxyquinoline 

(Scheme 27).  

 

Scheme 27: Deprotection of 8-Methoxychinoline with BBr3. 

 

The choice of the right electron withdrawing protection group for the subsequent step is 

of importance. Although SCHULTZ ET AL and others are using an Acetyl protection group, 

which can be obtained in good yields, side products are observed in form of a 

bromination of the acetyl group itself and to some extend bromination of the core 

structure. LC-MS/ESI indicates such formations. A tert-Butyloxycarbonyl protection 
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group poses the right choice, however the synthesis yields in only 44% of protected 

hydrochinoline 35 (Scheme 28).  

 

Scheme 28: Introduction of electron withdrawing protection groups to avoid bromination of the 

aromatic core. 

 

As in the previous chapter describes, benzylic bromination is quite challenging and could 

be accomplished in the case of 5-Methyl-2,2′-bipyridine 28 only selectively by reducing 

the temperature (Scheme 29). Having discovered similar problems in the case of 

quinoline compounds, I modified the conditions according to the example before.  

 

Scheme 29: Benzylic bromination under similar conditions as for 5-Methyl-2,2′-bipyridine.  

 

Purification seems to be problematic, since reproducible results couldn’t be realized. 

Therefore successive coupling to the amino acid precursor Diethyl acetamidomalonate 

was conducted, which is easier to separate off the tert-Butyl (3-methylquinolin-8-yl) 35 

carbonate. Unreacted reagents need to be removed by aqueous washing of the crude 

mixture (Scheme 30).  
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Scheme 30: Subsequent coupling to the amino acid precursor makes purification easier.  

 

Similar to the previous description of Bpy-Ala 31, full deprotection takes place by 

concentrated Hydrochloric acid. HQ-Ala can be isolated as the hydrochloric salt in 

excellent yields (Scheme 31).  

 

 

Scheme 31: Final step of deprotection results in HQ-Ala 38.  

 

First attempts of incorporation of HQ-Ala 38 into mTFP* using the Synthase pEVOL-

HQA provided gave quite low incorporation efficiencies. Currently studies are ongoing to 

improve incorporation yields of such metal binding unnatural amino acids.   

mTFP*HQ-Ala[(M)(L)] as well as the previous described mTFP*Bpy-Ala[(M)(L)] will 

be used in Diels-Alder [4+2]-cycloadditions (M=Cu). 

 

7.2 dpa-Lysine derivatives 

 

Diketopiperazine based anion receptor bearing two dipicolylamino arms complexed to 

zinc(II) ions were described by JOLLIFFE et al. Those complexes upon addition of zinc(II) 
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are suitable to bind di- or triphosphate ions with high affinity and selectivity in aqueous 

media and could therefore be used as sensors for specific anions (Figure 55).  

 

 

Figure 55: Ion sensor presented by JOLLIFFE based on an unnatiural amino acid.  

 

Knowing the prerequisites for an UAA and the aim to design a catalytically active one we 

formulated a lysine derivative bearing a dipyridyl moiety, which later can coordinate 

metals easily by two or three of the N-centers. Pyridyl ligands in generell are used in 

catalysis, because they are providing strong σ-donor/π-acceptor properties to the 

transition metal.  

Dipyridyl structures are already known in catalysis to act as well coordinating ligands 

providing strong σ-donor and π-acceptor bonds.  

 

However the dpa molecule bears three donor centers, which can be coordinated. As 

BOKACH described it is assumed that for example dipyridyl amino Pt(II) bis chelates can 

be used as metal coordinating ligands for the design of supramolecular structures via the 

coordination of the central nitrogen atom.192 Such additional coordination of the central 

nitrogen atom is also presented by MURILLO et al.193 
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Figure 56: Dipyridylamine lysine (dpa-Lys).  

 

Since Lysins are common amino acids it stands to reason to start the synthesis of 

derivatives from the chrial pool itself (Figure 56). Amidation reactions on the amino acid 

side chain most commonly are conducted on solid phase.  

Amination can be achived by reacting the amine functionality of the lysine with 

Heteroaryl halide (Route 1, Scheme 32). Metathesis can be furthermore explored by 

fusion of an (S)-2-Aminopent-4-enoic acid and the corresponding Dipyridyl N-

allylamine. Protection groups are needed for the subsequent hydration of the double 

bound. A further possibility, however with a non-chiral amino acids as final compound, 

represents the Sn2 reaction between an amino acid precursor such as 

Diethylacetamidomalonate and the heterocyclic linker.  

 

 

Scheme 32: Retrosynthesis for dpa-Lys. 
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Initial tries to link a Boc-protected Lysine with 2-Bromo pyridine failed, although the 

conditions are described by STEPHEN L. BUCHWALD and JOHN F. HARTWIG for the 

Palladium catalyzed cross coupling of amines with Aryl halides.194  

Several generations of catalyst systems have been developed, with each system allowing 

greater scope in terms of coupling partners and milder conditions (Scheme 33). 

Nevertheless hetero aryls are rarely presented in the BUCHWALD-HARTWIG reaction.  

 

 

Scheme 33: Buchwald-Hartwig Pd-catalyzed amination.  

 

Different bases were tested to verify if in the first place the initial deprotonation takes 

place (Table 23).  

 

None of the tested reaction gave any conversion. It can be assumed that the deprotonation 

is taking place, since the pKa for the Py2NH is around ≈25.0-27.7 and the bases are 

19.0 (KOtBu) up to 10.7 (NEt3),195,196 but that the catalyst might be complexated by the 

N-heteroaryl itself and therefore hinders the reaction to take place. Especially in the 

diamination reaction with two or more equivalents such an observation was made.  
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Table 23: Screen for a suitable base fort he initial deprotonation in the amination reaction.  

 
# Base solvent T Yield [%] 

1 KOH DMSO rt - 

2 KOtBu THF rt, 0 °C - 

3 BuLi THF -78 °C - 

4 BuLi Hexane -78 °C, rt - 

5 NEt3 CH2Cl2 90 °C - 

6 AlCl3 CH2Cl2 0 °C, rt - 

7 Di-tBu-imidazoliumchlorid, 

KHMDS 

THF 0 °C, rt - 

8 Di-tBu-imidazoliumchlorid, 

KHMDS 

MeCN 0 °C, rt - 

 

 

Therefore a route over a metathesis step (Route 2, Scheme 32) seems quite promising.197 

In the olefin metathesis step itself modern well defined organometallic compounds are 

catalyzing the reaction, commonly known as Schrock or Grubbs catalysts. Schrock 

alkylideses are usually molybdenum(IV)- or tungsten(IV)-based, whereas Grubbs’ 

catalyst are ruthenium(II) carbenoid complexes, usually modified with a chelating 

isopropoxystyrene ligand to form Hoveyda-Grubbs catalysts.  

 

A required starting material in this route is a suitable amino acid precursor. Electrophilic 

addition of Allylbromide to Diethylacetamidomalonat furnishs the desired allylic product 

39 in quantitative yield (Scheme 34).198  
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Scheme 34: Synthesis of the required allylic amino acid precursor. 

 

The second starting material 40 could be achieved by deprotonation of the 

Dipyridylamine by KOtBu and subsequent nucleophilic attack on Allyl bromide (Scheme 

35). The desired compound 40 was purified by column chromatography and yield in 

71%.199    

 

 
Scheme 35: Synthesis of the desired N-Allyl-N-(pyridin-2-yl)pyridin-2-amine.  

 

The first attempt of metathesis of the alkylene synthesized above and the 

Dipyridylallylaimn-BF3-complex were unsuccessful, as well as the reaction with styrene 

under two different conditions (Scheme 36). The complexation with BF3 was conducted 

to avoid any undesired metal complexation.200  
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Scheme 36: First attempts of olefin metathesis with dipyridyl moieties.  

 

Therefor I investigated the reaction conditions such as different generations of catalysts 

and temperature for the metathesis of Diethyl-2-allyl-2-acetamidomalonat and 

Dipyridylallylaimn-BF3-complex (Table 24). Methylenchloride was used, which is a 

common solvent for such type of reactions.  
 

Table 24: Different generations of metathesis catalysts were investgated.  

 
# Catalyst [10 mol%] T Yield [%] 

1 Grubbs I rt - 
2  40 °C - 
3  60 °C - 
4 Grubbs II rt - 
5  40 °C - 
6  60 °C - 

7 Hovyeda I rt - 

8  40 °C - 
9  60 °C - 

10 Hovyeda II rt - 

11  40 °C - 
12  60 °C - 

* 40 (1 eq., 0.2 mmol, 50 mg), 39 (1 eq., 0.2 mmol, 70 mg), catalyst (10 mol%, 0.02 mmol), DCM 
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Analysis were carried out by TLC, NMR 1H/13C, GC-MS (BF3-complex not visible) and 

ESI (BF3-complex not visible). Unfortunately none of these conditions yield the desired 

olefinic product. 

 

2,2-Dipyridylamin as the building block  

The very slow addition of deprotonated 2,2-Dipyridylamin to a solution of 

1,4-Dibrombutan in THF, as well as to a solution of 4-Brom-1-butanol could not yield in 

the tertiary amine (reaction control by TLC) (Scheme 37).  

 

 
 

 

Scheme 37: Amination on 2,2’-Dipyridylamine.  

 

2-Brompyridin as the building block  

So far the neat reaction of 2-Brompyridin to primary amines only lead to the mono-

substituted product. Unfortunately microwave conditions didn’t give the di-substituted 

product in good yield (Table 25).  

 

 

 

 



 

 

148 

Table 25: Amination on 2-Bromopyridine.  

 

These results show that a small amount of di-substituted product was formed at 150 °C. 

Increasing the temperature to the boiling temperature of 2-Brompyridine (195 °C) lead to 

decomposition. Even if the reaction time would be lower (150 °C) it is still questionable, 

if appropriate protection groups of the amino acid would be stable enough under these 

conditions and be therefore beneficial. Nevertheless those results showed us that 

amination takes place.  

 

Protection of 4-Brom-1-butanol  

For later instant the alkyl chain needs to contain a leaving group in order to be coupled to 

the amino acid precursor. Therefore a hydroxyl group was considered, which can be 

transformed into a Triflate or Tosylate functionality. For instant for the amination itself 

the hydroxyl group needs to be inert and so is protected (Scheme 38).  

 

 

Scheme 38: Hydroxyl protecting by silylation.  
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The protection of the alcohol group with TBDPS works in DCM as well as in DMF.201 

NMRs of the crude product 41 showed in both cases the desired compound. The product 

of the reaction in DCM could not be isolated by column chromatography. However it was 

possible with the reaction in DMF and yield after purification in 82%.  

Another common leaving group is a halogen itself. Coupling of Dibromobutan to one 

equivalent 2,2’-Dipyridylamin was conducted but lead exclusively in double substituted 

compound, even when addition pattern was considered to ovoid local excess of 

Dibromobutan (Scheme 39).202  

 

 
Scheme 39: Addition of Dibromobutan to 2,2’-Dipyridylamine lead exclusively in the double 

substituted product.  

 

Knowing from the amination reaction above (Table 24) we tried the amination with 4-

Aminobutanol. The first attempt under catalytic conditions (Pd2(dba)3, BINAP, NatBuO, 

in toluene, 70 °C, 3h) lead to a variegated mixture of compounds, which could not be 

separated. However the amination under neat conditions and direct purification by 

coloumn chromatography lead into the mono aminated product 42 in 92 % (Scheme 40). 

A similar reaction was reported by A. ZAJAC who reacted a 3-Bromo popan-1-amin or 3-

Aminopropanol with an 2-Chloro pyridine under neat conditions.203  

 

 

Scheme 40: The mono aminated product was isolated in excellent yields.  
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The second amination of the previous synthesized product 42 was conducted under 

BUCHWALD-HARTWIG amination conditions catalyzed by Cu(I). Hereby a N- vs. O-

arylation of an aminoalkohol takes is preferred when a copper catalyst is present.204  

Unfortunately the only product, which could be observed, was an O-substituted product 

44 (Scheme 41).   

 

 
Scheme 41:O-substitution takes place instead of a second amination.  

 

The addition of 20 mol% of a ligand L, reported by BUCHWALD did not enhance product 

formation of an aminated compound (Scheme 42).  

 

 

Scheme 42: Addition of ligand L did not lead into the desired product formation.  

 

Since it was already discovered that substituation on the hydroxyl group can occur under 

shown catalytic conditions, this functionality needs to be protected as previous described. 

45 can be obtained in good yields (Scheme 43).  
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Scheme 43: Silyl protection of 4-Amino butanol.  

 
With such O-protected 4-Amino butanol 45 the amination was repeated, though did not 

yield in the desired double aminated product (Scheme 44).  

 

 
Scheme 44: Even O-protected Aminobutanol was not converted.  

 

However amination takes place under non catalytic conditions and led in the mono 

substituted product in moderate yield of 42% (Scheme 45).  

 

 
Scheme 45: Silylation of compound 42.  

 

BUCHWALD also presented a Pd(dba)2/BINAP catalyzed amination.205 The subsequent 

second amination under those Palladium catalyzed conditions could not be achieved 

(Scheme 46).  
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Scheme 46: Subsequent 2nd amination does not take place under catalytic conditions.  

 

Generally speaking, the synthesis of tertiary amines is possible and reported, however the 

amination reaction is usually reported between Alkyl chains or aryl compounds, 

excluding hetero aryls.206  

Further possible synthetic approaches were investigated. The Lewis Acid catalyzed γ-

lactone ring opening leads by an secondary amine leads into an amide bond formation, 

which can be subsequently reduced by for example LiAlH4 if necessary.207 

HEIMGARTNER presented the reaction to take place with AlCl3 in DCM at room 

temperature. 1,2-Dichlorethan was avoided due to its carcinogenic properties, but gives 

slightly better yields. In our case no conversion was detected. As MATSUMOTO reported 

the ring opening very much depends on the pressure, but we conducted the reaction under 

normal pressure (Scheme 47).208  

 

 

Scheme 47: γ-lactone ring opening to hydroxylamines.  

 

A very similar approach could be further investigated to reach the desired Dipyridyl 
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be transformed into a suitable leaving group such as a triflate in order to be coupled to an 

amio acid precursor.  

 
 

 
Scheme 48: Potential route to explore Dipyridyl lysine derivatives.  

 

7.3 Phosphorous containing UAA 

Phosphine based ligands are extremely versatile and have shown excellent properties in 

many transition metal catalyzed transformations. Most of these chiral ligands, such as 

BINAP,  DIOP, Xanthphos or DPEphos are bis(diphenylphosphino) derivatives (Figure 

58).  

 

 

Figure 57: Examples of well known chiral diphosphine ligands.  

 

Despite tremendous progress, organometallic catalysts have not reached the efficiency in 

terms of substrate-selectivity and activity of their natural counterparts, enzymes. The 

pioneering work of GILBERTSON and others,209 reported over the last decades important 

examples of peptide-based phosphines as ligands for transition metal catalysts. Amino 

acid based phosphine building blocks were made and introduced into peptide sequences 

with engineered helical or turn structures. Lately those incorporations were attained by 
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solid phase synthesis.210 However notable, most of the phosphine containing amino acids 

or peptides were protected as phosphine sulfides to circumvent possible oxidation. Of 

course for a catalytic activity the phosphorous has to remain reduced as P(III) in order to 

provide a free electron pair to the transition metal.  

 

The synthesis of the phosphine substituted amino acids should be possible, however the 

stability under physiological conditions has to be tested for these systems. Oxidation at 

the phosphorous can occur, and thus make any complexation of metal ions difficult. 

There are systems, in which the phosphines are coupled to para-Iodo-(L)-phenylalanine, 

which should result in the more stable amino acid. Especially a catechol structure 

provides higher stability by delocalization of the free lone pair on the phosphorous center 

initiated by the two oxygens (Figure 58).  

 

 

Figure 58: Potential candidates of phosphine containing amino acids. 

 

7.3.1 Triarylphosphine derivatives 

Phosphine ligands are traditionally synthesized from phosphorous nucleophiles, generally 

a phosphide anion and a carbon center possessing a good leaving group (Figure 59).211  
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Figure 59: Generall synthetic approaches for the synthesis of phosphine compounds.  

 

S. R. GILBERTSON presents the synthesis of phosphine derivatives of alanine, proline, and 

the aromatic amino acids tyrosine and hydroxyphenylglycine (Figure 60).212 Since the 

phosphide anion is highly reactive this approach is not useful in the synthesis of complex 

structures. For this reason they synthesized phosphine containing building blocks, more 

precisely phosphine amino acids, which can be incorporated into complicated structures 

by simple amide bond formation. However it has be noted that to avoid possible 

oxidation he oxidized all phosphide compounds to the corresponding phosphorousthiol.  

 

 

Figure 60: Selected phosphorous containing amino acids synthesized by S. R. GILBERTSON. 

 

The aim is to synthesize phosphorous containing amino acids of type 1 (Figure 61), 

which will be incorporated in proteins of our choice, for instant into mTFP*. The 

phosphorous moiety acts as a neutral ligand in the complexation of transition metals as 

Pd, Pt or Rh and therefore can be used as the catalyst in cross couplings for instant.  
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Figure 61: P-containing amino acid type 1.  

 

The synthesis of the phosphine substituted amino acids should be possible, however the 

stability under physiological conditions has to be tested for these systems. Oxidation at 

the phosphorous could occur, and thus make any complexation of metal ions difficult.  

Several synthetic strategies lead to the desired P-containing compounds.  

 

S. R. GILBERTSON ET AL. reported the P-C formation by by coupling a Aryltriflat with 

Diphenylphosphan under catalytic conditions..213 Reaction of the triflat with 

diphenylphosphin and Pd(OAc)2 in the presence of dppb at 100 °C in DMSO gave the 

phosphine amino acid in good yields, albeit with racemization of the α-carbon (Figure 

62).  

 

 

Figure 62: Cross couping of aryl triflates with phosphines according to S. R. GILBERTSON.  

 

Investigating such synthetic route we synthesized an appropriate test substrate. Starting 

from the corresponding alcohol formation of 4-Methoxyphenyl trifluoromethanesulfonate 

47 works in quantitative yield (Scheme 49).214  
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Scheme 49:Formation of an aryl triflate as test substrate. 

 

Although 1H- and 13C-NMR was without visible impurities para-Methoxyphenyl 

trifluoromethanesulfonate 48 was purified by coloumn chromatography and yielded still 

in more than 79%. Coupling of the aryl triflat 48 with Diphenylphosphine1 under the 

condition reported by GILBERTSON shows full conversion in 19F-NMR of 48 

(δp = -72 ppm) to the Trifluoromethansulfonic acid (δp = -78 ppm). However 31P-NMR 

and GC-MS shows no conversion to the Triarylphoshine 5, but the phosphine oxide 50. 

(Scheme 50)  

 

 

Scheme 50: P-C coupling under the conditions shown by S. R. GILBERTSON.2  

 

Former studies showed that DAVE-PHOS is likewise a suitable ligand for this type of P-

C coupling. In addition to the change for this ligand we tested different bases (KOtBu) 

and solvents (toluene and acetonitrile) (Scheme 51).  
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Scheme 51: Modified conditions fort he P-C-coupling.  

 

Reaction control took place by 1H-, 13C, 19F-, 31P-NMR. However even under these 

conditions the main product, which was formed is the oxide species 50. Decreasing the 

catalyst loading to 0.5 mol% Pd(OAc)2 / DAVE-PHOS 1 mol% at 60 °C did not lead to 

conversion, too.  

 

Two fluorine containing test substrates 51, 52, therefore could be easily detected in 19F-

NMR, were investigated, if previous conditions are suitable for a P-C cross coupling. 

Both presented substrates did not convert into the desired Triaryl phosphine 53, 54 

(Scheme 52).   

 

 

Scheme 52: Easily detectable substrates were investigated in the P-C cross coupling. 

 

Examination of Palladium catalyzed conditions on a fully protected para-

Iodophenylalanine did not yield into the desired phosphorylation. Changing solvent or 

addition of PPh3 as catalyst’s ligand did not improve conversion (Scheme 53, Figure 63).  
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Scheme 53: Pd-catalyzed Phosphination on protected pIF.  

 

 

Figure 63: 31P-NR of the crude reaction mixture shows the formation of phosphine oxides  

in the range of +20-35 ppm.  

STELZER et al. reported a Palladium-catalyzed P-C cross coupling to form water-soluble 

phosphines.215 To align this formation we considered to form the triaryl phosphine 

starting from a Iodoaryl  with our effective Pd-cycle cat-1 in degassed water at 50 °C 

(Scheme 54).  
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Scheme 54: Synthesis in water using our developed Palladacylce cat-1.  

 

Although the coupling of an aryliodid with Chloro diphenylphosphan works, however in 

low yields, these conditions have to be optimized for the synthesis of amino acids 

(Scheme 55).  

 

 

Scheme 55: P-C cross coupling works on simple Aryl iodides.  

 

Using this strategy of P-C coupling to form Phosphine containing unnatural amino acids, 

one required starting material is para-Iodophenylalanine 12 (pIF), which can easily 

synthesized by electrophilic aromatic substitution of Phenylalanin (Scheme 56).216  

 

 

Scheme 56: Synthesis of para-Iodophenylalanine (pIF). 
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A suitable protection group, which is inert against organomagnesium reagents such as 

tert-BuBr was introduced. N-(Diphenylmethylene)amines allows a nucleophilic attack of 

the GRIGNARD reagent. It is made by simple stirring with benzophenone imine (Scheme 

57).217   

 

 
Scheme 57: Introduction of benzophenone imine protection group.  

 

As organomagnesium reagents tert-BuMgBr was used, which was freshly repaired in dry 

THF at 0 °C and directly converted by addition of the protected amino acid. After full 

conversion Diphenylchlorophosphine was added at -78 °C and warmed up to room 

temperature. Unfortunately the given conditions did not lead into the desired P-C bond 

formation (Scheme 58).  

 

 
Scheme 58: First attempt to use organomagnesium reagent for P-C bond formation. 

To ensure a reactive Grignard reagent is present it was furthermore investigated if a 

commercially available iso-PrMgCl improves conversion. Additionally a ligand 2 

presented by WANG was tested.218 Sadly, with or without the presented ligand, no 

coupling was detected (Scheme 59).  
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Scheme 59: P-C cross coupling using WANG’s ligand.  

 

To prevent the Chlorodiphenylphosphan reacts with the carboxylic function of the 

aminoacids it is necessary to protect such. An alternative is to form a potassium 

carboxylat (Scheme 60).  

 

 

Scheme 60: Potassium carboxylate prevents a chlorophosphine of attacking the caboxylic 

functionality.  

 

O. STELZER presented the synthesis of water soluble phosphines by nucleophilic 

phosphination of the potassium or sodium salt of the fluorophenylalanines with 

potassium phosphides Ph(R)PK (Scheme 61).219 Under those conditions a complete 

racemization at the α-carbon atom occurs, which is known to happen under basic 

conditions. Under given conditions only several different phosphor oxides could be 

observed in the range of δp = 32-24 ppm.  

 

 
Scheme 61: Nucelophilic phosphination of K-salts of Fluorophenylalanine.  
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Arenediazonium tetrafluoroborates are also known to be applied in palladium-catalyzed 

C–P bond-forming reactions (Scheme 62).220 S. CACCHI shows the synthesis of 

arylphosphonates derives from arenediazonium tetrafluoroborates and triethylphosphite. 

His reaction tolerates various functional groups, such as bromo, chloro, nitro, ether, 

cyano, keto, and ester groups and can be performed as a one-pot reaction from anilines 

omitting the difficult isolation of arenediazonium salts.  

 

 

Scheme 62: Arenediazonium tetrafluoroborates used in C-P bond formation presented by CACCHI.  

 

In order to attain such a Diazonium salt of an amino acid diazotation of para-

Aminophenylalanine was performed. The isolated para-

(Diazoniumtetrafluoroborat)phenylalanine is quite hygroscopic and therefore difficult to 

store for a long period (Scheme 63).   

 

 

Scheme 63:Synthesis of  para-(Diazoniumtetrafluoroborat)phenylalanine (pDF+BF4-). 

Since tert-Butylnitrit was not available at that time it needed to be freshly prepared. 

Conversion of tert-Butanol with Sodium nitrit yielded after purification by distillation  

(1bar/62 °C) in tert-Butylnitrit.221  

 

To improve solubility in dry solvents such as THF a protected Aminophenylalanine was 

synthesized. The procedure is straight forward and generate excellent yields (Scheme 64).  
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Scheme 64: To increase solubility protection groups were introduced. 

 

The generated protected amino acid was transformed into the corresponding Diazonium 

tetrafluoroborate and in situ applied in the P-C coupling with KPPh2. The P-C bond 

formation did not take place, but it couldn’t be identified if the diazotation was complete. 

NMR studies could evaluate the results (Scheme 65).    

 

 

Scheme 65: Diazotation on a protected amino acid and subsequent phosphination.  

 

Summarizing the results so far Phosphination did only occur with undesired phosphine 

oxides as by products. As a result of this observation direct but selective phosphine oxide 

formation should be investigated. Subsequent reduction to the phosphine needs to be 

explored in order to provide a coordination point for transition metal complexation.  

Inspired from previous described phosphine oxide formations I investigated the reaction 

under microwave conditions (Scheme 66).222 As test substrate I chose a water-soluble 

derivative to simulate further investigations on an amino acid itself.223 Without extensive 

optimization already the first results showed phosphine oxide formation. The product can 

be easily filtered through Celite® to separate the catalyst Pd/C. Upon acidification the 

product precipitates and can be collected as pure phosphine oxid according to NMR. 31P 

NMR shows a single peak at δp = -25.27 ppm (d6-DMSO) or 31.45 ppm (MeOD).  
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Scheme 66: Formation of water soluble phosphine oxides are straight forward.  

 

A common strategy of synthesizing tertiary phosphine ligands deriving from phosphine 

oxides is the reduction or deoxygenation by usually inexpensive trichlorosilane (Scheme 

67).224 The previous derived phosphine oxide compound could be reduced this way, by 

HSiCl3 in dry toluene at 100 °C and yield after purification in the desired aryl phosphine. 
31P NMR confirms distinct product formation indicated by a signal at δp = -6.38 ppm (d6-

DMSO).  

 

 
Scheme 67: Reduction by HSiCl3 leads into distinct aryl phosphine formation.  

 

Different solvents were examined to ensure solubility of range of substrates. Organic 

solvent are not able to solubilize the benzoic acid, thus Acetonitrile to some extend. 

Polar, especially protic solvents are not suitable due to interaction with the reductant 

itself. DMF and DMSO can be reduced as well (Table 26). Reduction in dry Acetonitrile 

was also performed, but conversion happens very slow (after 9h: 24%, according to 31P-

NMR). Even under microwave conditions the reduction with Trichlorosilane lead after 5h 

in Acetonitrile only in 7% according to 31P-NMR.   
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Table 26: Different solvents were tested for the benzoic acid derivative.   

Polarity Solvent Solubility of 61 comment 

unpolar DCM no  

 Dioxan no  

 MTBE no  

 NEt
3
 no  

 ACN ✓  

 DMF ✓✓ 
possible reduction  

of solvent 

 DMSO ✓✓ 
possible reduction  

of solvent 

 MeOH ✓✓ protic 

polar H
2
O ✓✓ protic 

✓: to some extend soluble, ✓✓: well soluble 
 
This definitive protocol was thus transferred to an halide containing amino acid, para-

Iodophenylalanine. To pass on the same conditions pIF was selectively converted into the 

corresponding Phosphine oxide (Scheme 68). 31P NMR shows a distinct peak at 

δP = 25.47 ppm (d6-DMSO). 

 

 
Scheme 68: Successful synthesis of a phosphorous containing amino acid.  

Purification of amino acids is quite demanding to the opposing functionalities. Usually 

the isoelectric point is used to precipitate the amino acid from aqueous media, however 

additional functionalities hamper this methodology. HPLC with reverse phase columns is 

another suitable purification method, but is limited to small quantities. To study the 
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purity of the attained crude mixture of phosphine oxide amino acids 35 mg were applied 

on HPLC (Figure 64).  

 

 

Figure 64: HPLC oft he crude mixture of Phosphine oxide amino acid, C-18 column, solvent: 

H2O/CAN: Static 70:30 (0-10 min), Gradient 10:90 (10-45 min).  

 

Mass and NMR determination indicates the desired pure phosphine oxide amino acid in 

fraction 2 (Figure 64) and a mixture of stereoisomers in fraction 3 (Figure 64). 

Racemization on the α-carbon can occur in basic reaction media. 1H and 31P support this 

observation by two sets of signals for α- and β-proton and two singulets in 31P-NMR at 

δP = 37.25 and 37.18 ppm (Figure 65). HR/MS shows the exact mass of M-H = 364.1101 

(calculated: 365.1181) for both fractions. 
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Figure 65: 1H and 31P-NMR of HPLC fraction 3 indicating two stereooisomers.  

  

Consecutive reduction appears to be challenging due to low solubility of the amino acid 

in organic solvents. HSiCl3 requires water free conditions, thus involves organic non-

protic solvents. To enhance solubility, protection groups, such as Methyl esters and 

Acetamid, were introduced, but they were non-selectively cleaved by the harsh 

conditions during the reduction. Especially remaining protons on the amine or carboxylic 

acid functionality rapidly decomposes HSiCl3 to form a silicon polymer under 

hydrochloric acid formation.  Acetonitrile do solubilize amino acids to some extend, but 

as described above is very low in conversion and decomposition occurs additionally.  

 

So far no suitable protection group could be found, which allows P-C bond formation 

thus ensures subsequent selective reduction of the phosphine oxide.  

Other reductants such as DIBAL-H or TMDS were also investigated.225 However lead to 

the same results of decomposition. Trichlorosilane or Ph2SiH2 would be advantageous 

since they do not reduce the carboxylic group to the corresponding aldehyde (DIBAL-H) 

����������������������������������������	��	��
��
������������������
�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�
��
�

�
��
�

�
�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
	

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
	



��





��
�



��
�



��
�



��
�



��
	



��





��
�



��
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	
�



�	





�

�



�

�



�

�



�

�

�
��
�

��������������������	��
������������
�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
	

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

������
������	


�
�
�
�

�
�
�
�

���������
������	


�
�
�

�
�
�

�
�
�
�

�
�
�
�



 

 

169 

or even to the alcohol (LiAlH4). NaBH4 or NaCNBH3 are to weak reductants to perform 

the deoxygenation (Scheme 69).  

  

 
Scheme 69: Reduction by HSiCl3 fails due to low solubility of the amino acid. 

 

7.3.2 P-Catechol derivatives 

 
Various Phosphorous catechol derivatives as unnatural amino acids are aimed for 

potential ligands. o-Phenylene chlorophosphite had been shown to be a easy accessible 

ligand for transition metal catalysts, which show excellent results in hydroformylation 

reactions. Z. JIN investigated the ratio of ligand to metal in styrene hydroformylation und 

could show that a molar ratio of OPGPP/Rh = 13 on the styrene conversion provides 

optimal results of 99.6%.226 Catechol structures tend to bind easily phosphorous since the 

phosphine oxides feature tetrahedral phosphorous centers. According to Molecular 

Orbital Theory the short and polar P-O-bond is attributed to the shift of electron density 

from the oxygen p-orbitals to the antibonding P-C-bond.227  

 

Following types of Dioxophospholes are therefore proposed to act as ligands (Figure 66).  

 

 
Figure 66: Dioxophosphole structures as potential ligands for transition metal complexes.  
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These phosphorous containing unnatural amino acids will be incorporated into a host 

protein, such as mTFP*. Synthases need to be developed, since up to date incorporation 

of such functionalities hasn’t been investigated. As already previous described only solid 

phase synthesis of short peptides have introduced phosphorous moieties.  

 

Starting from L-DOPA, a natural occurring amino acid acting as precursor for the 

neurotransmitter dopamine, noradrenaline and adrenaline, dioxophosphole derivatives 

can be synthesized (Figure 67).  

 

 

 
Figure 67: Retro-Synthesis of aimed dioxophosphole derivatives.  

 

According to literature procedures of the synthesis of analogous 2-

Chlorobenzo[d][1,3,2]dioxaphosphole, L-DOPA and Phosphorous trichloride were stirred 

under given conditions. Excess of PCl3 were then removed under reduced pressure over 

an external cooling trap. Under aqueous basic conditions the gained o-Phenylene 

chlorophosphite will be transformed into the corresponding Dioxaphosphole 2-oxide.  
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Table 27: Applied conditions for the formation of o-Phenylene chlorophosphite.  

 
Entry Solvent T, time Comment 

1 neat 80 °C, 2h 
suspension,  

no conversion* 
+5.01 

2 neat,  
drop of water 80 °C no conversion*, 

no NMRs 

3 ACN dry 85 °C, 24h 
suspension,  

no conversion, 
mix of signals 

4 Dioxane 100 °C ** 

5 DMSO dry 100 °C, 24h strong reaction, 
DMSO adduct 

* signal found at δP = +5.03 ppm indicating HPO(OH)2; **  signal 

found at δP = +3.09 ppm indicating P(O)Cl3;  

.  
 

Conditions, which were described by IVAN NATCHEV (Table 27, Entry 4) were 

conducted.228 Dioxane as sole solvent did only result in an oxidation of PCl3 to P(O)Cl3 

indicated by the single signal in 31P-NMR at δP = +3.09 ppm. Strong coordinating 

solvents such as DMSO result as expected in a exothermic reaction, but did not enhance 

formation of o-Phenylene chlorophosphite. In contrairy decomposition took place, which 

was shown by a brownish-blackish reaction mixture.  

Since the phosphorous is also prone to bind nucleophiles such as nitrogens, suitable 

protecting of L-DOPA was considered, to avoid side reaction to the amino acid 

functionalities (Scheme 70). Available groups were presented by J. MARCHAND-

BRYNAERT discussing chemoselective O-methylation of N-acylated/sulfonylated tyrosine 

derivatives.229  
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Scheme 70: Protection of L-DOPA. 

 

Addition of one drop of water to the reaction mixture facilitated the formation of the 

desired chlorophosphine compound, which could be detected in MS (calculated: 385.66, 

found: 386.13). However isolation of the detected compound by recrystallization or 

column chromatography could not be achieved (Scheme 71).  

 

 

Scheme 71: MS indicates the desired chlorophosphine compound (calculated: 385.66, found: 386.13).  

 

Addition of NEt3 could not improve the reaction outcome, since various signals from +20 

to -9 were detected, but not the desired chlorophosphine (Scheme 72).  

 

 

Scheme 72: Addition of NEt3 did not enhance formation of the desired phosphor oxychlorite.  
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Figure 68: 31P-NMR shifts of related compounds. 
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8 Conclusion and outlook 

 

mTFP* was engineered to act as a suitable host for incorporation of unnatural amino 

acids and posttranslational chemical modifications. By eliminating surface exposed metal 

coordinating amino acids such as His, Cys, Met, no metal binding occurs. Chemical 

modification of an exposed Cys yields in site-specific metal coordination. The required 

ligands were successfully synthesized and fully characterized. The created 

metalloenzyme will act as an enantioselective catalyst in different reactions like Diels-

Alder cycloaddition. Selectivity still has to be examined (Scheme 73). 

 

Scheme 73: Chemical modification of Cys to create a site specific metal center. 

 

A mild aqueous protocol for the Miyaura borylation of aryl iodides, bromides and 

chlorides using the water-soluble boron source tetrahydroxydiboron (BBA) has been 

developed. At 40 °C only 0.05 mol-% of the palladacyclic catalyst 1 are required to 

achieve good to excellent yields. Since BBA undergoes base-catalyzed decomposition, 

control of the reaction pH is the key to achieve good and reproducible results. Lower 

borylation rates, which are observed for aryl chlorides and electron withdrawing 

substituents, can be (partially) compensated by extended reaction times, while fast 

reacting substrate even achieve full conversion at room temperature. For applications on 

larger scale the individual optimization of these parameters might be necessary for each 

substrate (Scheme 74).  
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Scheme 74: MIYAURA borylation and subsequent Suzuki cross coupling. 

 

This protocol for MIYAURA borylation was successfully transferred to the protein and 

bypasses the problematic direct incorporation of borylated building blocks. This simple 

strategy allows now chemical modification of different biomolecules (Scheme 75).   

 

 

Scheme 75: MIYAURA borylation broadens the application for chemical modification of biomolecules. 

 

Para-azido-(L)-phenylalanine (AzF) and para-ethynyl-(L)-phenylalanine (pEynF) were 

successfully synthesized starting from (L)-phenylalanine (Figure 69). They were 

incorporated into mTFP* and act as the anchoring point for a copper catalyzed 

cycloaddition reaction. A protocol for this click reaction was established using a Cu-nano 

FG

X

X = I, Br

NaOAc     3eq. 
B2(OH)4   3eq. 
[Alex-cat] 0.1 mol% Pd

(H2O) degassed, 0.1M
40 °C
pH 6-7

FG

BHO OH

Pinacol

(EtOAc)
40 °C

FG

B
OO

K2CO3
Alex-cat

(H2O) degassed
40°C

FG'
X

FG

FG'

yields up to 99%

yields up to 78%

I

BBA
Paladacycle cat-1
Acetate buffer

40 °C, 24 h

B(OH)2

mTFP*pIF mTFP*pBF



 

 

176 

catalyst. Different structural motifs can now be attached to the protein to act as metal 

chelating ligands.  

 

 

Figure 69: pAzF and pEynF. 

 

The multi-step synthesis of and HQ-Ala could successfully be accomplished with an 

overall yield of 62 % in case of HQ-Ala (over 6 steps, Scheme 76) and  68 % in the case 

of dp-Ala (over 5 steps, Scheme 77) as a mixture of enantiomers. In the synthesis of these 

two UAA, the step of benzylic bromination was modified in contrast to literature 

procedures. Both unnatural amino acid are coordinating transition metals well, as could 

be shown with [RuCl(Bpy-Ala)(benzene)] and [RhCl(Bpy-Ala)(Cp)]. BiPy-Ala and HQ-

Ala were successfully incorporated into mTFP* proven by LC-MS determination.  
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Scheme 76: Multi-step synthesis of HQ-Ala.  

 

 

Scheme 77: Multi-step synthesis of dp-Ala.  

 

A variety of different approaches in the synthesis of dpa-Lys derivatives were 

investigated. However the second BUCHWALD-HARTWIG amination step to gain a tertiary 

amine was unsuccessful. Most likely the substrate’s pyridyls chelate the needed catalyst 

and hinder it to perform the amination.  
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Conclusively P-C bond formation is quite challenging on single amino acids. Protection 

groups do enhance solubility of the amino acid, but often interfere with the phosphor 

nucleophiles. In a microwave assisted synthesis a phosphorous containing phenylalanine 

derivative was successfully synthesized and isolated (Scheme 77). However reduction to 

the desired tertiary phosphine could not be achieved. Protection groups would ensure 

solubility in organic non-protic solvents, but interfere with trichlorosilane.  

 

 

Scheme 78: Successful synthesis of phosphorous containing amino acid Ph2P(O)-F.  

 

The synthesis of phosphine substituted amino acids is be possible. However, the synthesis 

demands highly oxygen free conditions. In addition the stability under physiological, 

oxidative conditions has to be tested. Oxidation can occur and thus makes any 

complexation of metals difficult, since only a P(III) can act as a ligand. In case of 

successful synthesis, a synthase has to be engineered for an efficient incorporation.  
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9 Experimental Part: Material and methods  

 

All reactions with oxygen or moisture sensitive reagents where conducted in glassware 

dried in vacuo and under argon atmosphere and/or in a glovebox. For these reactions all 

solvents used where anhydrous. Cooling was performed using ice-cold water (0 °C) or 

dry ice in acetone or isopropanol (–78 °C). 

 

Solvents 

Solvents were dried according to standard procedures by distillation over drying agents 

and stored under argon. 

THF was continuously refluxed and freshly distilled from sodium under nitrogen. 

Sodium and Benzophenone is used as an indicator to proof absolute dryness.  

Et2O was pre-dried over calcium hydride or dried with a PureSolv MD7 Solvent 

Purification System (SPS 400-2) from INNOVATIVE TECHNOLOGIES INC. 

1,4-Dioxane was pre-dried with KOH and then distilled from KOH (10 g/L) and stored 

over 4Å molecular sieve.  

DMSO is dried over CaSO4 over night. After decantation DMSO is stirred over CaH2 

and distilled off. DMSO is stored over Molecular sieve 4Å.230  

DME was extracted three times with 50% aqueous KOH solution and then stirred over 

20g/L KOH and 5g/L CuCl. After decantation and filtration DME is refluxed over NaH 

for 15h and then distilled.231  

DMF was heated to reflux for 14 h over CaH2 and distilled from CaH2. 

NEt3 was purchased from Merck and dried over CaH2, distilled under argon and 

deoxygenated prior to use or was stirred over KOH over night and distilled under argon.  

Solvents for column chromatography were used in HPLC grade or distilled prior to use. 

 

Reagents 

All reagents were obtained from commercial sources such as Sigma Aldrich, VWR, 

STREM or Iris Biotech and were used without further purification unless otherwise 

stated. 
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Chromatography 

Flash column chromatography was performed using silica gel 60 (0.040-0.063 mm) 

from Merck.  The solvents were either distilled prior use or were purchased in HPLC 

grade.  

Thin layer chromatography was performed using SiO2 pre-coated glass plates (Merck 

60, F-254). The chromatograms were examined under UV light at 254 nm and 365 nm 

[UV] and/or by staining of the TLC plate with one of the solutions given below followed 

by heating with a heat gun: 

1. [NH]: Ninhydrin solution: 1.5 g Ninhydrin, 500 mL n-Butanol or Ethanol, 5 mL Acetic 

Acid  

2. [KMnO4]: KMnO4 (1 g), potassium carbonate (20 g) and of 1M sodium hydroxide 

(10 ml) in 150 ml of water  

3. [CAM]: aqueous ceric ammonium molybdate solution (1 g cerium-(IV)-sulfate 

monohydrate, 25 g ammonium heptamolybdate tetrahydrate and 25 ml of 

concentrated sulfuric acid in 200 ml of water)  

4. [HBQ]: 0.1 mM solution of 10-Hydroxybenzo[h]quinolone in Ethanol232 

Thin layer chromatography of non protected amino acids were run with a solvent mixture 

of  t-BuOH/AcOH/H2O (4:2:3) or Acetone/AcOH/H2O (16:3:2.5).  

 

A Microwave Synthesizer from BIOTAGE® Initiator was used to perform reactions under 

microwave irridation (Temperature range 40-250 °C, Temperature increase 25 °C/sec, 

pressure range 0-20 bar, power range 0-400 W).  

For screening a Carousel 12 PlusTM Reaction Station from RADLEYS was used to allow 

simultaneously stirring and heating under inert atmosphere.  

To dry and concentrate aqueous samples with speed were conducted using a 

THERMOSCIENTIFIC™ SPD1010 Integrated SpeedVac™ System.  
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9.1 Characterization/Analytical methods and instruments 

 

NMR spectra were recorded on BRUKER BioSpin 400, 500, 600 or 700 MHz 

spectrometer at 297 K or as CryoProbe for enhanced sensitivity. The chemical shift in 

ppm is referenced to the residual signal of the used solvent (CDCl3, δH = 7.26 and δC = 

77.16 ppm; DMSO δH = 2.50 and δC = 39.52 ppm, MeOD δH = 3.31 and δC = 

49.00 ppm)233 or an internal standard (in D2O234: 4,4-Dimethyl-4-silapentane-1-sulfonic 

acid sodium salt (δH = 0.0) = DSS). 31P-NMR chemical shifts are reported relative to 

external phosphoric acid (δP = 0.0 ppm). Coupling constants J are given in Hz and signal 

multiplicities are abbreviated as: s (singlet), d (doublet), t (triplet), q (quartet), vt (virtual 

triplet), m (multiplet) and br (broad).  

The IR spectra were recorded on a JASCO FT/IR-6300 spectrometer in substance 

(powder) by Attenuated total reflectance (ATR) or as nujol mulls between KBr plates. 

Intensities are indicated as w (weak), m (medium), s (strong), vs (very strong) and br 

(broad).  

Mass spectroscopy: High resolution (HR-MS) was measured by the CORE LABS of 

King Abdullah University of Science and Technology at a LTQ Orbitrap from Thermo 

Scientific. Low resolution (LC-MS or MS by direct injection) spectra were recorded on a 

TSQ Vantage MS from Thermo Scientific.  

For the combination of gas chromatography with mass spectroscopic detection (GC-MS), 

a GC from Agilent 7890 A with an Agilent 5975C instrument for MS detection (inert XL 

EI/CI MSD with Triple-Axis Detector, EI, 70 eV) was used.  

GC-MS Method (80-280 °C DB-5MS): Initial 80 °C, 3 min; Ramp 25 °C/min, 280 °C, 

6 min; total 17 min.  
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9.2 Synthetic procedures 

9.3 Precursor and ligands used for thio-click on mTFP* 

9.3.1 Di(pyridin-2-yl)ketoxime235 

 
# 282 (75%) 

To a solution of Di(2-pyrdyl)ketone (16 mmol, 2.94 g) and Hydroxylamine hydrochlorid 

(24 mmol, 1.67 g, 1.5 eq.) in Ethanol, Sodium hydroxid is added over a period of 1.5 h at 

room temperature. The solution is then heated to reflux (80 °C) for 10 min, cooled to 

room temperatiure and water (80 mL) and conc. HCl (30 mL) is added. The volume is 

reduced to 100 mL and Na2CO3 is carefully added. The precipitate is filtered off and 

dried in vacuo over nihgt to give Di(pyridin-2-yl)ketoxime (2.394 g, 75%) as a white 

powder.  

 

Yield  75% 
1H-NMR (CDCl3, 500 MHz):  δH = 8.64-8.61 (m, 2 H, CHarom.), 7.86 (t, 3J = 10 Hz, 1H, 

CHarom.), 7.82 (s, 1H, CHarom.), 7.81 (s, 1H, CHarom.), 7.66-

7.64 (m, 1 H, CHarom.), 7.43 (t, 3J = 10 Hz, 1H, CHarom.), 

7.36-7.34 (m, 1 H, CHarom.) ppm.  
13C-NMR (CDCl3, 125 MHz):  δC = 154.28 (s, C=N), 151.12 (s, CHarom.), 150.55 (s, 

CHarom.), 148.50 (s, CHarom.), 146.27 (s, CHarom.), 137.95 

(s, CHarom.), 137.58 (s, CHarom.), 125.41 (s, CHarom.), 

124.96 (s, CHarom.), 124.39 (s, CHarom.), 123.81 (s, CHarom.) 

ppm.  

HR-MS (C11H10N3O):  calculated: 200.0818, found: 200.0812.  

 

 

 

N

N

N

OH

C11H9N3O
M = 199.21
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9.3.2 Di(pyridin-2-yl)methanamine 

  
# 283 (58%) 

Di(pyridin-2-yl)ketoxime (2.39 g, 12 mmol) and Ammonium acetate (1.99 g, 26 mmol) 

were dissolved in conc. NH3 (36 mL), EtOH (25 mL) and water (25 mL) and heated to 

reflux (80 °C). Zinc powder (3.4 g, 52 mmol) is added over a period of 30 min and the 

solution keeps stirring for 5 h. The solids are filtered off and the filtrate is concentrated 

under reduced pressure. NaOH 10N and then 2M is added until the product separates from 

the aqueous solution, which will be extracted with DCM. The organic phase is dried over 

MgSO4 and evaporated to yield in Di(pyridin-2-yl)methanamine (1.3 g, 58%) as a yellow 

liquid.  

 

Yield  58% 
1H-NMR (CDCl3, 500 MHz):  δH = 8.54 (d, 3J = 5 Hz, 2 H, CHarom.), 7.62 (dt, 3J = 8 Hz, 

3J = 2 Hz, 2H, CHarom.), 7.38 (d, 3J = 8 Hz, 2H, CHarom.), 

7.15-7.12 (m, 2H, CHarom.), 5.36 (s, 1 H, CHAr2) ppm.  
13C-NMR (CDCl3, 125 MHz):  δC = 162.12 (s, CHarom.), 149.31 (s, CHarom.), 136.94 (s, 

CHarom.), 122.41 (s, CHarom.), 122.00 (s, CHarom.), 62.05 

ppm (s, CHNH2) ppm.  

HR-MS (C11H12N3):  calculated: 186.1026, found: 186.1021.  

 

 

 

 

 

  

N N

NH2
C11H11N3

M = 185.23
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9.3.3 1-(Di(Pyridin-2-yl)methyl)-1H-pyrrole-2,5-dione 

 
# 284 (11%) 

Di(pyridin-2-yl)methanamine (463 mg, 2.5 mmol) were suspended in dry DCM (10 mL) 

and maleic anhydride (1.225 g, 12.5  mmol) was added. The reaction mixture stirs for 4 h 

at rt. The white solid was filtered off, washed with DCM and dried in vacuo to give 4-

((di(Pyridin-2-yl)methyl)amino)-4-oxobut-2-enoic acid (225 mg) as a yellow oil, which 

was added to a suspension of NaOAc (4.1 g) in Ac2O (30 mL). The reaction mixture was 

heated to 80 °C for 24 h and was then poured into ice water (100 mL) until the Ac2O had 

decomposed completely (15 min at 0 °C). The aqueous phase is extracted with DCM 

(3x100 mL), the organic phase was washed with H2O (2x 100 mL), dried over MgSO4 

and concentrated in vacuo to give 1-(Di(Pyridin-2-yl)methyl)-1H-pyrrole-2,5-dione 

(74 mg, 11 %) as a brownish solid.  

 

Yield  11-26% 

Rf (DCM:MeOH = 9:1)   = 0.47 [UV] 
1H-NMR (DMSO, 500 MHz): δH = 8.88-8.63 (m, 2 H, CHarom.), 8.17-7.66 (m, 2H, 

CHarom.), 7.25-6.99 (m, 2H, CHarom.), 6.77 (s, 2H, 

CH=CH), 6.07 (s, 1 H, CHAr3) ppm.  
13C-NMR (CD2Cl2, 125 MHz): δC = 169.83 (s, CHarom.), 151.28 (s, CHarom.), 150.71 (s, 

CHarom.), 146.63 (s, CHarom.), 146.05 (s, CHarom.), 136.60 

(s, CHarom.), 134.88 (s, CHarom.), 131.48 (s, CHarom.), 

127.75 (s, CHarom.), 127.68 (s, CHarom.), 126.48 (s, 

CHarom.), 126.18 (s, CHarom.), 123.70 (s, CHarom.), 123.38 

(s, CHarom.) ppm.  

 
  

N

N

N

O O
C15H11N3O2
M = 265.27
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9.3.4 1-(8-Hydroxyquinolin-2-yl)-1H-pyrrole-2,5-dione 

 
# 286 (46%) 

2-Aminoquinolin-8-ol (432 mg, 3 mmol) were suspended in dry DCM (30 mL) and 

maleic anhydride (1.47 g, 15 mmol) was added. The reaction mixture stirs for 24 h at rt. 

The solid was filtered off, washed with DCM and dried in vacuo to give 4-((8-

Hydroxyquinolin-2-yl)amino)-4-oxobut-2-enoic acid (840 mg), which was added to a 

suspension of NaOAc (4.92 g) in Ac2O (50 mL). The reaction mixture was heated to 

80 °C for 3 h and was then poured into ice water (100 mL) until the Ac2O had 

decomposed completely (15 min at 0 °C). The aqueous phase is extracted with DCM 

(3x100 mL), the organic phase was washed with H2O (2x 100 mL), dried over MgSO4 

and concentrated to 3-5 mL. Addition of hexane (10 mL) provoked precipitation of the 1-

(8-Hydroxyquinolin-2-yl)-1H-pyrrole-2,5-dione (504 mg, 70 %) as a brownish solid.  

 

Yield  70-95% 
1H-NMR (CD2Cl2, 500 MHz): δH = 9.22-9.20 (m, 2 H, CHarom.), 8.34 (dd, 3J = 8 Hz, 3J = 

1.5 Hz, 1H, CHarom.), 8.02 (dd, 3J = 8 Hz, 3J = 1.5 Hz, 1H, 

CHarom.), 7.80 (s, 1H, CHarom.), 7.73-7.68 (m, 2H, CHarom.), 

7.05 (s, 1 H, CHC=O) ppm.  

 
 
 
 
 
 
 
 
 
 
 
 

N
OH

N

O

O

C13H8N2O3
M = 240.21
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9.3.5 1-(1,10-Phenanthrolin-5-yl)-1H-pyrrole-2,5-dione[236] 

 
# 285 (46%) 

5-Amino-1,10-phenanthroline (390 mg, 2 mmol) were suspended in dry DCM (40 mL) 

and maleic anhydride (981 mg, 10  mmol) was added. The reaction mixture stirs for 43 h 

at rt and is then heated to reflux (50 °C) for 2 h. After cooling to room temperature the 

solid was filtered off, washed with DCM and dried in vacuo to give 5-Maleiamido-1,10-

phenanthroline (686 mg) as a yellow solid, which was added to a suspension of NaOAc 

(3.28 g) in Ac2O (30 mL). The reaction mixture was heated to 100 °C for 100 min and 

was then poured into ice water (100 mL) until the Ac2O had decomposed completely 

(15 min at 0 °C). The aqueous phase is extracted with DCM (3x100 mL), the organic 

phase was washed with H2O (2x 100 mL), dried over MgSO4 and concentrated to 3-

5 mL. Addition of hexane (10 mL) provoked precipitation of the 1-(1,10-Phenanthrolin-

5-yl)-1H-pyrrole-2,5-dione (277 mg, 50 %) as a white solid. Further purification was 

achieved by column chromatography (SiO2, DCM:MeOH = 9:1).  

Yield  50% 

Rf (DCM:MeOH = 9:1)   = 0.47 [UV] 
1H-NMR (CD2Cl2, 500 MHz): δH = 9.22-9.20 (m, 2 H, CHarom.), 8.34 (dd, 3J = 8 Hz, 3J = 

1.5 Hz, 1H, CHarom.), 8.02 (dd, 3J = 8 Hz, 3J = 1.5 Hz, 1H, 

CHarom.), 7.80 (s, 1H, CHarom.), 7.73-7.68 (m, 2H, CHarom.), 

7.05 (s, 1 H, CHC=O) ppm.  
13C-NMR (CD2Cl2, 125 MHz): δC = 169.83 (s, CHarom.), 151.28 (s, CHarom.), 150.71 (s, 

CHarom.), 146.63 (s, CHarom.), 146.05 (s, CHarom.), 136.60 

(s, CHarom.), 134.88 (s, CHarom.), 131.48 (s, CHarom.), 

127.75 (s, CHarom.), 127.68 (s, CHarom.), 126.48 (s, 

N
N

N OO
C16H9N3O2
M = 275.26
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CHarom.), 126.18 (s, CHarom.), 123.70 (s, CHarom.), 123.38 

(s, CHarom.) ppm.  

HR-MS (C16H10N3O2):  calculated: 276.0768, found: 276.0760.  

 

 

9.3.6 2-Iodoacetic acid[237] 

 
# 289 (94%), 298 (94%, 52% clean) 

2-Chloracetic acid (4.72 g, 50 mmol) and Potassium iodide (32.2 g, 200 mmol) are 

dissolved in water (100 mL) and heated to 50 °C for 6 h under Argon atmosphere. After 

cooling to room temperature the aqueous solution is extracted with Diethylether (3x 

100 mL). The organic phase is dried over MgSO4 and concentrated in vacuo to give 2-

Iodoacetic acid (8.7 g, 94%) which was pure according to NMR. Subsequent washing 

with benzene gave in a white solid.  

 

Yield  94% 
1H-NMR (CDCl3, 500 MHz): δH = 10.21 (s, br, 1 H, CO2H), 3.74 (s, 2H, CH2) ppm.  
13C-NMR (CDCl3, 125 MHz): δC = 175.62 (s, CO2H), -6.36 (s, ICH2) ppm.  

  

 

 

 

 

  

I OH

O C2H3IO2
M = 185.95
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9.3.7 Pentafluorophenyl 2-iodoacetate[238] 

 
# 300 

Dichloromethane (40 mL) was added to polystyrene bound cyclohexyl carbodiimide 

(652 mg, 1.5 eq., 2.3 mmol/g) at 0 °C and the resin was allowed to swell for 45 min. 2-

Iodoacetic acid (186 mg, 1 mmol) and Pentafluorophenol (276 mmol, 1.5 mmol) were 

added and the reaction mixture was stirred at 0 °C for 1 h. The reaction was allowed to 

warm to r.t. and was stirred over night. The resin is filtered off and the solution is 

concentrated in vacuo to give Pentafluorophenyl 2-iodoacetate (311 mg, 88%) as white 

needles.  

 

Yield  88% 
1H-NMR (CDCl3, 500 MHz):  δH = 3.99 (s, 2H, CH2) ppm.  
13C-NMR (CDCl3, 125 MHz): δC = 165.37 (s, CO2H), 142.18-137.13 (m, CO/F), -9.73 (s, 

CH2) ppm.  

HR-MS (C8H2F5IO2):  not detectable.   

GC-MS (C8H2F5IO2):  7.092 min.  

 

 

 

 

  

I O

O F
F

F

F
F

C8H2F5IO2
M = 352.00
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9.3.8 2-Iodo-N-(pyridin-2-ylmethyl)acetamide 

 
# 323 

Pentafluorophenyl 2-iodoacetate (94 mg, 0.267 mmol) are dissolved in dry DCM (5 mL) 

and 2-Picolinamine (28.8 mg, 0.267 mmol) and triethylamine (74 µL, 0.534 mmol) are 

added. The reaction was stirred at r.t. for 4.5 h. Upon completion, the organic phase was 

washed with water (2x 10 mL) and brine (10 mL), dried over MgSO4 and concentrated in 

vacuo to get 22 mg crude product. After purification by column chromatography (SiO2, 

DCM:MeOH = 9:1) 2-Iodo-N-(pyridin-2-ylmethyl)acetamide (11 mg, 15%).  

 

Yield  15%  

Rf (DCM:MeOH (9:1)   = 0.53 [UV] 
1H-NMR (MeOD, 600MHz):  δH = 8.88 (m, 1 H, CHarom.), 8.53 (m, 1 H, CHarom.), 8.12 

(m, 1 H, CHarom.), 8.00 (m, 1 H, CHarom.), 5.30 (s, 2H, 

CH2), 4.99 (s, 2H, CH2I) ppm. 

 
 

 

 

  

N
N
H

O
I C8H9IN2O

M = 276.07
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9.3.9 Rh complex Rh-1 

 
# 296 

Pentafluorophenyl 2-iodoacetate (3.5 mg, 0.01 mmol) and metal complex 5-tetramethyl 

cyclo- pentadienyl rhodium (6.21 mg, 0.01 mmol) are dissolved in dry DCM (5 mL) and 

triethylamine (2.8 µL, 0.02 mmol) is added. The reaction was stirred at r.t. for 4 h. Upon 

completion, the organic phase was washed with water and brine (each 3x 10 mL), dried 

over MgSO4 and concentrated in vacuo to give Rh-1 complex (5 mg, 65%) as a brown-

greenish solid.  

 

Yield  65% 
1H-NMR (CDCl3, 500 MHz):  δH = 7.81-7.40 (m, 15H, CHarom.), 3.67 (s, 2H, CH2), 3.62 

(m, 2H, CH2), 2.38 (m, 2H, CH2), 1.72-1.69 (m, 12H, 

CH3) ppm.  
31P-NMR (CDCl3, 242 MHz): δP = 29.2 (d,  J(Rh, P) = 140.36 Hz, PPh3) ppm.  

 

 

 

 

 

  

Rh

H
N

Cl
Cl

PPh3
O

I
C31H34Cl2INOPRh

M = 768.30

η
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9.4 Synthesis of unnatural amino acids used in click chemistry (pAzF, 

pEynF)239,240  

 

overview oft he multi-step synthesis: 

 

 
  

I

CO2HH2N
1) SOCl2
    MeOH
    0 °C - rt

2) Boc2O
    NEt3
    (DCM)
    0 °C - rt

I

CO2MeBocHN CO2MeBocHN

TMS

CO2MeBocHN CO2HH2N

TMS
PdCl2(PPh3)2
Cu(I)I
NEt3

rt, over night

NBu4F

(THF)
-78 °C, 3h

NaOH 1.5 eq. 

(MeOH) 
rt, 3h

97 % 77 %

CO2HBocHN

quant.

HCl

(Dioxane)
rt, 2h

CO2HH2N
I2
NaIO3
H2SO4 / AcOH

70 °C, 19 h

65 %

H2N CO2H

NH2

NaONO
NaN3
HCl 6M

0 °C -> rt, 4 h

H2N CO2H

N3

80 %

H2N CO2H

NO2

CO2HH2N

72 %

HNO3 
H2SO4 
(1.4/1.1)

(85% H2SO4)
-10 °C

H2
Pd/C 5 mol% 

(MeOH/H2O/HCl)
rt, 4h

84 %

97% 98%
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9.4.1 para-(L)-Nitrophenylalanine (pNF)241 

 
# 100 (“97%”), 126 (72%), 135 (64%), 92 (multiple Nitratatioin), 94 (22%), 220 (53%) 

To a precooled (0 – 5 °C) solution of (L)-Phenylalanine (11.6 g, 70.0 mmol) in sulfuric 

acid (85%, 25 mL) was added via a dropping funnel the mixed acid of concentrated 

HNO3 (10 mL) in concentrated sulfuric acid (7.8 mL) (V/V = 1.4/1.1). The temperature is 

controlled by an inlet thermometer to be kept below 10 °C. The reaction mixture was 

stirred at this temperature for 2 h. The solution was adjusted to pH 5.0 with NaOH 10 % 

and the resulting precipitate was collected by filtration, washed with cooled water 

(50 mL) and dried under vacuum to give 4-Nitro-(L)-phenylalanine as a pale yellow 

powder (10.65 g, 72%). 

 

yield  72 % 

Rf (BuOH/AcOH/H2O 4:2:3)   = 0.67 [Ninhydrin] 
1H-NMR (D2O, 400 MHz):  δH = 8.25 (d, 3J = 8.5 Hz, 2H, CHarom.), 7.56 (d, 3J = 

8.5 Hz, 2H, CHarom.), 4.45 (dd, 3J = 6.8 Hz, 1H, α-CH), 

3.52–3.35 (m, 3J = 6.8 Hz, 2H, β-CH2) ppm.  
13C-NMR (D2O, 101 MHz):  δC = 172.7 (s, CO2H), 149.2 (s, CHarom.), 144.0 (s, 

CHarom.), 132.5 (s, CHarom.), 126.1 (s, CNarom.), 55.4 (s, α-

CH), 37.3 (s, β-CH2). 

MS (EI, 70 eV):   m/z (%) = 211 [M+H] +, 165 [M-NO2]+. 

HR-MS (C9H10N2O4):  [M+H+] calculated: 211.0719, found: 211.0712.  

 

 

 

 

 

H2N CO2H

NO2

C9H10N2O4
210.19 g/mol
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9.4.2 para-(L)-Aminophenylalanine (15, pAmF) 

 
# synthesis 128 (72%), 138, 179 (no yield, considered quant.), 98, 221 (73%) 

 

4-Nitro-(L)-phenylalanine (8.1 g, 40 mmol) is dissolved in MeOH (100 mL), degased 

water (30 mL) and 3M hydrochloric acid (15 mL). Pd/C (2.2 g, 2 mmol, 5mol%) is added 

under Argon flow. The atmosphere is exchanged to Hydrogen. The solution stirred 

vigorously until full conversion is indicated by TLC, usually ca. 7.5 h. After exchange of 

the atmosphere to air the solution is filtered over Celite®, evaporated in vacuo to gave 4-

Amino-(L)-phenylalanine (8.4 g, 84%) as the hydrochloric salt.   

 

yield  84%. 

Rf (BuOH/AcOH/H2O 4:2:3)   = 0.37 [Ninhydrin] 
1H-NMR (D2O, 400 MHz):  δH = 7.49 (d, 3J = 4 Hz, 2H, CHarom.), 7.44 (d, 3J = 4 Hz, 

2H, CHarom.), 4.09 (dd, 1H, α-CH), 3.36–3.15 (m, 2H, β-

CH2). 
13C-NMR (D2O, 101 MHz):  δC = 173.0 (s, CO2H), 136.0 (s, CHarom.), 131.0 (s, 

CHarom.), 129.4 (s, CHarom.), 123.4 (s, CNarom.), 55.4 (s, α-

CH), 35.7 (s, β-CH2). 

MS (EI, 70 eV):   m/z (%) = 181 [M+H+], 164 [M-NH2]. 

HR-MS (C9H12N2O2):  [M+H+] calculated: 181.0972, found: 181.0975.  

 

 

 

 

 

 

H2N CO2H

NH2

C9H12N2O2
180.20 g/mol
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9.4.3 para-(L)-Azidophenylalanine (16, pAzF) 

 
# 130 (56%), 180, 223 

4-Amino-(L)-phenylalanine (0.828 g, 4 mmol) are dissolved in half concentrated 

hydrochloric acid (32 mL) and Sodium nitrite (0.304 g, 4.4 mmol) dissolved in water 

(8 mL) is added dropwise at 0 °C. After 10 minutes half concentrated hydrochloric acid 

(38 mL) and Sodium azide (0.408, 4.2 mmol) in water (8 mL) is added dropwise over 

15 minutes at 0 °C. The solution keeps stirring at 0 °C for 15 minutes and then 4.5 -7 h at 

room temperature until TLC shows full conversion. After evaporation in vacuo the 

residue is resolved in water, adjusted to pH = 5 with NaOH. The aqueous phase is 

washed with Diethylether (1x), Ethylacetate (1x) and DCM (1x). The water is 

evaporated, the solid residue is redissolved in MeOH (HPLC) and all salts are filtered off. 

Evaporating of the organic solvents give 4-Azido-(L)-phenylalanine (0.458 g, 56%) as a 

white solid.  

 

Yield:     56%. 80% 

Rf (BuOH/AcOH/H2O 4:2:3) = 0.62 [Ninhydrin] 
1H-NMR (D2O, 400 MHz):  δH = 7.34 (d, 3J = 8 Hz, 2H, CHarom.), 7.12 (d, 3J = 8 Hz, 2H, 

CHarom.), 4.37 (t, 3J = 8 Hz, 1H, α-CH), 3.38 – 3.21 (m, 3J = 

8 Hz, 3J = 4 Hz, 2H, β-CH2) ppm. 
13C-NMR (D2O, 101 MHz):  δC = 173.5 (s, CO2H), 142.0 (s, CHarom.), 133.3. (s, CHarom.), 

132.8 (s, CHarom.), 122.0 (s, CN3arom.), 56.4 (s, α-CH), 37.4 

(s, β-CH2) ppm.  

HR-MS (C9H10N4O2):  calculated: 206.0804, found: 207.0876.  

 

 

 

H2N CO2H

N3

C9H10N4O2
206.20 g/mol
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9.4.4 para-(L)-Iodophenylalanine (12, pIF)242 

 
# 99 (65%), 90 (56%), 68 (14%), 251?, 301 (WW) 

To a solution of (L)-Phenylalanine (42.6 g, 258 mmol) in sulphuric acid (31 mL) and 

acetic acid (235 mL) iodine (26.2 g, 103 mmol) and sodium iodate (10.2 g, 52 mmol) is 

added. The mixture is heated to 70 °C and stirred vigorously over night (16-20 h). 

Sodium periodate is added (2x 1 g). After 4 h the reaction is completed, indicated by the 

solution becoming orange. Acetic acid was removed under reduced pressure and the 

crude mixture was diluted with water (80 mL) and washed with Et2O (250 mL) and DCM 

(250 mL). The aqueous layer is basified to pH 5.5 with NaOH 10%. The precipitate 

formed over night at 4 °C, is filtered under vacuum and washed with water (250 mL) and 

ethanol (100 mL) to afford 48.8 g (65 %) of 4-Iodophenylalanine as a white solid.  

 

Yield  65 % 

Rf (Aceton:AcOH:H2O 16:3:2.5) = 0.5 
1H-NMR (D2O, 400 MHz):  δH = 7.78 (d, 3J = 8.0 Hz, 2H, CHarom.), 7.10 (d, 3J = 8.0 

Hz, 2H, CHarom.), 4.35 (dd, 3J = 6.0 Hz, 1H, α-CH), 3.17–

3.34 (m, 3J = 6.0 Hz, 2H, β-CH2) ppm. 
13C-NMR (D2O, 101 MHz):  δC = 171.7 (s, CO2H), 138.9 (s, CHarom.), 134.4 (s, 

CHarom.), 132.1 (s, CHarom.), 93.7 (s, CIarom.), 54.5 (s, α-

CH), 35.9 (s, β-CH2) ppm.  

HR-MS (C9H10INO2):  [M+H+] calculated: 291.9834, found: 291.9836.  

  

H2N CO2H

I

C9H10INO2
291.09 g/mol
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9.4.5 (S)-Methyl 2-amino-3-(4-iodophenyl)propanoate (Me pIF)  

 
# 182, 230 (quant) 

To a solution of para-Iodo-(L)-phenylalanine (3.43 mmol, 1g) in MeOH (7 mL) 

Thionylchloride (13.72 mmol, 1 mL) is added dropwise at 0 °C. The solution stirs while 

warming up to room temperature for 17 h. The solvent and excess of Thionylchloride are 

removed under vacuuo to yield in (S)-Methyl 2-amino-3-(4-iodophenyl)propanoate 

(1.05 g, quant.) as slightly yellow solid. 

 

Yield:  quant.  
1H-NMR (MeOD, 600 MHz):  δH = 7.73 (d, 3J = 8.2 Hz, 2H, CHarom.), 7.06 (d, 3J = 8.2 

Hz, 2H, CHarom.), 4.32 (t, 3J = 6.8 Hz, 1H, α-CH), 3.81 (s, 

3H, CH3), 3.24 – 3.3 (m, 2H, β-CH2) ppm. 
13C-NMR (MeOD, 101 MHz): δC = 170.3 (s, CO2Me), 139.4 (s, CHarom.), 135.1 (s, 

CHarom.), 132.5 (s, CHarom.), 94.1 (s, CIarom.), 54.9 (s, α-

CH), 53.7 (s, CH3), 36.8 (s, β-CH2) ppm. 

HR-MS (C10H12INO2):  [M–H+] calculated: 305.9991, found: 305.9978.  

 

 

 
 
 
 
 
 
 
 
 
 
  

CO2MeH2N

I

C10H12INO2
305.11 g/mol
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9.4.6 (S)-Methyl 2-((tert-butoxycarbonyl)amino)-3-(4-iodophenyl)propanoate 

N-t-Boc-4-iodo-(L)-phenylalanine methyl ester (Boc/Me pIF) 

 
# 231 (97%) 

(S)-Methyl 2-amino-3-(4-iodophenyl)propanoate (1.047 g, 3.43 mmol) and Boc2O 

(0.898 g, 4.12 mmol, 1.2 eq.) are suspended in DCM (10 mL) and NEt3 (1.10 mL, 

7.89 mmol, 2.3eq.) is added slowly at 0 °C and the solution is warmed up to room 

temperature and stirs over night. The crude solution is washed with water and brine and 

the aqueous phase is extracted 3x with DCM, dried over MgSO4 and is evaporated in 

vacuo to give (S)-Methyl 2-((tert-butoxycarbonyl)amino)-3-(4-iodophenyl)propanoate as 

a yellow oil (1.347 g, 97%) which can be subsequently used without further purification.   

 

Yield  97 % 
1H-NMR (CDCl3, 400 MHz):  δH = 7.62 (d, 3J = 8 Hz, 2H, CHarom.), 7.00 (d, 3J = 8 Hz, 

2H, CHarom.), 4.36 – 4.32 (m, 1H, α-CH), 3.70 (s, 3H, 

OCH3), 3.09 – 2.82 (m, 2H, β-CH2), 1.38 (s, 9H, C(CH3)3)  

ppm. 
13C-NMR (MeOD, 176 MHz): δC = 173.9 (s, CO2Me), 157.8 (s, NHC(O)CCH3), 148.4 

(s, CHarom.), 138.6 (s, CHarom.), 132.5 (s, CHarom.), 92.7 (s, 

CIarom.), 80.65 (s, (O)CCH3), 56.2 (s, α-CH), 52.7 (s, 

CH3), 38.2 (s, β-CH2), 28.6 (s, NHC(O)CH3) ppm. 

HR-MS (C15H20INO4):  calculated: 405.04, found: 709.99 (2x, -Boc). 

 

 

 

 

 

I

CO2MeBocHN
C15H20INO4
405.23 g/mol
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9.4.7  (S)-Methyl-2-((tert-butoxycarbonyl)amino)-3-(4-((trimethylsilyl)ethynyl) 

phenyl)propanoate243,244  

 
# 232-F2 (76%), 257 (74%) 

Trimethylsilylacetylen (0.54 mL, 3.8 mmol, 1.2 eq.) was added dropwise to a solution of  

N-t-Boc-4-iodo-(L)-phenylalanine methyl ester (1.303 g, 3.215 mmol), PdCl2(PPh3)2 

(22 mg, 10 mol%), CuI (12 mg, 20 mol%) in NEt3 (3.2 mL, 0.1 M) and dry THF (3 mL) 

under argon atmosphere. The solution stirred at room temperature over night and was 

diluted with water. The aqueous phase was extracted with Et2O and the organic layer was 

washed with water and dried over MgSO4 and is evaporated in vacuo. Purification by 

column chromatography (SiO2, Hexane:EtOAc 9:1) gives (S)-Methyl-2-((tert-

butoxycarbonyl)amino)-3-(4-((trimethylsilyl)-ethynyl) phenyl)propanoate (0.922 g, 76%) 

as a slightly yellow oil.  

 

Yield  76% 

Rf (Hexane:EtOAc 9:1)   = 0.32 [UV] 
1H-NMR (MeOD, 700 MHz): δH = 7.35 (d, 3J = 7 Hz, 2H, CHarom.), 7.17 (d, 3J = 7 Hz, 

2H, CHarom.), 4.65 (s, 1H, NH), 4.37 (dt, 3J = 7 Hz, 1H, α-

CH), 3.67 (s, 3H, OC(O)CH3), 3.12 – 2.88 (m, 2H, β-

CH2), 1.37 (s, 9H, C(CH3)3). 0.22 (s, Si(CH3)3) ppm.  
13C-NMR (MeOD, 176 MHz): δC = 173.9 (s, CO2Me), 157.6 (s, CO2tBu), 139.2 (s, 

CHarom.), 132.8 (s, CHarom.), 130.5 (s, CHarom.), 122.8 (s, 

CHarom.), 106.2 (s, Calkyne), 94.2 (s, C(CH3)3), 80.6 (s, α-

CH), 56.1 (s, Calkyne), 52.7 (s, CH3), 38.5 (s, β-CH2), 28.7 

(s, C(CH3)3), 0.2 (s, Si(CH3)3) ppm.  

HR-MS (C20H30NO4Si):  calculated: 376.1939, found: 376.1921.  

 

CO2MeBocHN

TMS

C20H29NO4Si
375.53 g/mol
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9.4.8 (S)-Methyl 2-((tert-butoxycarbonyl)amino)-3-(4-ethynylphenyl)-  

propanoate245,246  

 
# 233 (quant.), 275, 287 (quant.) 

To a solution of (S)-Methyl-2-((tert-butoxycarbonyl)amino)-3-(4-

((trimethylsilyl)ethynyl) phenyl)propanoate (0.796 g, 2.12 mmol) in dry THF (20 mL) 

was added dropwise a solution of Tetrabutylammonium fluoride trihydrate (1.108 g, 

4.24 mmol, 2.0 eq.) in THF (10 mL) at      –78 °C. After 3 h the solution warms up to 

room temperature and water is added. The aqueous phase is extracted with Et2O and the 

organic phase is washed with sat. aqu. NaCl-solution, dried over MgSO4 and 

concentrated in vacuo to give (S)-Methyl 2-((tert-butoxycarbonyl)amino)-3-(4-

ethynylphenyl)propanoate (0.643 g, quant.) as a yellow oil.  

 

Yield  quant.  

Rf (Hexane:EtOAc 9:1)   = 0.28 [UV] 
1H-NMR (MeOD, 400 MHz): δH = 7.38 (d, 3J = 8 Hz, 2H, CHarom.), 7.20 (d, 3J = 8 Hz, 

2H, CHarom.), 4.61 (s, 1H, CHalkyne), 4.38–4.35 (m, 1H, α-

CH), 3.69 (s, 3H, OC(O)CH3), 3.13–2.88 (m, 2H, β-CH2), 

1.34 (s, 9H, C(CH3)3) ppm.  
1H-NMR (CDCl3, 500 MHz): δH = 7.40 (d, 3J = 8 Hz, 2H, CHarom.), 7.07 (d, 3J = 8 Hz, 

2H, CHarom.), 5.03 (s, 1H, CHalkyne), 4.58–4.54 (m, 1H, α-

CH), 3.69 (s, 3H, OC(O)CH3), 3.13–2.99 (m, 2H, β-CH2), 

1.40 (s, 9H, C(CH3)3) ppm. 
13C-NMR (MeOD, 101 MHz): δC = 174.0 (s, CO2Me), 157.8 (s, CO2tBu), 139.4 (s, 

CHarom.), 133.0 (s, CHarom.), 130.4 (s, CHarom.), 122.9 (s, 

CHarom.), 84.3 (s, Calkyne), 80.7 (s, C(CH3)3), 78.5 (s, α-

CO2MeBocHN
C17H21NO4

303.35 g/mol
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CH), 56.3 (s, Calkyne), 52.6 (s, CH3), 38.5 (s, β-CH2), 28.6 

(s, C(CH3)3) ppm.  
13C-NMR (CDCl3, 126 MHz): δC = 172.2 (s, CO2Me), 155.1 (s, CO2tBu), 137.1 (s, 

CHarom.), 132.3 (s, CHarom.), 129.4 (s, CHarom.), 120.8 (s, 

CHarom.), 83.4 (s, Calkyne), 80.1 (s, C(CH3)3), 77.4 (s, α-

CH), 54.3 (s, Calkyne), 52.4 (s, CH3), 38.3 (s, β-CH2), 28.3 

(s, C(CH3)3) ppm.  

HR-MS (C17H22NO4):  calculated: 304.1543, found: 304.1529.  
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9.4.9 (S)-2-((tert-butoxycarbonyl)amino)-3-(4-ethynylphenyl)propanoic acid  

 
# 245 (60%), 278 (97%), 288 (81%) 

To a solution of (S)-Methyl 2-((tert-butoxycarbonyl)amino)-3-(4-

ethynylphenyl)propanoate (89 mg, 0.293mmol) in Methanol (2 mL) NaOH (18 mg, 

0.44 mmol, 1.5 eq.) is added at room temperature. After 3 h the solution is neutralized to 

pH 7 with 3M HCl. The aqueous phase is extracted with 3x EtOAc. The organic phase is 

evaporated to give (S)-2-((tert-butoxycarbonyl)amino)-3-(4-ethynylphenyl)propanoic 

acid (82 mg, 97 %) as a yellow oil.  

 

Yield  97 % 

Rf (Hexane:EtOAc 9:1)   = 0.05 [UV] 
1H-NMR (MeOD, 400 MHz): δH = 7.38 (d, 3J = 8 Hz, 2H, CHarom.), 7.22 (d, 3J = 8 Hz, 

2H, CHarom.), 4.36–4.33 (m, 1H, α-CH), 3.43 (s, 1H, 

CHalkyne), 3.20–2.88 (m, 2H, β-CH2), 1.38 (s, 9H, 

C(CH3)3)  ppm. 
13C-NMR (MeOD, 101 MHz): δC = 177.4 (s, CO2H), 157.5 (s, NCO2tBu), 140.2 (s, 

CHarom.), 132.8 (s, CHarom.), 130.6 (s, CHarom.), 121.7 (s, 

CHarom.), 84.4 (s, Calkyne), 80.3 (s, C(CH3)3), 78.3 (s, α-

CH), 57.2 (s, Calkyne), 39.1 (s, β-CH2), 28.7 (s, C(CH3)3) 

ppm.  

HR-MS (C16H19NO4Na):  calculated: 312.1206, found: 312.1194.   

 

  

CO2HBocHN
C16H19NO4

M = 289.33 g/mol
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9.4.10 (S)-2-((tert-butoxycarbonyl)amino)-3-(4-(2-oxoethyl)phenyl)propanoic acid  

 
# 246 

(S)-2-((tert-butoxycarbonyl)amino)-3-(4-ethynylphenyl)propanoic acid (0.395 g, 

1.365 mmol) is cooled to 0 °C and TFA (3mL) is added. The browing slurry is stirred for 

10 min and the excess of TFA is removed in vacuo. Cold Et2O is added. After 

centrifugation (7000 rpm) the upper organic layer is removed. This procedure is repeated 

for 3 times. The crude product is dissolved in water and the pH is adjusted to 5.5 with 

NaOH 10%. The product is dried by lyophilization giving (S)-2-((tert-

butoxycarbonyl)amino)-3-(4-(2-oxoethyl)phenyl)propanoic acid as a brownish liquid.  

 

Yield  60 % 
1H-NMR (MeOD, 700 MHz): δH = 7.99 (d, 3J = 7 Hz, 2H, CHarom.), 7.46 (d, 3J = 7 Hz, 

2H, CHarom.), 4.08 (m, 1H, α-CH), 3.39–3.16 (m, 2H, β-

CH2), 2.60 (s, 2H, CH2CHO) ppm. (CHO signal not 

visible in protic solvents) 
13C-NMR (MeOD, 176 MHz): δC = 200.2 (s, CHO), 172.3 (s, CO2H), 142.4 (s, CHarom.), 

138.9 (s, CHarom.), 130.9 (s, CHarom.), 130.1 (s, CHarom.), 

58.3 (s, α-CH), 55.9 (s, CH2CHO), 37.7 (s, β-CH2) ppm.  
13C-NMR (DMSO, 176 MHz): δC = 197.7 (s, CHO), 170.3 (s, CO2H), 140.6 (s, CHarom.), 

135.9 (s, CHarom.), 129.9 (s, CHarom.), 128.5 (s, CHarom.), 

52.9 (s, α-CH), 35.7 (s, CH2CHO), 26.8 (s, β-CH2) ppm.  

LC-MS (H2O- MeOH, 21min): 7.57 min (app. 20% MeOH), [UV] 

MS (+p ESI Q1 MS):  m/z (%) = 208.19 (calculated: 207.09).  

 

  

CO2HH2N

O

C11H13NO3
M = 207.23
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9.4.11 (S)-2-Amino-3-(4-ethynylphenyl)propanoic acid (24, pEynF)247 

 
# 279 (50%) 

To (S)-2-((tert-butoxycarbonyl)amino)-3-(4-ethynylphenyl)propanoic acid (82 mg, 

0.283 mmol) HCl in Dioxane (4.0 M, 1 mL) is added and stirred at room temperature 

until TLC shows complete conversion (app. 2 h). The solids are filtered off and washed 

with Et2O to give (S)-2-Amino-3-(4-ethynylphenyl)propanoic acid (27 mg, 50%) as a 

white solid.  

 

Yield  50% 
1H-NMR (D2O, 500 MHz): δH = 7.55 (d, 3J = 8 Hz, 2H, CHarom.), 7.31 (d, 3J = 8 Hz, 2H, 

CHarom.), 4.39-4.37 (m, 1H, α-CH), 3.52 (s, 1H, CHalkyne), 

3.40-3.25 (m, 2H, β-CH2) ppm. 
13C-NMR (D2O, 125 MHz): δC = 172.6 (s, CO2H), 136.6 (s, CHarom.), 134.4 (s, CHarom.), 

131.1 (s, CHarom.), 122.7 (s, CHarom.), 84.9 (s, Calkyne), 80.0 

(s, Calkyne), 55.1 (s, α-CH), 36.9 (s, β-CH2) ppm.  

MS (+p ESI Q1 MS):  m/z (%) = 189.03 (calculated: 189.08).  

HR-MS (C11H12NO2):  calculated: 190.0863, found: 190.0857.  

 

 

 

 

 

 

 

  

CO2HH2N
C11H11NO2

189.21 g/mol
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9.4.12 (S)-2-Amino-3-(4-thiocyanatophenyl)propanoic acid (17) 

 
# intern: Benedikt Soller 

4-Amino-(L)-phenylalanine (0.828 g, 4 mmol) are dissolved in half concentrated 

hydrochloric acid (32 mL) and Sodium nitrite (0.304 g, 4.4 mmol) dissolved in water 

(8 mL) is added dropwise at 0 °C. After 10 minutes half concentrated hydrochloric acid 

(38 mL) and Potassium thiocyanate (0.760 g, 4.2 mmol) in water (8 mL) is added 

dropwise over 15 minutes at 0 °C. The solution keeps stirring at 0 °C for 15 minutes and 

then 3.5 h at room temperature. After evaporation in vacuo the residue is resolved in 

ethanol and precipitated by addition of diethyl ether, filtered off to yield in (S)-2-Amino-

3-(4-thiocyanatophenyl)propanoic acid (910 mg, 99%). The compound in very 

hydroscopic and is therefore stored under inert atmosphere.  

 

Yield  99% 
1H-NMR (D2O, 360 MHz):  δH = 8.59 (d, 2H), 7.94 (d, 2H), 4.52 (t, 3J = 7.0 Hz, 1H), 

3.58 (dd, 3J = 7.0 Hz, 3H) ppm.  
13C-NMR (D2O, 91 MHz):  δC = 170.4 (s, CO2H), 150.7 (s, CSCNarom.), 132.9 (s, 

CHarom.), 132.6 (s, CHarom.), 113.2 (s, CHarom.), 53.1 (s, α-

CH), 36.2 (s, β-CH2) ppm. (SCN is missing).  

IR: (cm-1) = 3086, 3064, 2964, 2943, 2852, 2693, 2604, 

2550, 2483, 2274 (characteristic for SCN), 1715, 1578, 

1493, 1448, 1422, 1407, 1301, 1248, 1208, 1074.  

HR-MS (C10H10N2O2S):  calculated: 222.0463, not detectable.  

 
 
 
 
 
 

H2N CO2H

SCN

C10H10N2O2S
M = 222.26

ν
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9.5 Synthesis of transition metal coordinating unnatural amino acids 

9.5.1 Synthesis of 2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (38, HQ-

Ala)248 

 

overview oft he multi-step synthesis: 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OMe
NH2 O N

OMe
N

OH

NaI
H2SO4

110 °C, 6h

BBr3, 

(DCM)
0 °C,rt, 16h

N
OR

Br

N
OAc

NaH

(DMF)
0 °C, 1h

N
OH

NH2

CO2H

Ac2O

130 °C, 30min

77%42%

95%

12 N HCl

reflux, 6hN
OR

NHAc
CO2Et

CO2Et

N
OBoc

Boc2O
DMAP
NEt3

rt, over night

44% (49mg)

NBS 1eq.
AIBN 0.1 eq. 

(CCl4)
45 °C, 24h

68%
over 2 steps

92%

CO2EtAcHN

CO2Et
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9.5.1.1 8-Methoxy-3-methylquinoline 

 
# 175 (57%), 184 (42%) 

o-Anisidine (9.0 g, 73 mmol) and sodium iodide (0.15 g, 1.0 mmol) were dissolved in 

sulfuric acid (70%, 26 mL). The solution was heated to 110 °C. Methacrolein (10 mL, 

118  mmol) was added dropwise over 2 h. The reaction mixture was stirred for 3 h at 

110 °C, cooled to room temperature and poured slowly into 1 M aqueous sodium 

carbonate solution (450 mL) and extracted with DCM. The organic layer was dried over 

MgSO4 and concentrated under reduced pressure. Purification by flash column 

chromatography (SiO2, DCM-DCM/MeOH 99:1) gave 8-Methoxy-3-methylquinoline 

(7.25 g, 57%) as a brownish solid. 

 

Yield  57% 

Rf (DCM)   = 0.2 [UV] 
1H-NMR (CDCl3, 400 MHz):  δH = 8.81 (s, 1H, CHarom.), 7.93 (s, 1H, CHarom.), 7.45 (t, 3J 

= 8.0 Hz, 1H, CHarom.), 7.33 (d, 3J = 8.0 Hz, 1H, CHarom.), 

7.00 (d, 3J = 8.0 Hz, 1H, CHarom.), 4.09 (s, 3H, OCH3), 

2.52 (s, 3H, CH3) ppm.  
13C-NMR (CDCl3, 100 MHz):  δC = 155.3 (s, CHarom.), 151.0 (s, CHarom.), 138.2 (s, 

CHarom.), 135.0 (s, CHarom.), 131.2 (s, CHarom.), 129.4 (s, 

CHarom.), 126.9 (s, CHarom.), 119.0 (s, CHarom.), 106.9 (s, 

CHarom.), 56.0 (s, OCH3), 18.8 (s, CH3) ppm.  

HR-MS (C11H11NO):  calculated: 173.0841, found: 174.0915.  

 

 

 

 

 

N
OMe

C11H11NO
173.21 g/mol
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9.5.1.2 3-Methylquinolin-8-ol 

 
# 178 (HBr, no yield), 188 (BBr3, 77%) 

8-Methoxy-3-methylquinoline (3.46 mmol, 600 mg) was dissolved in dichloromethane 

(10.0 mL) and cooled to 0 °C. At that temperature, a solution of BBr3 in dichloromethane 

(1 M; 6.93 mmol, 6.9 mL) was added dropwise. The solution was stirred at room 

temperature for 19 h. Dichloromethane and water were added. The aqueous phase is 

adjusted to pH=8 with NaOH (3 M) and extracted with dichloromethane (3x). The organic 

layer was dried over MgSO4 and concentrated under reduced pressure to give 3-

Methylquinolin-8-ol (0.806 g, 77%) as reddish solid.  

 

Yield  77% 
1H-NMR (MeOD, 500MHz):  δH = 8.63 (s, 1H, CHarom.), 7.98 (s, 1H, CHarom.), 7.36 (t, 3J 

= 7.65 Hz, 1H, CHarom.), 7.26 (t, 3J = 8.05 Hz, 1H, 

CHarom.), 2.49 (s, 3H, CH3) ppm.  
13C-NMR (MeOD, 91 MHz):  δC = 154.2 (s, CHarom.), 151.0 (s, CHarom.), 138.3 (s, 

CHarom.), 136.1 (s, CHarom.), 132.6 (s, CHarom.), 130.6 (s, 

CHarom.), 128.6 (s, CHarom.), 118.6 (s, CHarom.), 111.2 (s, 

CHarom.), 18.6 (s, CH3) ppm. 

HR-MS (C10H9NO):  [M+H+] calculated: 160.0757, found: 160.0752.  

 

 

 

 

 

  

N
OH

C10H9NO
159.18 g/mol
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9.5.1.3 3-Methylquinolin-8-yl acetate  

 
# 189 (95%) 

3-Methylquinolin-8-ol (0.310 g, 1.95 mmol) was dissolved in acetic anhydride (2.8 mL) 

and the solution was stirred for 40 min at 130 °C. The reaction mixture was cooled to 

room temperature and concentrated under reduced pressure. The residue was dissolved in 

EtOAc and washed with saturated aqueous NaHCO3 solution. The organic layer was 

dried over MgSO4 and concentrated under reduced pressure to give 3-Methylquinolin-8-

yl acetate (0.372 g, 95%) as a yellow solid.  

 

Yield  95% 
1H-NMR (CDCl3, 360 MHz):  δH = 8.73 (d, 4J = 2.0 Hz, 1H, CHarom.), 8.18 (s, 1H, 

CHarom.), 7.78 (d, 3J = 8.0 Hz, 4J = 1.0 Hz, 1H, CHarom.), 

7.57 (t, 3J = 8.0 Hz, 1H, CHarom.), 7.43 (d, 3J = 8.0 Hz, 4J = 

1.0 Hz, 1H, CHarom.), 2.53 (s, 3H, CH3), 2.45 (s, 3H, 

OC(O)CH3) ppm.  
13C-NMR (CDCl3, 91 MHz):  δC = 171.5 (s, OC(O)CH3), 153.2 (s, CHarom.), 148.1 (s, 

CHarom.), 140.3 (s, COarom.), 136.8 (s, CHarom.), 133.2 (s, 

CHarom.), 131.0 (s, CHarom.), 127.8 (s, CHarom.), 126.7 (s, 

CHarom.), 122.4 (s, CHarom.), 20.9 (s, OC(O)CH3), 18.6 (s, 

CH3).  

HR-MS (C12H12NO2):  calculated: 202.0868, found: 202.0869.  

 

 

 

 

  

N
O

O

C12H11NO2
201.22 g/mol

ν
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9.5.1.4 tert-Butyl (3-methylquinolin-8-yl) carbonate 

 
# 207 (44%) 

3-Methylquinolin-8-ol (0.42 mmol, 0.068 g) is dissolved in DCM (10 mL) under argon 

atmosphere. Di-tert-butylcarbonate (0.487 mmol, 0.106 g), NEt3 (2.08 mmol, 0.3 mL) 

and DMAP (10 mg) are added at room temperature. The solution stirs at this temperature 

for 22 h. Then, DCM and water are added, and the organic layer is separated, washed 

with brine and dried over MgSO4 and concentrated under reduced pressure. Purification 

by column chromatography (SiO2, Hexane:EtOAc 100%-70%) gives tert-Butyl (3-

methylquinolin-8-yl) carbonate (0.049 g, 44%) as a colorless oil.  

  

Yield  44% 

Rf (Hexane:EtOAc 1:1)   = 0.87 [UV blau]  

Rf (DCM:MeOH 8:2)   = 0.58 [UV blau]  
1H-NMR (CDCl3, 400 MHz):  δH = 8.79 (d, 3J = 4.0 Hz, 1H, CHarom.), 7.93 (s, 1H, 

CHarom.), 7.63 (dd, 3J = 8.0 Hz, 4J = 4.0 Hz, 1H, CHarom.), 

7.50 – 7.44 (m, 2H, CHarom.), 2.51 (s, 3H, CH3), 1.60 (s, 

9H, C(CH3)3) ppm.  
13C-NMR (CDCl3, 101 MHz):  δC = 152.4 (s, C(O))C(CH3)3), 152.2 (s, CHarom.), 147.4 (s, 

CHarom.), 139.4 (s, COarom.), 134.9 (s, CHarom.), 131.5 (s, 

CHarom.), 129.5 (s, CHarom.), 126.4 (s, CHarom.), 125.2 (s, 

CHarom.), 120.2 (s, CHarom.), 83.8 (s, C(CH3)3), 27.8 (s, (s, 

C(CH3)3)), 18.9 (s, CH3) ppm.  

 

 

 

 

N
O

O

O

C15H17NO3
259.30 g/mol
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9.5.1.5 Diethyl 2-acetamido-2-((8-((tert-butoxycarbonyl)oxy)quinolin-3-yl)-

malonate[249] 

                 

 
# avz_353+356F3 OAc,    # GABU_018 OBoc,  

 

A solution of HQ-OAc or HQ-OBoc (0.4 g, 2 mmol), NBS (0.36g, 2 mmol) and AIBN 

(0.032 g, 0.2 mmol) in CCl4 (15 mL) was heated to 45 °C over night. The solvent was 

removed in vacuo. The residue was dissolved in DCM and washed with sat. aqu. 

NaHCO3 solution. The organic layer was dried over MgSO4, filtered and concentrated in 

vacuo to give the crude brominated product. A mixture of Diethyl acetamidomalonate 

(0.43 g, 2 mmol) and Sodium hydride (0.08 g, 2 mmol, 60% in mineral oil) in dry DMF 

(10 mL) was stirred for 30 min at 0 °C. To the solution was added the crude brominated 

product in dry DMF (2 mL) at 0 °C and the mixture was stirred for 2 h at rt. The reaction 

mixture was diluted with EtOAc (30 mL) and washed with 10% aqueous sodium 

thiosulfate solution (2 × 20 mL). The organic layer was dried over MgSO4, filtered and 

concentrated in vacuo. Purification by column chromatography (SiO2, Hexane:EtOAc 

7:3) gives HQ-OAc-diethylacetamidomalonate (0.43 g, 52%) or respectively Diethyl 2-

acetamido-2-((8-((tert-butoxycarbonyl)oxy)quinolin-3-yl)malonate as a brownish solid.  

 

yield 52% 
1H-NMR (MeOD, 400 MHz): δH = 8.70 (d, 3J = 4 Hz, 1H, CHarom.), 8.10(d, 3J = 4 Hz, 

1H, CHarom.), 7.72 (dd, 3J = 8 Hz, 1H, CHarom.), 7.53 (t, 3J 

= 8 Hz, 1H, CHarom.), 7.40 (dd, 3J = 8 Hz, 1H, CHarom.), 

4.88 (s, 2H, CH2), 4.10 (q, 4H, CH2), 2.50 (s, 3H, OAc),  

N
OAc

NHAc
CO2Et

CO2Et

C21H24N2O7
M = 416.42

N
OBoc

NHAc
CO2Et

CO2Et

C24H30N2O8
M = 474.50
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2.45 (s, 3H, OAc),  2.14 (s, 2H, CH3), 1.23 (t, 6H, CH3) 

ppm.  
13C-NMR (MeOD, 100 MHz): δC = 172.9 (s, COCH3), 171.46 (s, COCH3), 153.2 (s, 

CHarom.), 148.1 (s, CHarom.), 140.3 (s, CHarom.), 136.7 (s, 

CHarom.), 133.1 (s, CHarom.), 131.1 (s, CHarom.), 127.7 (s, 

CHarom.), 126.6 (s, CHarom.),  122.3 (s, CHarom.), 87.7 (s, 

Cq.), 61.5 (s, CH2), 20.9 (s, COCH3), 18.5 (s, COCH3), 

14.5 (s, CH3) ppm.   

MS (+p ESI Q1 MS):  m/z (%) = 474.85 (calculated: 474.20). for HQ-OBoc 
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9.5.1.6 2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (38, HQA)[250,251] 

  
 

# 375 D 

Diethyl 2-acetamido-2-((8-((tert-butoxycarbonyl)oxy)quinolin-3-yl)malonate (0.42 g, 1 

mmol) in 12M HCl was heated to reflux for 6 h. The reaction mixture was concentrated in 

vacuo to give 2-Amino-3-(8-hydroxyquinolin-3-yl)propanoic acid as HCl salt (0.23 g, 

99%) as a yellowish powder.  

 

Yield  99% 
1H-NMR (D2O, DSS, 400 MHz):  δH = 8.99 (m, 2H, CHarom.), 7.82-7.74 (m, 2H, 

CHarom.), 7.51 (d, 3J = 8 Hz, 1H, CHarom.), 4.42 (t, 1H, α-

CH), 3.64−3.54 (m, 2H, β-CH2) ppm.  
13C-NMR (D2O, DSS, 151 MHz): δC = 171.3 (s, CO2H),  147.3 (s, CHarom.), 147.0 (s, 

CHarom.),  143.4 (s, CHarom.), 131.2 (s, CHarom.), 129.9 (s, 

CHarom.), 129.7  

(s, CHarom.), 128.3 (s, CHarom.), 119.2 (s, CHarom.), 116.7 (s, 

CHarom.), 53.9 (s, α-CH), 32.8 (s, β-CH2) ppm.   

MS (+p ESI Q1 MS):  m/z (%) = 233.2 (calculated: 233.1).  

 

 

 

 

  

N
OH

NH2

CO2H
C12H12N2O3
232.24 g/mol



 

 

213 

9.5.2 Synthesis of Bipyridyl-(L)-alanine (31, bp-Ala)252 

 

overview oft he multi-step synthesis: 

 

 
 

 
 

 

 

 

 

 

 

 

 

N OH

Tf2O
pyridin

-12°C - 0°C
30 min

N OTf

N
N

N Br
1) 

   tBuLi, (THF)
   -78 °C, 30 min
2) ZnCl2
    rt, 2h

3) LiCl, (THF)
   Pd(PPh3)4
   rt, reflux, 18h

88 %

N
N

Br

N
O

I2
Pyridine

80 °C N
O

N

I methacroline
NH4Ac

(Formamid)
80 °C, 6h

N Br

1) nBuLi 1eq.
    (THF)
    -78 °C, 45min

2) B(OMe)3
    -78 °C- rt
    over night
3) HCl/H2O

N B(OH)2

1) Na2CO3
    [Pd] Paladacycle 
    (H2O)
    rt, 30 min

2) 2-Bromopyridine
    40 °C

78 %

89 %

NBS
AIBN 0.25 eq.

(CCl4)
45 °C, 24h

41 %

18%

N
N

Br NaH

(DMF)
 0°C - rt

CO2EtAcHN

CO2Et

N
N

H2N CO2H

N
N

AcHN CO2Et
12M HCl
reflux, 6h

CO2Et

40 % 99 %
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9.5.2.1 5-Methylpyridin-2-yl trifluoromethanesulfonate 

 
# 190 

To a solution of 2-Hydroxy-5-methylpyridine (4.85 g, 44.4 mmol) in Pyridine (94 mL) 

Trifluoromethanesulfonic anhydride (15.1 g, 53.5 mmol) is added dropwise at -12 °C. 

The solution is stirred at 0°C for 30 min and water is added. The aqueous phase is 

extracted with DCM (3x). The organic layer was dried over MgSO4 and concentrated 

under reduced pressure. Purification by flash column chromatography (SiO2, Hex/EtOAc 

39:1) gave 5-Methylpyridin-2-yl trifluoromethanesulfonate (9.447 g, 88%) as clear, 

colorless oil.  

 

yield  88% 
1H-NMR (CDCl3, 400MHz):  δH = 8.19 (d, 4J = 2.3 Hz, 1H, CHarom.), 8.19 (dt, 3J = 8.3 

Hz, 4J = 0.5 Hz, 1H, CHarom.), 7.07 (d, 3J = 8.3 Hz, 1H, 

CHarom.), 2.38 (s, 3H, CH3) ppm.  
13C-NMR (CDCl3, 100 MHz):  δC = 154.1 (s, CHarom.), 148.7 (s, CHarom.), 141.5 (s, 

CHarom.), 134.6 (s, CHarom.), 118.7 (q, OSO2CF3), 114.8 (s, 

CHarom.), 17.85 (s, CH3) ppm.  
19F-NMR (CDCl3):  δF = –73.28 ppm. 

HR-MS (C7H6F3NO3S):  [M–H+] calculated: 242.0099, found: 242.0084.  

 

 

 

 

 

 

 

 

 

N OTf

C7H6F3NO3S
241.19 g/mol
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9.5.2.2 1-(2-Pyridylacetyl)pyridinium iodide253,254,255,256  

 
# 206 (78%), 252 (78%) 

I2 (5.06 g, 20 mmol) is dissolved in Pyridin (30 mL) and heated to 70 °C for 30 min. 2-

Acetylpyridin (2.42 g, 2.24 mL, 20 mmol) is added and the solution stirs at 80 °C for 

4.5 h. After the mixture cooled the solution is filtered off and washed with ethanol 

several times. The greenish solid is dried in vacuo over night to give 1-(2-

Pyridylacetyl)pyridinium iodide (5.112 g, 78%).  

 

Yield 78% 
1H-NMR (DMSO, 400 MHz):  δH = 9.01 (d, 3J = 4.0 Hz, 2H, CHarom.), 8.88 (d, 3J = 4.0 

Hz, 1H, CHarom.), 8.73 (t, 3J = 8.0 Hz, 1H, CHarom.), 8.27 

(t, 3J = 8.0 Hz, 2H, CHarom.), 8.14 (dt, 3J = 8.0 Hz, 4J = 2.0 

Hz, 1H, CHarom.), 8.07 (d, 3J = 8.0 Hz, 1H, CHarom.), 7.84 

(dt, 3J = 4.0 Hz, 4J = 2.0 Hz, 1H, CHarom.), 6.51 (s, 2H, 

CH2) ppm.  
13C-NMR (DMSO, 101 MHz): δC = 191.48 (s, CHarom.), 150.46 (s, CHarom.), 149.57 (s, 

CHarom.), 146.35 (s, CHarom.), 138.16 (s, CHarom.), 129.16 

(s, CHarom.), 127.72 (s, CHarom.), 122.06 (s, CHarom.), 66.67 

(s, CH2).  

HR-MS (C12H11IN2O):  calculated [M–I-]: 199.0866, found: 199.0857.  

 

 

 

 

 

 

 

N
O

N

I C12H11IN2O
326.13 g/mol
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9.5.2.3 5-Methyl-2,2'-bipyridine257 

 
# 196 (BuLi, 18%), 208 (67%), 253 (89%) 

1-(2-Pyridylacetyl)pyridinium iodide (4.98 g, 15.5 mmol) and NH4OAc (3.54 g, 

45.9 mmol) are placed in a Schlenk flask and evacuated and refilled with Argon for 3 

times. The solids are dissolved in formamide (40 mL) and methacroleine (1.18 g, 

1.42 mL, 16.8 mmol) is added. The solution stirs at 80 °C for 6.6 h. After the mixture 

cooled to room temperature DCM and water is added. The aqueous phase is extracted 

with DCM (2x 150 mL), Et2O (1x 150 mL) and EtOAc (2x 150 mL). The combined 

organic phases are dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by flash column chromatography (SiO2, DCM-DCM/MeOH 99:1 – 80:20) 

gave 5-Methyl-2,2'-bipyridine (1.73 g, 67%) as a brownish liquid. 

 

Yield:  89% 

Rf (DCM:MeOH)   = 0.82 [UV] 
1H-NMR (CDCl3, 600MHz):  δH = 8.66  (d, 3J = 4.7 Hz, 1H, CHarom.), 8.51 (s, 1H, 

CHarom.), 8.35 (d, 3J = 7.9 Hz, 1H, CHarom.), 8.28 (d, 3J = 

8.0 Hz, 1H, CHarom.), 7.80 (t, 3J = 7.7 Hz, 1H, CHarom.), 

7.63 (d, 3J = 8.0 Hz, 1H, CHarom.), 7.29 (vt, 3J = 8.0 Hz, 

1H, CHarom.), 2.39 (s, 3H, CH3) ppm.  
13C-NMR (CDCl3, 151 MHz):  δC = 156.19 (s, CHarom.), 153.55 (s, CHarom.), 149.64 (s, 

CHarom.), 149.18 (s, CHarom.), 137.76 (s, CHarom.), 137.12 

(s, CHarom.), 133.66 (s, CHarom.), 123.58 (s, CHarom.), 

121.01 (s, CHarom.), 120.82 (s, CHarom.), 18.49 (s, CH3) 

ppm.  

GC-MS (Method 1):  rt = 10.50 min.  

HR-MS (C11H10N2):  [M–H+] calculated: 171.0922, found: 171.0915. (#196).  

 

N
N

C11H10N2
170.21 g/mol
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9.5.2.4 5-Bromomethyl-2,2′-bipyridine[258] 

 
 

# basti 081/avz_256 (41%), 259 

5-Methyl-2,2′-bipyridine (100 m g, 0.6 mmol), N-Bromosuccinimide (105 m g, 

0.6 mmol), and AIBN (24 mg, 0.15 mmol) were dissolved in CCl4 (9 mL). The reaction 

mixture was stirred at 45 °C for 24 h. Solids were filtered off, the solvent was evaporated 

and the residue was purified by column chromatography (SiO2, DCM:MeOH 98:2) to 

yield 5-Bromomethyl-2,2′-bipyridine (60 mg, 41%) as a white solid.  

 

Yield  41% 

Rf (DCM:MeOH 9:1)   = 0.58 
1H-NMR (CDCl3, 500 MHz):  δH = 8.67 (s, 2H, CHarom.), 8.40-8.38 (m, 2H, CHarom.), 

7.85-7.81 (m, 2H, CHarom.), 7.33-7.26 (m, 1H, CHarom.), 

4.52 (s, 2H, CH2) ppm.  
13C-NMR (CDCl3, 126 MHz): δC = 155.60(s, CHarom.), 155.19 (s, CHarom.), 149.35 (s, 

CHarom.), 149.01(s, CHarom.), 137.77 (s, CHarom.), 137.42 (s, 

CHarom.), 137.38 (s, CHarom.), 133.86 (s, CHarom.), 124.13 

(s, CHarom.), 121.45 (s, CHarom.), 121.21 (s, CHarom.), 29.65 

(s, CH2) ppm.  

HR-MS (C11H9BrN2):  calculated: 249.0022, found: 249.0010.   

 

  

N
N

Br C11H9BrN2
M = 249.11 g/mol
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9.5.2.5 Diethyl 2-([2,2'-bipyridin]-5-ylmethyl)-2-acetamidomalonate[259,260] 

 
# 261 (40%) 

A mixture of Diethyl acetamidomalonate (48 mg, 0.22 mmol) and Sodium hydride (5 mg, 

0.22 mmol, 60% in mineral oil) in dry THF (10 mL) was stirred for 30 min at 0 °C. To 

the solution was added 5-Bromomethyl-2,2′-bipyridine (50 mg, 0.2 mmol) in dry DMF 

(1.5 mL) at 0 °C and the mixture was stirred for 2 h at rt. The reaction mixture was 

diluted with EtOAc and washed with water. The organic layer was dried over MgSO4, 

filtered and concentrated in vacuo. Purification by column chromatography (SiO2, 

DCM:MeOH 95:5) gives Diethyl 2-([2,2'-bipyridin]-5-ylmethyl)-2-acetamidomalonate 

(43 mg, 40%) as a brownish solid.  

 

Yield  40% 

Rf (DCM:MeOH 10:1)   = 0.4 
1H-NMR (CDCl3, 360 MHz):  δH = 8.76 (d, 3J = 5.0 Hz, 1 H, CHarom.), 8.35 (s, 1 H, 

CHarom.), 8.32 (d, 3J = 8.0 Hz, 2 H, CHarom.), 7.81 (m, 1H, 

CHarom.), 7.29- 7.32 (m, 1 H, CHarom.), 6.60 (s, 1 H, 

CHarom.), 4.20-4.40 (m, 4 H, CH2CH3), 3.74 (s, 1 H, α-

CH), 2.07 (s, 2 H, β-CH2), 1.31 (t, J = 7.0 Hz, 6 H, 

CH2CH3) ppm. 

MS (EI, 70 eV):  m/z (%) =  386.3 (calculated: 386.4). 

 

  

NHAc
CO2Et

CO2Et

N
N

C20H23N3O5
M = 385.41
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9.5.2.6 3-([2,2'-biPyridin]-5-yl)-2-aminopropanoic acid (31, DiPyA)[261] 

 
# 363 (99%) 

Diethyl 2-([2,2'-bipyridin]-5-ylmethyl)-2-acetamidomalonate (0.38 g, 1 mmol) in 12M 

HCl was heated to reflux for 6 h. The reaction mixture was concentrated under reduced 

pressure to give the product (245 mg, 99%) as a white solid in the HCl salt form.  

 

Yield  99% 
1H-NMR (D2O, 500 MHz):  δH = 8.88 (d, 3J = 5.6 Hz, 1H, CHarom.), 8.82 (s, 1H, 

CHarom.), 8.68 (t, 3J = 8 Hz, 1H, CHarom.), 8.61 (d, 3J = 8 

Hz, 1H, CHarom.), 8.37 (d, 3J = 8 Hz, 1H, CHarom.), 8.22 (d, 
3J = 8 Hz, 1H, CHarom.), 8.07 (t, 3J = 6.6 Hz, 1H, CHarom.), 

4.54 (t, 3J = 6.8 Hz, 1H, α-CH), 3.59-3.50 (m, 2H, β-CH2) 

ppm. 
13C-NMR (D2O, 125 MHz):  δC = 171.13 (s, CO2H), 150.1 (d, CHarom.), 148.0  (s, 

CHarom.), 147.0 (d, CHarom.), 146.5 (s, CHarom.), 143.3 (d, 

CHarom.), 141.7 (d, CHarom.), 134.9 (s, CHarom.), 127.6 (d, 

CHarom.), 125.0 (d, CHarom.), 123.8  (d, CHarom.), 53.6 (d, α-

CH), 33.2 (t, β-CH2) ppm.   

HR-MS (C13H14N3O2):  calculated: 244.1081, found: 244.1069.  

 

 

 

 

 

 

NH2

CO2H

N
N

C13H13N3O2
M = 243.26
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9.5.3 Synthesis of 6-Dipyridin-2-yl-(S)-lysine / (S)-2-amino-6-(di(pyridin-2- 

yl)amino)hexanoic acid (dpa-Lys) 

9.5.3.1  3-(Pyridin-2-ylamino)propan-1-ol262  

  
# 20 (20%), 37 (neat 92%), 40 (neat, 37%) 

2-Bromopyridine (1.00 g, 0.60 mL, 6.33 mmol) and 4-Aminobutan-1-ol (1.41 g, 1.47 mL 

15.82 mmol) are mixed together in a Schleck tube and are heated to 140 °C for 18h. After 

cooling down to room temperature the mixture is directly purred on a column for 

purification (SiO2, DCM-DCM/MeOH/NEt3 19:1:0.02 – 18:2:0.02), which yield in 4-

(Pyridin-2-ylamino)butan-1-ol (0.964 g, 92%) as a sticky, yellow oil. If necessary excess 

of NEt3 can be removed by washing of a DCM solution of the compound with aqu. 

NH4Cl solution and subsequent drying over MgSO4 and evaporation in vacuo.  

 

Yield  92% 

Rf (DCM:MeOH 9:1)   = 0.7 [UV] 
1H-NMR (CDCl3, 500 MHz):  δH = 7.94  (d, 3J = 4.7 Hz, 1H, CHarom.), 7.37 (t, 3J = 6.1 

Hz,  

1H, CHarom.), 6.49 (t, 3J = 6.1 Hz, 1H, CHarom.), 6.38 (d, 3J 

=  

8.5 Hz, 1H, CHarom.), 5.18 (s, 1H, NH), 3.63 (t, J = 6.0 Hz, 

2H, CH2), 3.24 (t, J = 6.6 Hz, 2H), 1.64 (m, 4H).  
13C-NMR (CDCl3, 125 MHz):  δC = 158.27 (s, CHarom.), 146.65 (s, CHarom.), 138.06 (s, 

CHarom.), 112.39 (s, CHarom.), 107.35 (s, CHarom.), 61.45 (s, 

CH2), 41.90 (s, CH2), 29.88 (s, CH2), 25.98 (s, CH2) ppm.  

HR-MS (C9H14N2O):  [M+H] calculated: 166.1179, found: 167.1172.  

 

 

 

N

H
N OH C9H14N2O

166.22 g/mol
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9.5.3.2 N-(3-((tert-Butyldiphenylsilyl)oxy)propyl)pyridin-2-amine  

  
# 38  

To a solution of 3-(Pyridin-2-ylamino)propan-1-ol (0.498 g, 3 mmol) and Imidazol 

(0.367 g, 5.4 mmol) in dry DCM (5 mL) tert-Butyl(chloro)diphenylsilane (1.01 mL, 

3.9 mmol) is added drop wise. The reaction stirs for 18 h at rt. The solids are filtered off. 

Purification by column chromatography (SiO2, DCM:MeOH:NEt3 95:5:0.1) gives N-(3-

((tert-Butyldiphenylsilyl)oxy)propyl)pyridin-2-amine (0.51 g, 42%) as a brownish solid.  

 

Yield  42% 

Rf (DCM:MeOH 9:1)   = 0.65 
1H-NMR (CDCl3, 400 MHz):  δH = 8.08  (m, 1H, CHarom.), 7.70 (dd, 3J = 8 Hz, 4J = 1.6 

Hz 

4H, CHarom.), 7.44 – 7.37 (m, 11H, CHarom.), 6.57 (m, 1H, 

CHarom.), 6.36 (d, 3J = 8 Hz, 1H, CHarom.), 4.77 (s, 1H, 

NH), 3.73 (t, J = 8 Hz, 2H, CH2), 3.26 (t, J = 8 Hz, 2H), 

1.76 – 1.66 (m, 4H), 1.08 (s, 9H, C(CH3)3) ppm.  
13C-NMR (CDCl3, 101 MHz):  δC = 158.73 (s, CHarom.), 147.77 (s, CHarom.), 137.69 (s, 

CHarom.), 135.63 (s, CHarom.), 134.97 (s, CHarom.), 133.97 

(s, CHarom.), 129.67 (s, CHarom.), 129.41 (s, CHarom.), 

127.72 (s, CHarom.), 127.65 (s, CHarom.), 112.60 (s, 

CHarom.), 106.58 (s, CHarom.), 63.55 (s, OCH2), 42.13 (s, 

NCH2), 30.05 (s, C(CH3)3), 26.96 (s, C(CH3)3), 25.98 (s, 

CH2), 19.29 (s, CH2) ppm.  

HR-MS (C25H32N2OSi):  [M+H] calculated: 405.2357, found: 405.2366.  

 

 

N

H
N O Si

C25H32N2OSi
404.62 g/mol
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9.5.3.3 4-((tert-Butyldiphenylsilyl)oxy)butan-1-amine  

  
# 24 

To a solution of 4-Amino-1-butanol (0.28 mL. 267 mg, 3 mmol) and Imidazol (0.245 g, 

3.6 mmol) in dry DMF (3 mL) tert-Butyl(chloro)diphenylsilane (0.86 mL, 3.3 mmol) is 

added drop wise at 0 °C. The reaction warms up and stirs for 26 h at rt. To the solution 

DCM is added and extracted with water (3x 20 mL) and sat. NaCl solution (1x 20mL). 

The organic phase is dried over MgSO4, filtered and concentrated under reduced 

pressure. Purification by flash column chromatography (SiO2, DCM:MeOH 20:1) gives 

4-((tert-Butyldiphenylsilyl)oxy)butan-1-amine (434 mg, 44%) as a yellow oil.  

 

Yield  44% 

Rf (DCM:MeOH 9:1)   = 0.28 [UV] [Ninhydrin] 
1H-NMR (CDCl3, 400MHz):  δH = 7.62–7.60 (m, 4H, CHarom.), 7.38-7.31 (m, 6H, 

CHarom.), 3.62 (t, J = 8 Hz, 2H, CH2O), 3.03 (t, J = 8 Hz, 

2H, CH2N), 1.83–1.75 (m, 2H, CH2CH2O), 1.61–1.54 (m, 

2H, CH2CH2N), 1.00 (s, 9H, C(CH3)3). 
13C-NMR (CDCl3, 101 MHz):  δC = 135.62 (s, CHarom.), 133.72 (s, CHarom.), 129.80 (s, 

CHarom.), 127.84 (s, CHarom.), 63.18 (s, CH2O), 40.41 (s, 

CH2N), 29.38 (s, CH2), 26.97 (s, C(CH3)3), 24.42 (s, CH2), 

19.26 (s, C(CH3)3) ppm. 
HR-MS (C20H29NOSi):  [M+H] calculated: 328.2091, found: 328.2100.  

 

 

 

  

H2N O Si
C20H29NOSi
327.54 g/mol
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9.5.3.4 (4-Bromobutoxy)(tert-butyl)diphenylsilane  

  
# 60  

To a solution of 4-Bromo-1-butanol (0.14 mL. 153 mg, 1 mmol) and Imidazol (75 mg, 

1.1 mmol) in dry DMF (0.83 mL) tert-Butyl(chloro)diphenylsilane (0.27 mL, 1.05 mmol) 

is added drop wise at 0 °C. The reaction warms up and stirs for 18 h at rt. To the solution 

sat. aqu. NaCl (1x 20mL) is added and the aqueous phase is extracted with EtOAc (3x 

20 mL). The organic phase is dried over MgSO4, filtered and concentrated under reduced 

pressure. Purification by flash column chromatography (SiO2, Hexane:EtOAc 98:2-19:1) 

gives 4-((tert-Butyldiphenylsilyl)oxy)butan-1-amine (322 mg, 82%) as a yellow oil.  

 

Yield  82%  

Rf (H:EtOAc 9:1)   = 0.84 [UV] 
1H-NMR (CDCl3, 500MHz):  δH = 7.68–7.67 (m, 4H, CHarom.), 7.45-7.38 (m, 6H, 

CHarom.), 3.70 (t, J = 6 Hz, 2H, CH2Br), 3.45–3.41 (m, 2H, 

CH2O), 2.05–1.97 (m, 2H, CH2CH2Br), 1.73–1.70 (m, 2H, 

CH2CH2O), 1.06 (s, 9H, C(CH3)3). 
13C-NMR (CDCl3, 126 MHz):  δC = 135.66 (s, CHarom.), 133.87 (s, CHarom.), 129.75 (s, 

CHarom.), 127.78 (s, CHarom.), 62.98 (s, CH2O), 34.08 (s, 

CH2Br), 31.13 (s, CH2), 29.54 (s, CH2), 26.96 (s, 

C(CH3)3), 19.33 (s, C(CH3)3) ppm.  
 

 

 

 

  

Br O
Si C20H27BrOSi

391.42 g/mol
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9.5.3.5 N-Allyl-N-(pyridin-2-yl)pyridin-2-amine 

  
# 43 (71%) 

To a solution of 2,2-Dipyridylamine (34 mg, 0.2 mmol) in dry THF (2 mL) Potassium 

tert-butoxide (26 mg, 0.24 mmol) is added and the solutions stirs for 1 h at 0 °C. 

Allylbromide (0.034 mL, 0.4 mmol) is added at 0 °C and continues stirring for 3 h. After 

warming up to rt NH4Cl and 1M HCl is added and the aqueous phase is extracted 3x with 

EtOAc, dried over MgSO4, filtered and concentrated under reduced pressure. Purification 

by flash column chromatography (SiO2, EA:Hexane 3:2) gave N-Allyl-N-(pyridin-2-

yl)pyridin-2-amine (30 mg, 71%). 

 

Yield  71% 

Rf (EA:H 3:1)   = 0.89 
1H-NMR (CDCl3, 500 MHz): δH = 8.33  (d, 3J = 4.5 Hz, 2H, CHarom), 7.55-7.52 (m, 2H, 

CHarom.), 7.17 – 7.16 (m, 2H, CHarom.), 6.87-6.85 (m, 2H, 

CHarom.), 6.05-5.98 (m, 1H, CHarom.), 5.18 (dd, 1H, 2J = 17 

Hz, 1H, C=CH2), 5.09 (dd, 1H, 2J = 17 Hz, 1H, C=CH2), 

4.86 (s,  2H, CH2) ppm.  
13C-NMR (CDCl3, 126 MHz):  δC = 157.14 (s, CHarom.), 148.27 (s, CHarom.), 137.38 (s, 

CHarom.), 134.74 (s, CH=CH2), 117.22 (s, CHarom.), 115.84 

(s, CH=CH2), 114.67 (s, CHarom.), 50.50 (s, CH2) ppm.  

HR-MS (C13H13N3):  [M+H+] calculated: 212.1182, found: 212.1174.  

 

 

 

 

 

N

N

N

C13H13N3
211.26 g/mol
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9.5.3.6 Diethyl 2-acetamido-2-allylmalonate 

  
 

# 049 

To a suspension of Diethyl acetamidomalonate (5.43 g, 25 mmol) and Cs2CO3 (12.2 g, 

37.5 mmol, 1.5 eq.) in dry Acetonitrile (33 mL) Allylbromide (4.32 mL, 2 eq.) is added 

drop wise. The reaction is then heated to 90 °C over night. After cooling down to rt water 

(20 mL) and sat. aqu.NaCl (20 mL) is added and extracted with EtOAc (3x 30 mL), dried 

over MgSO4, filtered and concentrated under reduced pressure. Purification by flash 

column chromatography (SiO2, Hexane:EtOAc 8:2) gave Diethyl 2-acetamido-2-

allylmalonate (6.464 g, 100%). 

 

Yield  100% 

Rf (H:EA 6:4)   = 0.475 [UV] 
1H-NMR (CDCl3, 500 MHz):  δH = 5.70-5.61 (m, 1H, 1H, CH=CH2), 5.34 (m, 2H, 

CH=CH2), 4.23-4.19 (m, 2H, CH2), 3.00-2.97 (m, 2H, 

CH2), 2.01 (s, 3H, CH3), 1.24 (t, 3J = 10 Hz, 6H, CH3) 

ppm.  
13C-NMR (CDCl3, 126 MHz):  δC = 172.34 (s, COAc), 168.53 (s, COEt), 132.74 (s, 

CH=CH2), 120.07 (s, CH=CH2), 67.69 (s, Cq.), 63.37 (s, 

CH2), 38.47 (s, CH2), 22.26 (s, CH3), 14.34 (s, CH3) ppm.  

HR-MS (C12H19NO5):  [M+H+] calculated: 258.1341, found: 258.1326.  

 

 

 

 

 
 
  

CO2EtEtO2C
AcHN

C12H19NO5
257.28 g/mol
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9.5.4 Synthesis of phosphorous containing amino acids 

9.5.4.1 4-(Diphenylphosphoryl)benzoic acid 

 
# 160 (53%), 171 

Para-Iodobenzoic acid (1.1 mmol, 272 mg), Diphenylphosphine oxide (142 mmol, 

288 mg), K2CO3 (4.4 mmol, 608 mg) and Pd/C (1 mol%, 12 mg) are dissolved in water 

and heated to 180 °C for 1 h in the microwave. After the solution is cooled down it is 

filtered through Celite® and acidified with 3M HCl until pH = 5. The white precipitate is 

filtered off and dried in vacuo over night to give 4-(Diphenylphosphoryl)benzoic acid 

(189 mg, 53%) as a white powder.  

Yield:     53% 
1H-NMR (DMSO, 600 MHz):  δH = 13.32 (s, 1H, CO2H), 8.08 (dd, 3J = 8 Hz, 4J = 2 Hz, 

2H, CHarom.), 7.75 (dd, 3J = 8 Hz, 2H, CHarom.), 7.65 – 7.62 

(m, 6H, CHarom.), 7.59 – 7.52 (m, 6H, CHarom.) ppm.  
13C-NMR (DMSO, 151 MHz): δC = 166.62 (s, CO2H), 133.84 (s, CHarom.), 132.47 (s, 

CHarom.), 132.28 (s, CHarom.), 132.26 (s, CHarom.), 131.85 

(s, CHarom.), 131.78 (s, CHarom.), 131.54 (s, CHarom.), 

131.48 (s, CHarom.), 129.41 (s, CHarom.), 129.33 (s, 

CHarom.), 128.92 (s, CHarom.), 128.84 (s, CHarom.) ppm. 
31P-NMR (DMSO, 243 MHz): δP = 25.27 ppm.  
31P-NMR (MeOD, 162 MHz): δP = 31.45 ppm.  

HR-MS (C19H15O3P):  [M–H+] calculated: 321.0686, found: 321.0688.  

 

 

 

 

P
O

HO2C

C19H15O3P
322.29 g/mol



 

 

227 

9.5.4.2 4-(Diphenylphosphino)benzoic acid[263,264] 

 
# 162, 170 (HSiCl3, ACN), 172 (ACN)  

4-(Diphenylphosphoryl)benzoic acid (0.3 mmol, 97 mg) is suspended in toluene (1 mL) 

and Trichlorosilane (3.0 mmol, 0.3 mL) is added.  The solution is heated to 100 °C. After 

5 h the solution is cooled to room temperature and toluene and excess of Trichlorosilane 

is removed by an external cooling trap. Ammonia (20 mL) and 10% NaOH (30 mL) is 

added and extracted with toluene (50 mL). The aqueous phase is adjusted to pH=1 with 

HCl 12N and the precipitate is filtered off to give 4-(Diphenylphosphino)benzoic acid 

(59 mg, 64%) as a white solid.  

 

Yield 64% 
1H-NMR (DMSO, 600MHz):  δH = 7.93 (d, 3J = 6 Hz, 2H, CHarom.), 7.42 (m, 6H, 

CHarom.), 7.32-7.27 (m, 6H, CHarom.) ppm.  
13C-NMR (DMSO, 151 MHz): δC = 133.6 (s, CHarom.), 133.5 (s, CHarom.), 132.9 (s, 

CHarom.), 132.8 (s, CHarom.), 129.4 (s, CHarom.), 129.3 (s, 

CHarom.), 129.0 (s, CHarom.), 128.9 (s, CHarom.) ppm.  
31P-NMR (DMSO, 243 MHz): δP = -6.38 ppm.  

HR-MS (C19H15O2P):  [M–H+] calculated: 305.0737, found: 305.0736.  

 

 

 

 

 

 

 

 

P

HO2C

C19H15O2P
306.29 g/mol
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9.5.4.3 para-(L)-Diphenylphosphoryl phenylalanine (64, pP(O)Ph2F) 

 
# 161, 163 (quant.?), 168 (quant.?) 

para-(L)-Iodophenylalanine (320 mg, 1.1 mmol), Diphenylphosphineoxide (288 mg, 

1.43 mmol) , K2CO3 (608 mg, 4.4 mmol) and Pd/C (12 mg, 10mol%) are dissolved in 

water (10 mL) and are heated to 180 °C for 1 h under microwave conditions (high 

absolption level, 12bar, 64 W). The solution is filtered over a pad of Celite®, washed 

with water and the pH is adjusted to 1-2 with HCl. Precipitates are filtered off and the 

aqueous filtrate is concentrated in vacuo. The filtrate is dissolved in EtOH, the salts are 

filtered off and the filtrate is concentrated in vacuo to give para-(L)-Diphenylphosphoryl 

phenylalanine as orange oil.  

 
1H-NMR (DMSO, 600MHz):  δH = 7.61-7.59 (m, 6H, CHarom.), 7.55-7.53 (m, 4H, 

CHarom.), 7.47-7.45 (m, 2H, CHarom.), 3.83 (m, 1H, α-CH),  

3.23-3.05 (m, , 2H, β-CH2) ppm.  
13C-NMR (DMSO, 151 MHz): δC = 170.08 (s, CO2H), 133.1 (s, CHarom.), 132.5 (s, 

CHarom.), 132.0 (s, CHarom.), 131.6 (d, JC-P = 10 Hz, 

CHarom.), 131.4 (d, JC-P = 10 Hz, CHarom.), 129.9 (d, JC-P = 

10 Hz, CHarom.), 128.7 (d, JC-P = 10 Hz, CHarom.), 54.1 (α-

CH), 36.2 (s, β-CH2) ppm.  
31P-NMR (DMSO, 243 MHz): δP = 25.47 ppm.  

HR-MS (C21H0NO3P):  [M–H+] calculated: 364.1108, found: 364.1110.  

 

 

 

H2N CO2H

P
O C21H0NO3P

365.36 g/mol
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9.5.5 Various protected amino acids and amino acid precursors  

9.5.5.1 tert-Butyl 2-((diphenylmethylene)amino)acetate[265]  

  
# 019 

A mixture of tert-Butyl chloroacetate (6.2 g, 45 mmol), Benzophenone imine (6.77 g, 

30 mmol), and anhydrous Potassium carbonate (6.2 g, 45 mol) was stirred under argon 

overnight at 130 °C. After cooling to room temperature, the mixture was filtered. The 

inorganic solids were washed with ethyl acetate (3x 50 mL). The filtrates were dissolved 

in ethyl acetate while warming. The organic phase was washed with water, dried over 

Mg2SO4, filtered and evaporated in vacuo. The solid residue was dissolved in warm 

hexanes. After refrigeration overnight, the crystalline product was filtered to yield tert-

Butyl 2-((diphenylmethylene)amino)acetate (1.96 g, 22%) as white crystals.  

 

Yield  22% 
1H-NMR (CDCl3, 600 MHz):  δH = 7.65 (d, 3J = 7.3 Hz, 2H, CHarom.), 7.48-7.43 (m, 3H, 

CHarom.), 7.39 (d, 3J = 7.3 Hz, 1H, CHarom.), 7.32 (t, 3J = 

7.6 Hz, 2H, CHarom.), 7.18 (d, 3J = 6.2 Hz, 2H, CHarom.), 

4.12 (s, 2H, CH2), 1.46  (s, 9H, CCH3) ppm.  
13C-NMR (CDCl3, 151 MHz): δC = 171.71 (s, C=O), 169.98 (s, C=N), 139.51 (s, 

CHarom.), 136.31 (s, CHarom.), 130.51 (s, CHarom.), 128.90 

(s, CHarom.), 128.75 (s, CHarom.), 128.17 (s, CHarom.), 

127.87 (s, CHarom.), 81.21 (s, Cq.), 56.43 (s, CH2),  28.24 

(s, CH3) ppm.  

HR-MS (C19H22NO2):  calculated: 296.1645, found: 296.1634.  

 

 

N O

O
C19H21NO2

295.38 g/mol
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9.5.5.2  (S)-methyl 2-((diphenylmethylene)amino)-3-(4-iodophenyl)propanoate[266]  

 
# 121 

(S)-Methyl 2-amino-3-(4-iodophenyl)propanoate (610 mg, 2 mmol) is dissolved in 

MeOH (4 mL) and HCl 12M is added. Excess of HCl and MeOH are removed in vacuo. 

The HCl salt of the amino acid is dissolved in DMF (10 mL) and Benzophenone imine 

(0.42 mL, 2.5 mmol) is added. The solutions stirs at rt for 18 h and then diluted with 

EtOAc and washed with 1x water, 1x NaHCO3 and 1x sat. NaCl solution. The combined 

organic phases are dried over MgSO4, filtered and concentrated in vacuo. Purification by 

flash column chromatography (SiO2, Hexane:EtOAc 39:1) gave (S)-methyl 2-

((diphenylmethylene)amino)-3-(4-iodophenyl)propanoate (0.892 g, 1.9 mmol, 73%).  

 

Yield  73 % 

Rf (H:EtOAc 9:1)   = 0.42 

Rf (DCM:MeOH 9:1)   = 0.90 
1H-NMR (CDCl3, 600 MHz):  δH = 7.57 (d, 3J = 7.2 Hz, 2H, CHarom.), 7.50 (d, 3J = 8.3 

Hz, 2H, CHarom.), 7.41-7.30 (m, 6H, CHarom.), 6.77 (d, 3J = 

8.2 Hz, 2H, CHarom.), 6.65 (s, br, NH), 4.26-4.23 (m, 1H, 

α-CH), 3.74 (s, 3H, OCH3), 3.22-3.13 (m, 2H, β-CH2) 

ppm. 
13C-NMR (CDCl3, 151 MHz):  δC = 172.1 (s, CO2Me), 137.7 (s, CHarom.), 137.4(s, 

CHarom.), 132.0 (s, CHarom.), 129.0(s, CHarom.), 128.4 (s, 

CHarom.), 128.3 (s, CHarom.), 127.7 (s, CHarom.), 91.7 (s, 

CIarom.), 67.0 (s, α-CH), 52.5 (s, CH3), 39.3 (s, β-CH2) 

ppm. 

HR-MS (C23H20INO2):  calculated: 469.0539, not detectable! 

 

 

CO2MeN

Ph

Ph

I

C23H20INO2
469.31 g/mol
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(S)-methyl 2-acetamido-3-(4-iodophenyl)propanoate 

 
# 183 

To a solution of (S)-Methyl 2-amino-3-(4-iodophenyl)propanoate (1.265 g, 4.15 mmol) in 

10% HCl (6 mL) 4M aqu. NaOAc (70 mL) is added at 0°C. After 15 min Acetic acid 

anhydride (30 mL, 317 mmol) is added at 0 °C and the solution stirs for 1.5 h. The solids 

are filted off, dissolved in EtOAc and washed two times with sat. aqu. NaHCO3 solution. 

The organic fraction is dried over MgSO4, filtered and concentrated under reduced 

pressure to give (S)-methyl 2-acetamido-3-(4-iodophenyl)propanoate (0.629 g, 43%) as a 

white solid.  

 

Yield  43 % 
1H-NMR (CDCl3, 400 MHz):  δH = 7.61 (d, 3J = 8 Hz, 2H, CHarom.), 7.83 (d, 3J = 8 Hz, 

2H, CHarom.), 5.95 (d, 4J = 4 Hz, 1H, NH), 4.88 – 4.84 (m, 

1H, α-CH), 3.73 (s, 3H, OCH3), 3.13 – 3.00 (m, 2H, β-

CH2), 1.99 (s, 3H, C(O)CH3) ppm. 
13C-NMR (CDCl3, 101 MHz):  δC = 172.0 (s, CO2Me), 169.7 (s, NHC(O)CH3), 137.7 (s, 

CHarom.), 135.6 (s, CHarom.), 131.4 (s, CHarom.), 92.8 (s, 

CIarom.), 53.1 (s, α-CH), 52.6 (s, CH3), 37.5 (s, β-CH2), 

23.3 (s, NHC(O)CH3) ppm. 

HR-MS (C12H14INO3):  [M–H+] calculated: 348.0097, found: 348.0088.  

 

 

 

 

 

 

CO2Me
H
N

I

O
C12H14INO3
347.15 g/mol
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9.5.5.3 (S)-2-((tert-Butoxycarbonyl)amino)-3-(4-iodophenyl)propanoic acid  

 
# 91  

4-Iodo-(L)-phenylalanine (291 mg, 1 mmol) is dissolved in NaOH 1M (2mL) and 

Dioxane (10 mL) and Boc2O (223 mg, 1.2 mmol) is added at 0 °C. The reaction is 

allowed to warm up to rt and stirs over night. The solvent is removed in vacuo. The crude 

product is dissolved in water and extracted with Dietheylether. The aqueous phase is 

adjusted to pH=2 and extracted with EtOAc. The combined organic phases are dried over 

MgSO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (SiO2, DCM:MeOH 39:1) gives (S)-2-((tert-Butoxycarbonyl)amino)-3-

(4-iodophenyl)propanoic acid (225 mg, 58%).  

 

Yield  58% 

Rf (DCM:MeOH 8:3)   = 0.52 [UV, Ninhydrin] 
1H-NMR (CDCl3, 600 MHz):  δH = 7.63 (d, 3J = 8 Hz, 2H, CHarom.), 6.93 (d, 3J = 8 Hz, 

2H, CHarom.), 4.94-4.93 (m, 1H, α-CH), 3.16-3.00 (m, 2H, 

β-CH2), 1.42 (s, 9H, C(CH3)3) ppm.  

HR-MS (C14H18INO4):  calculated: 391.03, found: 682.10 (2x, -Boc). 

 

 

 

 

 

  

CO2HBocHN

I

C14H18INO4
391.20 g/mol
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9.5.5.4 (S)-tert-butyl 2-((tert-butoxycarbonyl)amino)-3-(4-iodophenyl)propanoate  

 
# 88 (70%),  89 (12% aus pIF), 107, (195), 95  

(S)-2-((tert-Butoxycarbonyl)amino)-3-(4-iodophenyl)propanoic acid (1.9 g, 5 mmol), 

Benzyltriethylammonium chloride (1.138 g, 5 mmol) and K2CO3 (8.98 g, 75 mmol) is 

dissolved in N,N-Dimethylacetamide (38 mL) and tert-Butylbromide (26.9 mL, 

240 mmol) is added dropwise. The reaction stirs for 12 h at rt. Water is added and 

extracted with EtOAc (3x 50 ml). The organic phase is washed with sat. aqu. NaCl, dried 

over MgSO4, filtered and concentrated under reduced pressure. Purification by flash 

column chromatography (SiO2, DCM) gives (S)-tert-butyl 2-((tert-

butoxycarbonyl)amino)-3-(4-iodophenyl)propanoate (1.979 g, 88%) as a yellow oil.  

 

Yield  88% 

Rf (DCM:MeOH)   = 0.95 [UV] 
1H-NMR (CDCl3, 360 MHz):  δH = 7.59 (d, 3J = 7.7 Hz, 2H, CHarom.), 6.91 (d, 3J = 7.7 

Hz, 2H, CHarom.), 4.41 (m, 1H, α-CH), 3.30-2.93 (m, 2H, 

β-CH2), 1.40 (s, 9H, C(CH3)3), 1.39 (s, 9H, C(CH3)3) ppm. 

HR-MS (C18H26INO4):  calculated: 447.09, found: 793.92 37 (2x, -Boc).  

 

 

 

  

CO2tBuBocHN

I

C18H26INO4
447.31 g/mol
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9.5.5.5  (S)-tert-butyl 2-((tert-butoxycarbonyl)amino)-3-(4-nitrophenyl)propanoate  

 
 

# 85-F3 (63%), 80 (80%) 

Commercially available (S)-2-((tert-butoxycarbonyl)amino)-3-(4-nitrophenyl)propanoic 

acid (1.86 g, 6 mmol) and Boc2O (3.93 g, 18 mmol, 3 eq.) are dissolved in tert-Butanol 

(45 mL, 0.5 M) followed by the addition of DMAP (0.293 g, 0.4 eq.) at room 

temperature. The reaction mixture is heated to 30 °C and stirs at that temperature for 

29 h. DCM is added and the organic phase is extracted with sat. NaCl-solution, water 

(2x), dried over MgSO4 and concentrated in vacuo. Purification by column 

chromatography (SiO2, 1. Short column DCM:MeOH 99:1 to remove DMAP, 2.  Column 

Hexan: EA 19:1) gives (S)-tert-butyl 2-((tert-butoxycarbonyl)amino)-3-(4-

nitrophenyl)propanoate (1.76 g, 80%) as a white powder.  

 

Yield  80% 

Rf (DCM:MeOH 9:1)   = 0.90 [UV] 

Rf (H:EA 9:1)   = 0.15 [UV] 
1H-NMR (CDCl3, 500 MHz):  δH = 8.13 (d, 3J = 8.5 Hz, 2H, CHarom.), 7.33 (d, 3J = 8.6 

Hz, 2H, CHarom.), 5.1 (s, 1H, NH), 4.48-4.44 (m, 1H, α-

CH), 3.22-3.07 (m, 2H, β-CH2), 1.38 (2 s, 18H, CH2CH3) 

ppm.  
13C-NMR (CDCl3, 91 MHz):  δC = 170.3 (s, CO2tBu), 155.0 (s, CO2tBu), 147.0 (s, 

CNH2), 144.6 (s, CHarom.), 130.5 (s, CHarom.), 123.6(s, 

CHarom.), 82.8 (s, CCH3), 80.2 (s, CCH3), 54.3 (s, α-CH), 

38.6 (s, β-CH2), 28.7 (s, CCH3), 28.3 (s, CCH3) ppm.  

HR-MS (C18H26N2O6):  calculated: 366.18, found: 632.37 (2x, -Boc).  

 

CO2tBuBocHN

NO2

C18H26N2O6
366.41 g/mol
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9.5.5.6 (S)-tert-butyl 3-(4-aminophenyl)-2-((tert-butoxycarbonyl)amino)propanoate  

 
# 87, 82 (95%)  

 (S)-tert-butyl 2-((tert-butoxycarbonyl)amino)-3-(4-nitrophenyl)propanoate (1.26 g, 

3.452 mmol) is dissolved in 15 mL dry Methanol under Argon. Pd/C (18 mg, 0.1 eq.) is 

added. The flask is evacuated and refilled with Hydrogen (3 times). Conversion of the 

reaction can be determined by TLC (DCM:MeOH 9:1) and indicates full conversion after 

105 min. The athmosphere is exchanged against Argon and the reaction mixture is 

filtered through Celite® and washed with Methanol. The crude mixture is concentrated in 

vacuo and NMR indicates pure (S)-tert-butyl 3-(4-aminophenyl)-2-((tert-

butoxycarbonyl)-amino)propanoate (1.113 g, 95%).  

 

Yield  95% [UV] 

Rf (DCM:MeOH 9:1)   = 0.74 
1H-NMR (CDCl3, 500 MHz):  δH = 6.97 (d, 3J = 7.6 Hz, 2H, CHarom.), 6.70 (d, 3J = 7.2 

Hz, 2H, CHarom.), 4.39-4.35 (m, 1H, α-CH), 2.95 (m, 2H, 

β-CH2), 1.41 (2 s, 18H, CH2CH3) ppm.  
13C-NMR (CDCl3, 125 MHz):  δC = 171.3 (s, CO2tBu), 155.3 (s, CO2tBu), 144.6 (s, 

CNH2), 130.5 (s, CHarom.), 126.7 (s, CHarom.), 115.6 (s, 

CHarom.), 82.0 (s, CCH3), 79.7 (s, CCH3), 55.1 (s, α-CH), 

37.6 (s, β-CH2), 28.4 (s, CCH3), 28.1 (s, CCH3) ppm.  

HR-MS (C18H28N2O4):  calculated [M+Na]: 359.1941, found: 359.1927.  

 

 

  

CO2tBuBocHN

NH2

C18H28N2O4
336.43 g/mol
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9.5.5.7  (S)-ethyl 2-amino-3-(3,4-dihydroxyphenyl)propanoate267 

 
# 150 

To a suspension of 3,4-Dihydroxy-(L)-phenylalanine (1.96 g, 10 mmol) in EtOH (10 mL) 

Thionylchloride (1.78 g, 1.1 mL, 15 mmol) is added dropwise at 0 °C. The solution stirs 

while warming up to room temperature for 30 min and is then heated to reflux until TLC 

shows full conversion (23 h). The solvent and excess of Thionylchloride. The residue is 

dissolved in EtOAC and washed with NaHCO3. The aqueous fraction is extracted with 

EtOAC. The combined organic fraction are dried over MgSO4, filtered and concentrated 

in vacuuo to yield in (S)-ethyl 2-amino-3-(3,4-dihydroxyphenyl)propanoate (1.833 g, 

81%) as a colourless oil. 

 

Yield        81% 

Rf (DCM:MeOH 9:1)   = 0.3 [Ninhydrin] 
1H-NMR (MeOD, 400 MHz):  δH = 6.70 (d, 3J = 8 Hz, 1H, CHarom.), 6.63 (s, 1H, CHarom.), 

6.49 (d, 3J = 8 Hz, 1H, CHarom.), 4.13 – 4.07 (m, 2H, 

CH2CH3), 3.61 (t, 3J = 8 Hz, 1H, α-CH), 2.87 – 2.75 (m, 

2H, β-CH2), 1.19 (t, 3J = 8 Hz, 3H, CH2CH3) ppm.  
13C-NMR (D2O, 101 MHz):  δC = 176.0 (s, CO2Et), 146.4 (s, CHarom.), 145.4 (s, 

CHarom.), 129.5 (s, CHarom.), 121.8 (s, CHarom.), 117.5 (s, 

CHarom.), 116.5 (s, CHarom.), 62.1 (s, CH2CH3), 56.7 (s, α-

CH), 41.1 (s, β-CH2), 14.6 (s, CH2CH3) ppm. 

 

 

 

 

 

OH
OH

CO2EtH2N
C11H15NO4

225.24 g/mol
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9.5.5.8 (S)-Ethyl 2-amino-3-(3,4-dihydroxyphenyl)propanoate 

 
# 151 

(S)-ethyl 2-amino-3-(3,4-dihydroxyphenyl)propanoate (1.523 g, 6.7 mmol) is suspended 

in dry DCM (50 mL) and Trifluoroacetic acid anhydride (0.946 mL, 1eq.) is added drop 

wise. The reaction stirs at rt until TLC shows full conversion (around 6 h). The solvents 

are removed in vacuo and the crude product is purified by flash column chromatography 

(SiO2, DCM) to give pure (S)-Ethyl 2-amino-3-(3,4-dihydroxyphenyl)propanoate 

(1.313 g, 61%) as a grey solid.  

 

yield  61% 

Rf (DCM:MeOD 9:1)   = 0.59 [UV] 
1H-NMR (CDCl3, 400 MHz):  δH = 6.83-6.76 (m, 1H, CHarom.), 6.61 (s, 1H, CHarom.), 

6.52-6.49 (m, 1H, CHarom.), 4.82-4.77 (m, 1H, α-CH), 

4.27-4.22 (q, 3J = 8 Hz, 2H, CH2CH3), 3.14-3.04 (m, 2H, 

β-CH2), 1.32-1.25 (t, 3J = 8 Hz, 3H, CH2CH3) ppm.  
13C-NMR (CDCl3, 100 MHz):  δC = 170.2 (s, CO2Et), 157.0 (s, CO2tBu), 156.6 (COTFA), 

144.0 (s, CHarom.), 143.2 (s, CHarom.),127.5 (s, CHarom.), 

121.9 (s, CHarom.), 117.1 (s, CHarom.), 116.3 (s, CHarom.), 

115.7 (s, CHarom.), 114.3 (s, CF3), 62.5 (s, CH2CH3), 53.8 

(s, α-CH), 36.8 (s, β-CH2), 14.2 (s, CH2CH3) ppm. 

HR-MS (C13H14F3NO5):  calculated [M+Na]: 344.0716, found: 344.0700.  

 

 

 

 

OH
OH

CO2Et
H
NF3C

O C13H14F3NO5
321.25 g/mol
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9.5.5.9 (S)-benzyl 2-((tert-butoxycarbonyl)amino)-3-(4-hydroxyphenyl)propanoate  

 
# 002 

To Boc-Tyr-OH (2.067 g, 7.35 mmol, 1eq.) dissolved in dry DMF (37 mL) NaHCO3 

(1.235 g, 14.7 mmol, 2 eq.) and Benzylbromide (0.962 mL, 8.09 mmol, 1.1 eq.) is added. 

The reaction mixture stirs at room temperature for 3 days. The organic phase is washed 

with sat. NaCl solution and dried over MgSO4 and concentrated in vacuo. Purification by 

column chromatographie (SiO2, Petan:Ethylacetate 5:1 to 3:1) yield in a pure product.  

 
1H-NMR (CDCl3, 400 MHz):  δH = 7.37-7.26 (m, 5H, CHarom.), 6.87 (d, 2H, 3J = 8 Hz, 

CHarom.), 6.67 (d, 2H, 3J = 8 Hz, CHarom.), 5.19-5.08 (m, 

2H, CH2), 4.60-4.55 (m, 1H, α-CH), 3.00 (m, 2H, β-CH2), 

1.41 (s, 9H, CH2CH3) ppm.  

HR-MS (C21H25NO5):  calculated [M+Na]: 394.1625, found: 394.1607.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CO2BnBocHN

OH

C21H25NO5
371.43 g/mol
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9.6 Other substrates  

9.6.1 tert-Butyl nitrite  

  
# 81 (44%) 

tert-Butanol (37.5 mL, 0.4 mol) is added to half concentrated Sulfuric acid (42 mL) at 

0 °C. NaO2N (30 g, 0.44 mol, 1.1 eq.) is slowly added over a period of 1 h at 0 °C. The 

reaction mixture stirs over night while warming up to room temperature. The organic 

phase is separated from the aqueous phase and is washed 2x sat. NaHCO3 solution, 1x 

sat. NaCl solution and dried over MgSO4. Destillation at (atmospheric pressure, 60-

63 °C) gives pure tert-Butyl nitrite (17.73 g, 44%) as a clear colorless liquid. To avoid 

decomposition the compound is stored at +4 °C.  

 

Yield  44% 
1H-NMR (CDCl3, 500 MHz):  δH = 1.59 (s) ppm.  
13C-NMR (CDCl3, 125 MHz):  δC = 82.78 (s, Cquart.), 29.16 (s, CH3) ppm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ONO C18H27N3O8
413.42 g/mol



 

 

240 

9.6.2 4-Methoxyphenyl trifluoromethanesulfonate  

  
# 64 (72%) 

4-Methoxyphenol (2.48 g, 20 mmol) and Pyridine (3.24 mL, 40 mmol) are dissolved in 

20 mL dry DCM. Trifluoroacetic anhydride (3.98 mL, 24 mmol) are dissolved in 10 mL 

dry DCM and is slowly added at 0 °C. The reaction mixtures warm up to room 

temperature over and hour, is diluted with EtOAc. The organic phase is extracted with 

10% HCl, sat. NaHCO3-solution and sat. NaCl-solution, dried over MgSO4 and 

concentrated in vacuo. NMR of the crude product indicates pure 4-Methoxyphenyl 

trifluoromethanesulfonate (5.5 g, 72%).  

 

Yield  72% 
1H-NMR (CDCl3, 400 MHz):  δH = 7.19 (d, 3J = 9.2 Hz, 2H, CHarom.), 6.92 (d, 3J = 9.2 

Hz, 2H, CHarom.), 3.82 (s, 3H, OCH3) ppm.  
13C-NMR (CDCl3, 101 MHz):  δC = 159.2 (s, CHarom.), 143.2 (s, CHarom.), 122.5 (s, 

CHarom.), 119 (q, CF3), 115.2 (s, CHarom.), 55.8 (s, OCH3) 

ppm.   

HR-MS (C8H7F3O4S):  not detectable.   

GC-MS (C8H7F3O4S):  6.503 min.  

 

 

 

 

 

 

 

 

OTf

OMe

C8H7F3O4S
256.20 g/mol
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9.6.3 4-Diazonium tetrafluoroborate benzoic acid 

 
# 114, 127 

4-Aminobenzoic acid (1.6 g, 12 mmol) is dissolved in water (19.5 mL) and 

Tetrafluoroboronic acid (8.8 mL, 48 wt%, 48 mmol). Sodiumnitrit (870 mg, 12.6 mmol) 

dissolved in water (3mL) is added at 0 °C over a period of 10 minutes. The solution stirs 

for another 10 minutes at 0 °C and 10 minutes at room temperature. The solvents are 

removed in vacuum to give 4-Diazonium tetrafluoroborate benzoic acid (1.8 g, 63%) as 

white needles, which are washed with cool diethyl ether. Due to light sensitivity the 

product is stored in the dark at 4 °C.  

 

Yield 63% 
1H-NMR (D2O, 400MHz):  δH = 8.69 (d, 2H), 8.45 (d, 2H) ppm.  
13C-NMR (D2O, 101 MHz):  δC = 167.1 (s), 142.5 (s), 132.5 (s), 132.0 (s), 117.9 (s) 

ppm.  

HR-MS (C7H5BF4N2O2):  [2xM–BF4
+]  calculated: 385.0726, found: 385.0722.   

HR-MS (C7H5BF4N2O2):  [M–BF4
+]  calculated: 149.0346, found: 149.0345.   

 

 

 

 

 

 

 

 

 

 

CO2H

N2 BF4

C7H5BF4N2O2
235.93 g/mol
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9.6.4 Methyl 4-iodobenzoate 

 
# 137 (73%) 

4-Iodobenzoic acid (868 mg, 3.5 mmol) are dissolved in 10 mL Methanol and 7 mL dry 

THF. TMSCl (761 mg, 7 mmol, 2eq.) is added dropwise at rt. The reaction mixture stirs 

at 50 °C over night. Remaining methanol is removed by evaporation. The crude mixture 

is dissolved in Ethylacetate and washed with 1x sat. NaCl solution and 2x NaHCO3-

solution, dried over MgSO4 to yield in NMR pure Methyl 4-iodobenzoate (668 mg, 73%).  

 

Yield  73% 
1H-NMR (CDCl3, 400 MHz):  δH = 7.77 (m, 4H), 3.91 (s, 3H) ppm. 
13C-NMR (CDCl3, 101 MHz):  δC = 166.74 (s, CHarom.), 137.87 (s, CHarom.), 131.18 (s, 

CHarom.), 129.77 (s, CHarom.), 100.85 (s), 52.44 (s, CH3) 

ppm.  

HR-MS (C8H7IO2):  not detectable.   

GC-MS (C8H7IO2):  7.991 min.  

 
 

I

CO2Me

C8H7IO2
262.04 g/mol
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