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The emergence of bio-orthogonal chemistry has greatly enhanced the knowledge of biological 
processes.[1] Site-selective modification of a biomolecule enables specific (fluorescent) labelling 
for studying the biomolecule in its native state and environment.  Furthermore, late-stage site-
selective chemical modification of biological products has become a promising strategy to obtain 
new therapeutics.[2-5] Being able to tweak peptides and natural products makes it possible to alter 
stability, solubility, introduce new functionalities, optimise performance, or overcome resistance. 
Therefore, different chemical methods (e.g. bio-orthogonal reactions) have been developed as 
tools for selective modification of biomolecules like proteins, peptides, glycans, lipids and DNA, 
without interference of functional groups and native biochemical processes (see figure 1.1).[6, 7] 

1.1 - Bio-orthogonal reactions

To create selectivity in bioconjugation reactions, Carolyn Bertozzi introduced the ‘bio-orthogonal 
chemical reporter’.[1] A bio-orthogonal chemical reporter is a functional group with a unique 
reactivity compared to the reactivities naturally present in the biomolecule. This chemical 
handle, or bio-orthogonal handle, can be modified with an exogenously delivered probe. The 
unique reactivity prevents the bio-orthogonal handle from interfering with natural processes and 
functionalities, and is responsible for the site-selectivity of the reaction. The conjugation reaction 
only takes place at the site of the bio-orthogonal handle, and only with its complementary 
reaction partner. 

The most famous bio-orthogonal handle is the azide moiety. This small organic functional 
group found its first application in bioconjugation via the modified Staudinger ligation.[8] Herein 
the azide reacts with a triarylphosphine, resulting in an amide bond (see figure 1.2). Azides are 
excellent bio-orthogonal handle as they are small, which causes little perturbation of the biological 
environment. Furthermore, they are stable under aqueous conditions, have a highly specific 
reactivity, and are inert to most natural functionalities. Introduction of azides in sugars, and in 
amino acids, is relatively straightforward due to the nucleophilicity of the azide anion. Azido-
amino acids can then be installed in proteins via the expanded genetic code technique.[9] The 
azide remains unreactive up until addition of its complementary partner, the triarylphosphine. 
Only then a new covalent bond is formed at the position of the azide residue. The method has 
been used extensively for biomolecule crosslinking, and fluorophore labelling of proteins, sugars 
and lipids.[10]

Figure 1.1: Schematic representation of bioorthogonal ligation reaction
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Another orthogonal reactivity of the azide functionality is the Huisgen 1,3-dipolar cycloaddition 
with alkynes.[11] As alkynes also are bio-orthogonal handles, the cycloaddition was quickly 
recognised as useful bioconjugation technique.[12-14] The reaction is catalysed by a Cu(I) catalyst. 
Copper(I) is cytotoxic, which makes it debatable whether this reaction meets all the requirements 
of a bio-orthogonal reaction. However, its cytotoxicity is reduced by ligating the metal ion with 
a  polytriazole   ligand   (see   figure   1.3).   Moreover,   these   ligands   increase   the   rate   of   the  
reaction.[15] Despite the development of a copper-free variant of the ‘click reaction’,[16] Copper 
assisted Alkyne Azide Cycloaddition (CuAAC) has found many applications in chemical biology 
for the modification of proteins, glycans, lipids on cell surfaces and in living systems.[17] The 
reaction has become text book chemistry, and the polytriazole ligands are now even commercially 
available from common chemical manufacturers and suppliers (e.g. Sigma-Aldrich®).

Over the past decade many natural and non-natural bio-orthogonal handles have been utilised 
for bio-orthogonal bioconjugation reactions. Among these are thiols, amines, carboxylic acids, 
aldehydes, ketones, hydroxylamines, alkynes, azides, alkenes and tetrazines.[18] Most of the 
methods are stoichiometric. Activation with a metal catalyst would expand the potential of some 
functional groups and create new bio-orthogonal handles. Catalysts could speed up the rate of 
a reaction, allow a reaction to proceed at a lower temperature, or can activate functional groups 
that would remain inactive otherwise. The 1,3-dipolar cycloadditions with terminal alkynes 
would have had little impact in the field of chemical biology if no catalyst had been found, as the 
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Figure 1.2: Schematic representation of Staudinger ligation for bioconjugation
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uncatalysed reaction requires elevated temperatures and gives a mixture of regiomeric products.
Other transition metals and organometallic catalysts have been explored for their potential as 
bio-orthogonal catalyst for activation of bio-orthogonal handles. Platinumgroup metals like 
palladium, rhodium, iridium and ruthenium, used extensively in organic synthesis, have proven 
to provide highly active catalysts in aqueous media for site specific activation of various natural 
and non-natural functionalities in proteins and peptides. In the first part of this introduction the 
applications of these transition metals as bioconjugation catalysts are highlighted and discussed.

1.1.1 - Bio-orthogonal catalysis with palladium catalysts

Palladium-mediated cross coupling reactions for the formation of carbon-
carbon bonds have been used extensively in organic synthesis since their 

discovery halfway the 20th century.[19] The excellent redox properties, 
good functional group tolerance, and high stability against air and elevated 

temperatures, makes complexes of palladium versatile catalysts for both heterogeneous as well 
as homogeneous catalysis.[20]

Fairly recently, the excellent catalytic activity and highly specific reactivity of palladium 
has also found applications for biological purposes. Francis et al. were the first to report 
tyrosine modification in native proteins by means of catalysis by a palladium TPPTS 
(=3,3’,3”-phosphanetriyltris(benzenesulfonic acid) trisodium salt) complex with allylic acetates, 
carbonates and carbamates.[21] The in situ generated water soluble π-allyl-palladium species reacts 
specifically with the otherwise unreactive phenolic group of tyrosine. Little interference of the 
other functional groups present in the protein was observed, showing the potential of palladium 
for selectively activating an unused natural occurring functional group. 

With the advent of the expanded genetic code technique, non-natural functional groups are 
relatively easily incorporated in a protein or peptide. Amino acids with arylhalogen side chains 
became available this way, and can function as bio-orthogonal handle in palladium cross coupling 
reactions. Yokoyama et al. showed 4-iodo-phenylalanine can be activated by palladium to conduct 
Mizoroki-Heck reactions,[22] and Sonogashira couplings.[23] Both reactions were facilitated by the 
water soluble palladium(II)acetate-TPPTS-complex. Conversions in the Mizoroki-Heck reaction 
with alkene-conjugated-biotin were low (2%), but full conversion was obtained in the case of the 
Sonagoshira coupling with alkyne-conjugated-biotin, and copper(I)triflate as additive. A series 
of experiments revealed that the stability of the protein was much higher under the conditions 
required for the Sonagoshira coupling, as the Mizoroki-Heck reaction required indispensable 
additives like magnesium(II)chloride and DMSO. These additives are necessary to prevent 
aggregation of the protein due to occurrence of an unwanted addition of cysteine to the alkene-
conjugated-biotin. Nevertheless, in both cross coupling reactions site-specific biotinylation was 
obtained as was confirmed by Western blots. 

Copper-free Sonagoshira coupling was later reported by Lin et al. who reversed the placement of 

Pd
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the functional groups. They installed an alkyne moiety in the protein and coupled it to a 4-iodo-
phenyl-conjugated-fluorophore. The reaction was mediated by a water soluble aminopyrimidine-
palladium-complex.[24] The reaction proved to be fast and specific. So fast, that the method was 
later employed for phage-display,[25] and mammalian cell surface labelling.[26] In a later study Chen 
et al. showed the cross coupling reaction also takes place with a ‘neat’ water soluble palladium 
salt. No assistance of a ligand was required. They used palladium(II)nitrate as catalyst, which is 
much smaller than an organometallic complex. The small catalyst could easily diffuse over the 
cell membrane of a gram negative bacterium and showed protein labelling inside gram-negative 
bacterial pathogens.[27] 

Arylhalogens can also be utilised as bio-orthogonal handle for Suzuki-Miyaura cross coupling 
reactions with boronic acids. This cross coupling reaction proceeds at mild conditions, which 
makes it highly attractive as bio-orthogonal reaction. Many different palladium catalysts have 
been reported to catalyse this bioconjugation reaction. Hamachi et al. were the first to show 
uncomplexed water soluble palladium salt Na2PdCl2 mediates Suzuki-Miyaura couplings between 
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Figure 1.4: Schematic representation of bioconjugation reactions catalysed by palladium complexes
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4-iodo-phenylalanine and a boronic acid conjugated dye.[28] With this system, conversions up to 
50% were obtained. The conversion could be increased by the addition of glycerol to the reaction 
medium, losing the secondary structure of the protein as a trade-off. A few years later the group 
of Davis published a series of articles where they used 2-amino-4,6-dihydroxypyrimidine as water 
soluble ligand for the Suzuki-Miyaura coupling for protein modification.[29, 30] After performing 
an extensive study of aryl halogen handles that can be incorporated in proteins genetically (e.g. 
4-iodo-phenylalanine) or chemically (e.g. p-iodobenzyl cysteine), optimal conditions were found 
to perform the Suzuki-Miyaura cross coupling to give full conversion. They reported their 
method facilitates PEGylation,[31] glycosylation,[32] 18F-labelling,[33] and cell surface labelling.[34] 
Shortly thereafter Chen et al. reported also that water soluble N-heterocyclic carbene-palladium-
complexes can perform the Suzuki-Miyaura coupling reactions.[35] 

The oxidative Heck reaction was reported for efficient protein labelling of an alkene modified 
protein by Dekker et al. This milder variation of the Mizoroki-Heck reaction was mediated by 
a palladium complex of N,N’-bis-2,6-xylyl-acenaphthenequinonediimine (BIAN).[36] Removal 
of unspecific coordination of palladium to the protein for purification purposes was done by 
the addition of ethylene-diamine-tetraacetic acid (EDTA), a commonly used metal chelater. 
Surprisingly, the conversion of the reaction was increased after the addition of EDTA. Subsequent 
studies showed that the palladium-EDTA complex also functions as catalyst for the oxidative Heck 
reaction on terminal alkenes.[37] Since this complex is more water soluble than the palladium-BIAN 
complex, higher conversions were obtained, and the catalyst could be employed for metabolic 
labelling studies in cell lysates to detect histone alkylation.

Lin et al. expanded the bio-orthogonal utility of terminal alkynes further by activating and 
conjugating them with bench-top-stable palladacycles via a Heck-type mechanism.[38] The 
palladacycles are easily prepared, stable in aqueous media, and were able to modify alkyne-
equipped ubiquitin with >90% conversion. However, although palladium mediates this reaction, 
the palladacycle is used as stoichiometric reagent in this reaction. Buchwald et al. also reported a 
storable palladium reagent for stoichiometric modification of cysteine in proteins.[39] They showed 
that use of the metallic reagent can expand the utility of the already versatile application of thiols 
as bio-orthogonal handles with direct arylation of the sulfur in an excessively fast reaction. 
Later, Davis et al. showed similar transformations could be done with their palladium amino-
dihydropyrimidine catalyst and aryl-iodides.[40] Clever use of a metal binding site in a protein even 
resulted in selective modification of a single cysteine moiety among multiple cysteine residues. 

So far, palladium catalysis has dramatically increased the number of possible bio-orthogonal 
reactions, and has found even more applications in chemical biology with site selective bond 
cleavage reactions.[41] However, this is beyond the scope of this introduction.
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1.1.2 - Bio-orthogonal catalysis with rhodium catalysts

Rhodium is one of the rarest elements on earth, and therefore is one of 
the most expensive platinum group elements. Yet, historically rhodium 
is used extensively in organic chemistry for catalysis of hydrogenations, 

hydroformylations, and C-H activation  reactions via carbenoid chemistry.[42]

Rhodium carbenoids have proven to be valuable for activation of organic molecules for 
bioconjugation. Francis et al. showed that carbenoids, generated from rhodium(II)acetate and a 
diazocompound, selectively modify tryptophan residues, although only at low pH.[43] Addition 
of tert-butyl-hydroxylamine instead of hydroxylamine made it possible to efficiently promote 
carbenoid formation over a a much wider pH range (pH 2-7).[44] As tryptophan is not very 
abundant, and is easily genetically encoded at a site of interest, the reaction is a useful method 
for highly specific conjugation of aromatic residues. However, the tryptophan residue of interest 
needs to be solvent exposed to obtain high conversions. 

Studies by Ball et al. showed proximity-driven site-specificity of rhodium-carbenoids via protein-
protein interactions. Alfa-helices equipped with the rhodium-carbenoid complex via the side 
chains of two glutamic acid residues give highly specific modification of the nearby alfa-helix 
via a coiled coil interaction.[45] No alkylation is observed when the alfa-helix is omitted from 
the rhodium complex, except when cysteine is present.[46] The proximity-driven selectivity and 
careful design of the metal bearing peptide scaffold, results in very high selectivity towards 
specific residues in proteins and antibodies.[47-49] 
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In addition to carbenoid chemistry, rhodium catalysts are also often used in 1,4-conjugated 
addition reactions. Recently, Miller et al. reported that rhodium phosphine complexes can 
activate boronic acids for conjugate addition to dehydroalanine, a residue in naturally occurring 
antimicrobial peptides.[50] When using a chiral phosphine ligand, the reaction proceeds in an 
asymmetric fashion, yielding the product with an enantiomeric excess. So far, the reaction has 
only been reported for a single hydrophobic peptide (i.e. thiostrepton) in a solvent mixtures with 
high amounts of organic co-solvent, which reduces the applicability of the approach.

  

1.1.3 - Bio-orthogonal catalysis with ruthenium catalysts

Ruthenium is the cheapest of the platinum group elements, yet has a 
much smaller role in chemical biology. In organic chemistry ruthenium 
complexes are best known for their applications in olefin metathesis 

reactions,[51]   transfer   hydrogenation   reactions,[52]   and   photoredox  
catalysis.[53] Application of ruthenium complexes in chemical biology is found 

for the same reactions. 

The high functional group tolerance of the Grubbs type olefin metathesis catalyst makes it an 
excellent catalyst for cross metathesis of alkene-equipped proteins with small alkenes as was 
reported by Davis et al.[54] Allyl sulfides gave higher rates compared to other positions of the 
alkene. The same rate accelerating effect was found for allyl selenides, introduced in a protein via 
conjugate addition of allyl selenolate to dehydroalanine. Cope-type elimination of the selenoxide 
after additon of hydrogen peroxide regenerated the dehydroalanine residue. The fast cross 
metathesis reaction, combined with mild removal of the formed product makes it possible to 
‘write’ and ‘erase’ information to protein side chains.[55] 

Ruthenium complexes can also form metallo-carbenoids with diazocompounds. Che et al. 
positioned the metal in a water soluble glycosylated porphyrin which could perform an N-H 
insertion selectively at the N-terminus of a protein.[56] The catalyst proved to be more versatile 
than that. When the N-terminus was pre-equipped with an alkene functionality, the same 
ruthenium-porphyrin with the same diazo-compound performed a C-H insertion to give a 
cycloaddition reaction. 

Photoredox catalysis has recently emerged as a powerful tool in organic synthesis. Activation of 
small molecules by the influence of visible light only, makes it a very mild technique. Moreover, 
typical catalysts for these activations are robust and kinetically inert, so they have very little 
interference with functional groups present in proteins and peptides. Ru(bpy)3 is a commonly 
used photoredox catalyst based on ruthenium. The polypyridyl complex is water soluble, which 
makes it a promising candidate for photocatalysis on biomolecules. Noël et al. showed the 
catalyst can activate methyl iodide under the influence of visible light and a tertiary amine to 
react with cysteine in a peptide.[57] The tertiary amine is necessary to close the catalytic cycle, so 

Ru
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stoichiometric amounts of trimethylethylenediamine are needed. Activation of diazonium salts 
does not require addition of this base. Arylation of cysteine with Ru(bpy)3 and other water soluble 
dyes was later reported by the same group.[58] High yields were obtained when the process was 
conducted in a flow reactor, rather than reaction in a batch process. 

1.1.4 - Bio-orthogonal catalysis with iridium complexes

Historically, iridium complexes have found less applications in catalysis 
in organic synthesis, as its catalytic efficiency is lower compared to 
rhodium analogues. However, the use of iridium catalysts for organic 

chemistry has recently been increased, due to extraordinary electronic 
properties for photoredox chemistry. The cyclometallated iridium complex 

Ir(dF(CF3)ppy)2(dtbbpy)PF6 forms radicals from various unreactive precursors by oxidative or 
reductive quenching of its excited state. MacMillan et al. showed single-electron transfer  (SET) 
decarboxylation of the C-terminus of a peptide to form carbon-centered radicals.[59] These radicals 
can subsequently add to Michael acceptors via radical addition. When the Michael acceptor is 
placed on the N-terminus of the same peptide, peptidic macrocycles are formed. Cycles up to 
23 amino acids, or 47 atoms, were generated in this way. As Ir(dF(CF3)ppy)2(dtbbpy)PF6 is very 
hydrophobic, and therefor insoluble in aqueous mixtures, no application of protein modification 
with this catalyst is reported. However, a patent from MacMillan shows efforts in overcoming 
the water solubility problems by placing hydrophilic moieties on one of the ligands.[60] Recently, 
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MacMillan showed site specific SET decarboxylation of the C-terminus of proteins with a flavin 
photocatalyst.[61]

In organic synthesis, most use of iridium complexes is found in asymmetric transfer hydrogenation 
of imines. Francis et al. showed water soluble iridium-bipyridine-complexes also hydrogenate 
imines in a protein.[62] Addition of an aldehyde to lysozyme facilitates imine formation of several 
lysine residues in the protein. Subsequent reduction via transfer hydrogenation using the iridium 
catalyst afforded the alkylated protein. Multiple modifications were observed as multiple lysine 
residues are present in the protein. 

1.2 - Dehydroalanine

Transition metal catalysts have proven to be broadly applicable for the modification of 
biomolecules. High selectivity is obtained for the activation of unreactive substrates amidst many 
functional groups. In proteins, genetic incorporation of non-natural bio-orthogonal handles 
enhances the site selectivity. However, engineering via common biochemical techniques is 
limited when the target peptide is a complex structure resulting from a series of post-translational 
modifications (PTM). To derivatise such natural products, chemical modification has to be done 
at a natural bio-orthogonal handle.

As a consequence of the post-translational modifications, the products often contain remarkable 
non-canonical amino acids. Interesting residues are dehydroalanine (Dha) and dehydrobutyrine 
(Dhb) which are found in lanthipeptides,[63] and thiopeptides.[64] The electron deficient double 
bond in these dehydrated amino acids has a different reactivity than the canonical amino acids. It 

COOH

N

N

N

N
Ir

CF3F

F
F3C

F F

PF6

O

O

MacMillan 2014

Francis 2005

H2N

N

N

O

O

Ir

H2O

R

O

H
NaCOOH

N
H

R

O

O

Figure 1.7: Schematic representation of bioconjugation reactions catalysed by iridium complexes



1

19

Introduction

can therefore function as bio-orthogonal handle for site specific late-stage chemical modification. 
In the next section of this introduction, biological and chemical syntheses of Dha in proteins 
and peptides are discussed, and an overview of chemical modifications of Dha in proteins and 
peptides is given.

1.2.1 - Dehydroalanine in lanthipeptides

Lanthipeptides are peptides containing lanthionine residues, which are two amino acid residues 
linked together via their side chains through a thio-ether bridge (see figure 1.8). The moiety is 
introduced enzymatically via posttranslational modifications of a linear ribosomally synthesised 
precursor peptide, preceded by a leader peptide (LP).[65] The first step in the formation of the 
lanthionine residues is the dehydration of serine (Ser) and threonine (Thr) residues to Dha 
and Dhb, respectively. The resulting double bond then functions as a Michael acceptor for a 
1,4-conjugated addition of the thiol functionality of a nearby cysteine (Cys) to form the thio-ether-
linkage. When Cys reacts with Dha, lanthionine is formed. In case of Dhb, methyllanthionine is 

Figure 1.8: Schematic representation of biosynthesis of lanthipeptides
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obtained. Lanthipeptides occur in many variations, varying in size, number of rings, and amount 
of remaining dehydrated residues.[66] Although the biological mechanism of dehydration 
and cyclisation is similar in all cases, the biosynthetic pathway and enzymes responsible for 
these transformations are variable. Therefore, lanthipeptides are classified according to their 
biosynthetic pathway. Class I lanthipeptides are synthesised by two separate enzymes. One for 
dehydration (LanB) and one for cyclisation (LanC). While class II lanthipeptides are synthesised 
by one fused enzyme (LanM) consisting of a dehydration domain and a cyclisation domain. Both 
class I and class II enzymes are directed by the leader-peptide located at the N-terminus of the 
lanthipeptide. Finally, when all post-translational modification have been conducted, a protease 
(LanP) removes the leader peptide from the mature lanthipeptide.[67]

1.2.1.1 - Nisin

The most studied lanthipeptide is nisin. Nisin was discovered in milk in 1928 by the observation 
that it inhibits the growth of Lactobacillus bulgaricus.[68] Since nisin is an antimicrobial lanthipeptide, 
it is often referred to as a lantibiotic. The chemical structure of the petide was elucidated in 1971[69] 
The molecule consists of five lanthionine bridges, resulting in three separate rings (A, B, and C) 
and two fused rings near the C-terminus (D and E) (see figure 1.9). Three dehydrated residues 
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(Dhb-2, Dha-5 and Dha-33) remain in the mature peptide after cyclisation and cleavage of the 
leader peptide has taken place. In 1988 the group of Shiba published the total synthesis of nisin. 
They separately synthesised four ring domains and fused them together in approximately 20 
synthetic steps.[70]

Nisin belongs to Class I lanthipeptides, as it is synthesised by a separate dehydration enzyme 
(NisB) and cyclisation enzyme (NisC). Although the genes for both NisB and NisC were already 
known by the end of the 20th century,[71] none of the attempts to synthesise the lanthipeptide in 
vitro by the addition of NisB and NisC to the precursor peptide were successful until two decades 
later. Van der Donk et al. elucidated the mechanism of LanB and found tRNA-Glu is required for 
the dehydration to occur (scheme 1.1).[72] 

Conjugate addition of thiols to the dehydrated residues can occur spontaneously, especially at 
elevated pH. However, without the direction of NisC, spontaneous cyclisation yields in a mixture 
of products.[73] Statistically 6720 potential products could be formed when five rings are formed 
between five cysteines and eight dehydrated residues without any directionality. This number 
is even higher when stereochemistry is included. However, NisC manages to produce only one 
product.[74] Elucidation of the structure of NisC revealed a zinc ion is involved in the cyclisation 
mechanism. However, up to date it is unclear how the enzyme produces only the single topology of 
nisin among the 6720 possibilities. This clearly illustrates the strength of the biological machinery 
in producing these remarkable structures. 

The antimicrobial activity of nisin is attributed to binding of the A/B rings to lipid II, a cell-
wall precursor embedded in the cell-membrane of bacteria.[75] Subsequent pore formation by 
clustering of the C/D/E rings results in disruption of the cell-membrane and destruction of 
the bacterium. Due to its excellent antimicrobial activity nisin is used in the food industry as 
preservative since 1950. The lantibiotic is produced industrially by culturing Lactococcus lactis, and 
carries the European Union Code E234. Up to date no resistance against nisin has been reported, 
despite its excessive usage. Therefore, nisin is a good candidate for medicinal applications. 
However, in order to gain a role in medicine, the peptide needs to be modified to improve the 
pharmacokinetics of the molecule.

Scheme 1.1: Mechanism of the dehydration of serine (R = H) and threonine (R = CH3) in the precursor 
peptide of nisin by NisB assisted by glutamyl-tRNAGlu.
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1.2.2 - Dehydroalanine in thiopeptides 

Another class of Dha containing peptides are thiopeptides. Characteristic to thiopeptides are 
oxazole and thiazole containing macrocycles around a pyridine derived heterocycle core. All these 
moieties are introduced by a series of posttranslational modifications from a linear ribosomally 
synthesised peptide, preceding a leader peptide (see figure 1.10) Although the first thiopeptides 
were discovered around the 1950’s, the mechanism of the biosynthetic pathway was only elucidated 
recently when the enzymes responsible for all transformations were identified.[64][76-78]

After recognition of the precursor leader peptide,[79] the first posttranslational modification is the 
formation of thiazoles and oxazoles via a cyclodehydrogenation mechanism. (see scheme 1.2). Two 
enzymes and two co-factors are involved in this transformation. The first enzyme deprotonates 
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the functional group of Ser, Thr or Cys to initiate attack to the neighbouring carbonyl to form a 
ring (i.e. cyclisation). The alkoxide moiety formed in this process gets then phosphorylated with 
ATP and eliminated (i.e. dehydration). A second enzyme utilises FMN to oxidise the ring to give 
the aromatic thiazole or oxazole.[80-82]

The remaining Ser and Thr residues in the precursor peptide are subsequently dehydrated to 
form Dha and Dhb respectively. Similar to the biosynthesis of nisin the dehydration of these 
residues is mediated by tRNA-Glu to introduce the leaving group of the hydroxyl group. However, 
in contrast to lanthipeptides, the dehydration domain is split in two enzymes. One enzyme carries 
out the glutamylation, while a second enzyme carries out the elimination.[83] 

The dehydrated residues are used to form the heterocycle core of the thiopeptide via a [4+2] 
cycloaddition, carried out by an aza-Dielsalderase (see scheme 1.3).[84] This is a multifunctional 
enzyme, as it needs to perform a cycloaddition, dehydration, and - depending on the degree 
of saturation of the final heterocycle - aromatisation or reduction. The first step in the 
transformation is the tautomerisation of one of the dehydrated residues to provide the diene 
moiety for cycloaddition with another dehydrated residue via a Diels-Alder mechanism. The 
cycloaddition is followed by a dehydration step to remove the oxygen of the former carbonyl 
from the first residue, just like in the formation of the azole-rings. Now either an aromatisation 

Scheme 1.2: Mechanism of the cyclodehydration of serine, threonine and cysteine to form oxazoles and 
thiazole rings assisted by ATP and FMN.
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step occurs to form a pyridine, or a reduction is carried out to form a (dehydro)piperidine. Two 
aza-Dielsalderases are known to catalyse all these transformations. One produces the aromatic 
pyridine core, and simultaneously cleaves of the leader peptide. Another aza-Dielsalderase 
produces the non-aromatic piperidine-like cores, and leaves the leader peptide attached. The 
leader peptide in these peptides is removed after formation of a second macrocycle. So far, the 
mechanism how these final steps occur remains unclear, and needs to be further investigated.[84] 

1.2.2.1 - Thiostrepton

One of the best studied thiopeptides is thiostrepton. It was discovered in 1955 by detection of its 
antibiotic properties. The structure was elucidated in 1970.[85] The macrocycles of thiostrepton 
are formed around a dehydropiperidine heterocycle. It contains two macrocycles. Macrocycle A 
is introduced in the cycloaddition step. Macrocycle B is formed by fusion with a quinaldic acid 
moiety, synthesised independently from the precursor peptide. A few of the enzymes involved in 
the formation of the secondary macrocycle have been identified, however the complete mechanism 
remains unclear so far.[78][86-87] In 2004 Nicolaou published the total synthesis of thiostrepton in 
four separate communications, explaining the synthesis and assembly of four building blocks.[88] 

The antimicrobial properties of thiostrepton are utilised in ointments against dermatologic 
disorders in veterinary medicine. Recently, it was found that the peptide also exhibits anti-
tumour activity.[89] However, the poor pharmacokinetics of the compound limits its potential for 
medicinal applications.

1.2.3 - Chemical modification of dehydroalanine

The delicate biomachinery for the formation of both lantibiotics and thiopeptides hampers the 
creation of analogues of these peptides via common biochemical techniques. Single alteration or 
introduction of an additional amino acid residue in the precursor peptide will have a dramatic 
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effect on the final product. Introduction of non-natural bio-orthogonal handles for modification 
via common bio-orthogonal techniques is therefore scarcely applicable to these peptides. Site 
selective chemical modification has to be done at naturally occurring reactive sites, or via semi-
synthetic strategies. Only few examples of chemically modified analogues are known. Methods 
involve oxime ligation,[90] genetic modification of precursor peptide or modification enzymes,[91-92] 
CuAAC with azides introduced at the C-terminus of nisin,[93] and semi-synthetic analogues 
where thio-ethers have been replaced by alkenes[94-95] or the C/D/E rings of nisin are replaced by 
a hydrophobic tail.[96]

The remarkable structures of lanthipeptides and thiopeptides are largely the result of clever usage 
of the reactivity of Dha and Dhb. Most lanthipeptides and thiopeptides still contain remaining 
dehydrated amino acids in the mature peptides. As the reactivity of these residues is unique 
compared to the other functional groups present in the peptides, these unsaturated residues 
can also be employed as a bio-orthogonal handle. Several methods have been developed for the 
selective modification of Dha in proteins and peptides.

One of the first reports about modification of Dha containing peptides, involved Michael additions, 
an approach similar to nature. Van der Donk et al. showed convergent synthesis of glycosylated 
synthetic peptides via sulfa-Michael additions. Dha was introduced in the peptides by oxidative 
elimination of the selenide (see scheme 1.4). Treatment of the Dha-containing peptides with thiol 
equipped sugar moieties resulted in sulfa-Michael addition to Dha specifically.[97-100] Schultz et al. 
extended this methodology to proteins. Via expanded genetic code technique they introduced a 
phenylselenoalanine in a protein, which was subsequently oxidised to Dha in good yields. The 
Dha residue in proteins was also modified via sulfa-Michael addition.[101-102]

Davis et al. introduced Dha in proteins by elimination of cysteine after double alkylation with 
dibromodiacetamide. This technique does not require the expanded genetic code methodology, 
which makes it a more modular approach for the introduction of Dha in proteins. Solvent exposed 
cysteines are quickly (3 hours), and in good yields, converted to Dha. They showed a variety of 
thiols added readily to the formed dehydrated residue.[103-105] 

Sulfa-Michael addition reactions were also employed to modify the remaining Dha’s in 
thiostrepton. Arndt et al. added thiol equipped fluorophores to the peptide, which added readily 
to the dehydrated residues in the tail of the peptide, to be able to study antibiotic activities of 
thiostrepton.[106] As thiostrepton contains two Dha residues in the tail, removal of the outer Dha 

Scheme 1.4: Chemical formation of dehydroalanine in proteins and peptides 
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was necessary for a cleaner transformation. Recently, the repertoire of Michael-additions to Dha 
was expanded with aza-Michael additions, reported by Bernardez et al.[107]

Recently Davis et al., simultaneously with the group of Park, reported radical additions to modify 
Dha to create new carbon-carbon bonds site-selectively in a protein.[108-109] The radicals are 
generated by reduction of alkyl-iodide species with sodium borohydride, or Zn(0) and Cu(II). The 
generated radical reacts with the Dha residue specifically in a very fast and reliable way. More 
than 25 new side chains were introduced via this method, which mimic natural post translational 
modifications like methylation, glycosylation, phosphorylation and hydroxylation. They also 
showed the side chains could be fluorinated and isotopically labeled for subsequent studies of the 
modified biomolecule. 

In the biosynthesis of thiopeptides, the Dha residue participates in a cycloaddition reaction. 
Raines et al. found Dha residues in nisin can also participate in [1,3]-cycloadditions with diazo-
compounds.[110] The reaction is selective for Dha and can also be conducted in the presence of 
azides, which makes it possible to install this bio-orthogonal handle for further derivatisation via 
CuAAC chemistry. Single- and double modification of nisin was obtained, as nisin contains two 
Dha residues.

None of the above mentioned reactions addresses the issue of the chirality in the product as a new 
stereocenter is formed at the α-carbon, however, the chirality of the newly formed residue might be 
of great influence to the properties of the peptide. The group of Miller reported the first catalytic, 
and enantioselective modification of Dha. They used rhodium mediated conjugated addition of 
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arylboronic acids to thiostrepton, using chiral phosphine ligands to induce the chirality.[50] As 
described in the first section of this introduction, the conjugation reaction was only reported for 
thiostrepton. So far, no catalytic modification of nisin has been reported.

1.4 - Thesis objective 

In summary, the first part of this chapter highlights the advances in transition metal catalysis for 
bioconjugation. The use of platinum group elements like palladium, rhodium, ruthenium and 
iridium for bioconjugation of proteins and peptides were discussed. These metals can activate 
unreactive groups for highly specific site-selective modification of the biomolecules. In the second 
part of this chapter, the synthesis, appearance and utility of dehydroalanine is described. The 
natural synthesis and role of Dha are addressed, as well as the applications of the dehydrated 
residue for chemical modification of proteins and peptides. 

Site-selective modification of potent antimicrobial peptides, like nisin or thiostrepton, is believed 
to be a promising strategy to obtain peptide analogues with improved properties for therapeutic 
applications. However, as these peptides are products of sophisticated biological post-translational 
machineries, modification via common bio-orthogonal chemistry, or bio-engineering approaches 
is difficult. Therefore, the goal of this project was to expand the bio-orthogonal strategies for the 
late-stage chemical modification of Dha in complex natural products.

Up  until  now  only  few  catalytic  strategies  for  the  modification  of  Dha  have  been 
described. Activation with a metal catalyst would expand the potential of Dha, and new chemical 
transformations could be achieved. Metal catalysed cross coupling reactions could enable the 
formation of new carbon-carbon bonds to the residue, and Heck-type cross coupling could maintain 
the sp2 hybridisation of the α-carbon of the amino acid. Moreover, when a transformation is 
catalyst-controlled, the reaction could be conducted asymmetrically, which can have an influence 
on the properties of the product. Lastly, (photo)catalytic activation of unreactive precursors could 
provide new strategies for modification of complex peptides under mild conditions. 

The research in this thesis describes the utility of transition metals belonging to the platinum 
group elements (e.g. palladium, rhodium, ruthenium and iridium) for their ability to mediate 
modifications of Dha under mild, aqueous conditions. The aim is to develop bio-orthogonal 
metal catalysed methodologies which can be generally applied to Dha containing proteins and 
peptides. The methodologies should be selective for the dehydrated amino acids, and work 
under physiological conditions (e.g. aqueous solutions, pH 7 and ambient temperature and 
atmosphere). Preferably the methodologies are fast, and provide high conversion of multiple 
dehydrated residues. Ultimately, the newly developed methods should be compatible with living 
cells. Analogues of natural products can then be obtained in a single purification step. In this 
way, biosynthesis is complemented with unnatural chemistry, in order to gain access to novel 
molecular structures. A collaboration between chemist and nature in search for new medicines 
and therapeutics.
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Chapter 2 describes the catalytic modification of Dha and Dhb via palladium mediated cross 
coupling reaction. Using Pd(EDTA)(OAc)2 as water soluble catalyst, a variety of arylboronic acids 
was coupled to the dehydrated residues in proteins and peptides such as nisin and thiostrepton. 
The cross coupling reaction yields both the Heck product, as well as the conjugated addition 
product. The reaction can be performed under mild aqueous conditions. The scope and limitations 
of the method are discussed.

Chapter 3 describes the chemical reduction of dehydroalanine in peptides for site-selective 
late-stage introduction of D/L-alanine, via a transfer hydrogenation reaction with a rhodium-
Noyori type catalyst and formic acid as hydride source. Dehydrated residues, dehydroalanine, 
dehydrobutyrine and dehydrophenylalanine, are reduced in this way in a racemic fashion. The 
site-selectivity for the residues, as well as the enantioselectivity and absolute configuration of the 
hydrogenated residues are discussed.

Chapter 4 describes the site-specific modification of dehydrated amino acids in antimicrobial 
peptides    via    photoredox    catalytic    activation    of    organoborates    by    visible    light.  
Ir(dF(CF3)ppy)2(dtbbpy)PF6 was used as photocatalyst in aqueous solution mixed with organic co-
solvent. Selectivity for Dha and Dhb is investigated and the scope and limitations of the method 
are discussed.

Chapter 5 describes the development of a water soluble iridium photocatalyst for the modification 
of Dha in proteins. Placement of hydrophilic moieties (sugars, alcohols and ammonium groups) on 
the bipyridine ligand are explored to increase the water solubility of the complex. The ammonium 
equipped complex was shown to be highly water soluble. The synthesis and characterisation is 
described, and its performance as photoredox catalyst explored and discussed.

Chapter 6 gives the conclusions and perspective of this research.
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Chapter 2

Palladium mediated cross coupling

Dehydroalanine (Dha) is a remarkably versatile non-canonical amino acid often found 
in antimicrobial peptides. Here, we present the catalytic modification of Dha via a 
palladium mediated cross coupling reaction. Using Pd(EDTA)(OAc)2 as water soluble 
catalyst, a variety of arylboronic acids was coupled to the dehydrated residues in proteins 
and peptides such as nisin. The cross coupling reaction yields both the Heck product, 
in which the sp2-hybridisation of the α-carbon is retained, as well as the conjugated 
addition product. The reaction can be performed under mild aqueous conditions, which 
makes this method an attractive addition to the palette of bio-orthogonal catalytic 
methods.
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2.1 - Introduction 

Dehydroalanine (Dha) is a remarkably versatile non-canonical, yet naturally occurring α,β-
unsaturated amino acid that features a unique sp2 hybridised α-carbon. The resulting planar 
structure provides different structural properties and reactivity than conventional sp3 hybridised 
amino acids.[1] In nature, dehydrated amino acids are installed via posttranslational dehydration 
of serine and threonine, and used to create lanthionine bridges found in lantipeptides,[2] and 
piperidine moieties found in thiopeptides.[3] Most of these peptides possess antimicrobial or 
antitumor activity,[4, 5] which make them interesting targets for new antibiotics and medicines. Yet, 
modification of these peptides via bio-engineering,[6-10] or total synthesis[11, 12] is challenging and is 
thus preferably done by late-stage site-selective chemical modification. The residual Dha residues 
in these peptides are excellent reactive sites for such transformations. Michael additions,[13-17] 
1,3-dipolar cycloadditions,[18] radical carbon-carbon bond formations,[19-20] and catalytic arylation 
of thiopeptides in organic solvent have been reported.[21] In all these transformations the sp2 
configuration of the α-carbon is lost, which may be of importance to preserve the structure and 
biological activity of the proteins and peptides. Palladium mediated Heck-type[22-24] cross coupling 
could leave the sp2 hybridisation intact. Choosing a water soluble organometallic complex 
contributes to the versatility of the approach: a requirement for protein modification over peptide 
modification is that the reaction has to take place under physiological conditions (e.g. in water 
at neutral pH and at 37 oC). Therefore, we sought a water soluble palladium complex which can 
carry out this transformation. Here, we present the palladium catalysed cross coupling reaction 
for the site-selective modification of Dha with arylboronic acids in peptides and proteins by a 
complex based on ethylene-diamine-tetraacetic acid (EDTA), a commonly used water soluble 
metal chelator.[25]

2.2 - Results & Discussion

Initial studies focused on the reaction of Dha monomer (1), with 4-methoxyphenylboronic acid 
(2a) (table 2.1). Neutral to slightly basic conditions (pH 7-8) proved necessary to obtain conversion 
of the Dha monomer, as was determined by 1H-NMR. Two products were obtained, and identified 

Pd-catalyst
phosphate buffer, pH 7

B
OH

OH
R

N
H O

peptidepeptide

R
N
H O

peptidepeptide

R
R

N
H O

peptidepeptide

R
R

Heck product

Conjugated addition
product

Scheme 2.1. Schematic representation of palladium cross coupling on dehydrated amino acids in peptides 
and proteins
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to be the Heck product (HP) and the conjugate addition product (CAP). A mixture of these 
products is commonly observed for cross coupling of conjugated alkenes,[26] and is difficult to 
avoid. The Heck product was found to be the main product of the reaction (ratio HP:CAP 80:20). 
Carrying out the reaction under oxygen atmosphere did not improve the conversion, which means 
ambient atmosphere provides enough molecular oxygen for the Pd(0) to Pd(II) oxidation to occur, 
thereby closing the catalytic cycle. The highest conversion was obtained with 10 mol% catalyst, 
an excess of arylboronic acid (2 eq), in phosphate buffer at 37 oC. Interestingly other commonly 
used water soluble palladium complexes did not result in any conversion of Dha (table 2.1). The 
reaction conditions for the modification of the Dha monomer were not further optimized since 
the main focus is on modification of Dha in proteins and peptides. The Pd(EDTA)(OAc)2 catalyst, 
an excess of arylboronic acid, and phosphate buffer pH 7 were selected for our subsequent studies 
on protein and peptide modification.

entry 1[a] 2a[b] Pd(EDTA)OAc2
[c] solvent pH conversion[d]

1 10 10 5 H2O - -

2 10 10 5 40 mM NaH2PO4 3 -

3 10 10 5 160 mM NaH2PO4 8 40

4 10 30 5 160 mM NaH2PO4 7 50

5 10 20 10 160 mM NaH2PO4 7 55

6 10 20 BIAN 10% 200 mM NaH2PO4 7 -

7 10 20 hydroxypyrimidine 10% 200 mM NaH2PO4 7 -

8 10 20 EDTH4 10% 200 mMNaH2PO4 7 -

N
H

O
O

O

B

O

OH

OH

10 mol% Pd(EDTA)(OAc)2

200 mM NaH2PO4 pH 7
37 oC, 16 hours

N
H

O O

O

O

+

1

2a

Heck product (HP) Conjugate addition 
product (CAP)

N
H

O O

O

O

4 : 1

BIAN Hydroxypyrimidine EDTH4

N N N

N
HO

HO

NH2 N N

OH

OHHO

OH

Table 2.1: Overview of screened conditions [a] final concentration (mM) of Dha monomer (1); [b] 
final concentration (mM) 4-methoxyphenylboronic acid (2a); [c] mol% catalyst; [d] conversion (%) as 
determined by 1H-NMR after extraction to DCM.
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We focused on the palladium mediated cross coupling reaction of the lantipeptide nisin.[10] 
Nisin naturally  contains  three  dehydrated  amino  acids:  Dhb-2  (dehydrobutyrine),  Dha-5 
and Dha-33, a maximum of three modifications is thus expected. The peptide is hydrophobic 
in nature, which gives rise to solubility problems in aqueous solution, and nisin is less stable at 
pH > 5.[27] Moreover, conjugate addition of water to Dha, and hydrolytic cleavage at this site are 
well-known degradation reactions.[28] Despite the potential of nisin as an antibiotic, to the best 
of our knowledge, no catalytic methods for modification have been reported and stoichiometric 
chemical modifications are scarce.[18, 29]

Nisin was reacted with phenylboronic acid (2b) using Pd(EDTA)(OAc)2 as catalyst (scheme 2.2). 
The crude reaction mixture was analysed directly by UPLC/MS. When more than one equivalent 
of palladium catalyst was used, no peptide signal was observed in the UPLC/MS chromatogram 
(figure 2.1). This was attributed to non-specific coordination of the palladium catalyst to the 
backbone or side chains of the peptide, a frequently observed limitation of palladium mediated 
protein reactions.[30, 31] This was addressed by addition of 3-mercaptopropanoic acid (3-MPA), a 
commonly used palladium scavenger, prior to mass analysis. To overcome the loss of catalyst 
due to unspecific coordination, a 50-fold excess of the catalyst was used, together with a 50-fold 
excess of arylboronic acid. Subsequent scavenging with 3-MPA gave 3b as a mixture of singly- and 
doubly modified nisin (figure 2.2). However, purification of the peptide from the in situ formed 
palladium-[3-MPA]-complex proved difficult. The formed palladium complex is >2 kDa, making 
removal by size exclusion chromatography or dialysis inefficient.

B
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+
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Scheme 2.2: General reaction scheme, optimised conditions: nisin (40 μM), boronic acid (2 mM) and 
Pd(EDTA(OAc)2 (2 mM in 25 μL buffer (50 mM NaH2PO4 pH 7 2.2% DMF) shaken 16 hours at 37 oC. Prior 
to mass analysis 3 eq (w.r.t. Pd) 3-MPA (3-mercaptopropanoic acid), MTG (methyl thioglycolate) or APDTC 
(ammonium pyrrolidine dithiocarbamate) are added
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Therefore, alternative scavengers for the palladium catalyst were investigated, which included a 
variety of water soluble thiols, as well as resin-based scavengers (table 2.2). In most cases, these gave 
rise to either insufficient scavenging or purification difficulties similar to what was encountered 
with 3-MPA. Good results were obtained with methylthioglycolate (MTG), and ammonium 
pyrrolidine dithiocarbamate (APDTC) since these form insoluble palladium-complexes,[32-33] which 
precipitate from the solution. The precipitate is readily removed by centrifugation, or filtration 
over 0.45 μm pore filters. Using this method, 99% of the palladium was removed, as measured by 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Purification from starting 
materials and byproducts was then achieved by size exclusion column chromatography (PD 
Minitrap G25) or rp-HPLC. In this way, modified nisin, as a mixture of 48% singly modified, 46% 
doubly modified and 3% triply modified peptide, was obtained. Control experiments where either 
the arylboronic acid or palladium catalyst were omitted from the reaction mixture, resulted in 
no reaction, which demonstrates that the reaction is indeed mediated by the palladium catalyst.

To determine whether the cross coupling reaction takes place at the expected dehydrated amino 
acids, and to determine whether for nisin besides the Heck product also the conjugated addition 
product is formed, modified nisin (3b) was hydrolysed in a microwave oven in 6 M HCl(aq) 
and the individual amino acids were identified. Cross coupling reaction at a Dha residue with 
2b results in either dehydrophenylalanine (the Heck product), or phenylalanine (the conjugate 
addition product), which should be detectable in the hydrolysate. One half of the hydrolysate 
was therefore derivatised with Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-L-alanine amide 
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Figure 2.1: EIC chromatogram of nisin with addition of different amounts of Pd(EDTA)(OAc)2. a) 0% Pd; b) 
25 mol% Pd; c) 50 mol% Pd; d) 100 mol% Pd; e) 200 mol% Pd.

Figure 2.2: Representative MALDI-TOF spectrum of reaction mixture 3b. I: degraded (degr.) nisin(Ph); II: 
degr. nisin(Ph)2; III: nisin(Ph); IV: nisin(Ph)(H2O); V: nisin(Ph)2; VI: nisin(Ph)2(H2O); VII: nisin(Ph)3.
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S3.4	-	Inves,ga,on	of	palladium	scavengers	

General	procedure	of	catalysis	was	set	up	as	described	in	S3.4	(50	mM	NaH2PO4	buffer	pH	7	or	pH	8	with	a	final	concentration	of	40	
μM	peptide,	2	mM	boronic	acid	and	2	mM	catalyst).	After	reaction	overnight	50	mM	stock	solution	of	scavenger	was	added	(3	eq	
w.r.t.	palladium),	or	the	sample	was	treated	with	resin	based	scavenger	according	to	the	suppliers	manual.	The	sample	was	analysed	
by	UPLC/MS	to	determine	scavenging	efficiency.	

entry Name Structure Efficiency[a] Purifica,on[b]

1 3-mercaptopropanoic	acid	(MPA) +++ +

2[c] 3,3'-(propane-1,3-
diylbis(sulfanediyl))dipropionic	acid + n.d.

3 thioureua + -

4 sodium	thiocyanate - n.d.

5 MPA	+	charcoal - n.d.

6 Chelex-resin - n.d.

7 2,4,6-trimercaptotriazine - n.d.

8 mercaptoethanol ++ +

9 Biotage	ISOLUTE®	Si-Thiol - n.d.

10 SiliCycle	SiliaMetS®	dimercaptotriazine - n.d.

11 Biotage®	MP-TMT - n.d.

12 SiliCycle	SiliaMetS®	cysteine - n.d.

13 thioc_c	acid - n.d.

14 MPA	methylester +++ ++

15
Smopex®-234	mercaptoethylacrylate	

gra`ed	fibre + n.d.

16 methylthioglycolate +++ +++

17 pyrolidinethiocarbamate	ammonium	salt +++ +++
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Table 2.2: Overview of tested palladium scavengers for purification of protein after cross coupling reaction 
in order of trials. [a]: - = no scavenging, +/++/+++ = scavenging efficiency from minor scavenging to full 
scavenging. [b]: - = purificiation not achieved, + = purification achieved with ion exchange, ++/+++ = 
purification achieved by filtering, n.d. = not done. [c] Prepared as described by Spicer et al.[9]
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(FDAA)) which will react with phenylalanine to give FDAA-Phe.[34] Analysis with LC/MS and 
comparison with FDAA derivatised D/L-phenylalanine samples showed the presence of both 
enantiomers of phenylalanine in the hydrolysate of 3b (figure 2.3). Since nisin naturally does 
not contain phenylalanine, its presence in the hydrolate of 3b proves the cross coupling indeed 
takes place at a Dha residue and, moreover, that the reaction partly followed the conjugated 
addition pathway, similar to the reaction on the Dha monomer. Interestingly, an excess of L-Phe 
was observed. Since the Pd(EDTA)(OAc)2 catalyst is not chiral, the enantiomeric excess must be 
induced by the chirality of the peptide (i.e. substrate control). Furthermore, Dhb is also subjected 
to the cross coupling reaction as the product of conjugate addition of 2b to Dhb derivatised with 
FDAA was also observed in the LC/MS chromatogram.

Marfey’s reagent does not reveal the presence of dehydrophenylalanine (i.e. the Heck product), 
since unprotected dehydrated amino acids equal a primary enamine, and therefore quickly 
tautomerise, followed by hydrolysis to their corresponding α-keto-acid, i.e. phenylpyruvic acid 
(PhPA). The other half of the hydrolysate was therefore treated with dansylhydrazine, which 
reacts with α-keto-acids to form hydrazones.[35] The reaction usually yields two isomers (E/Z), 
which separate during LC. Analysis with LC/MS and comparison with a sample of the hydrazone 
formed with PhPA, confirmed the presence of PhPA in the hydrolysate of 3b (figure 2.4). Also the 
α-keto-acid of the product of Heck reaction on Dhb was detected. So, the Heck pathway is also 
followed in the palladium mediated cross coupling reaction of peptides. Thus, product 3b has 
maintained partially its sp2 hybridised α-carbon and, as a result, its unique structural properties.

Figure 2.3: Analysis of the site selectivity of cross coupled nisin, and determination of conjugated 
addition product. a) Analysis of introduced phenylalanine using Marfey’s method: (I) EIC of [M+H] = 418 
Da corresponding to phenylalanine (L: red, D: green) derivatised with FDAA; (II) EIC of [M+H] = 418 of 
hydrolysate of 3b derivatised with FDAA; (III) EIC of of [M+H] = 418 of hydrolysate of nisin derivatised with 
FDAA. b) Analysis of introduced methyl-phenylalanine using Marfey’s method: (I) EIC of [M+H] = 432 Da 
corresponding to methyl-phenylalanine derivatised with FDAA; (II) EIC of [M+H] = 432 of hydrolysate of 3b 
derivatised with FDAA; (III) EIC of of [M+H] = 432 of hydrolysate of nisin derivatised with FDAA.
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In an attempt to increase the rate of the reaction, the cross coupling reaction was performed at pH 
8 (table 2.3). Although an increased amount of double cross coupled product was obtained, also a 
higher amount of degraded nisin was observed due to the competing water addition to Dha. The 
competition of the cross coupling reaction with the spontaneous water addition in nisin might 
explain the predominant formation of single cross coupled product. Nevertheless, using this 
method it is possible to introduce a variety of different arylgroups containing diverse functional 
groups to nisin (figure 2.5). This includes an azide functionality (3e) which can subsequently be 
modified via alkyne-azide click reactions to conjugate the peptide further, and an carboxylic acid 
functionality (3g) which may enhance the water solubility of such peptides.

Figure 2.4: UPLC/MS chromatograms of hydrazone analysis; a)  EIC of [M+H] = 412 Da of phenylpyruvic 
acid treated with dansylhydrazine (black) and [M+H] = 426 Da (brown) of 3-methyl-3-phenylpyruvic acid 
treated with dansylhydrazine b) EIC of [M+H] = 412 Da (black) and [M+H] = 426 Da (orange) of hydrolysate 
of 3b treated with dansylhydrazine
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*: +205 (24%) 

ΔM +90/92
*: +122 (63%)
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Figure 2.5: Scope of arylboronic acids in cross coupling reaction with nisin. Single modification (*), double 
modification (**) and triple modification (***) is observed. The conversion displayed in parentheses is 
based on integration of the EIC of corresponding product. Conversion is calculated based on integration 
of the EIC of the corresponding product divided by sum of the areas of all compounds, assuming that 
ionisation is similar for all products, which are structurally very similar.[36-38]
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Next, the palladium cross coupling reaction was tested on a different Dha containing peptide: 
thiostrepton, a member of the thiopeptide family (table 2.4 in experimental section).[3] This 
thiopeptide is more hydrophobic than nisin, so more DMF as co-solvent was required in the 
reaction.  Thiostrepton  contains  three  Dha  residues  and  one  Dhb.  Treatment  with  the 
Pd(EDTA)(OAc)2 catalyst and arylboronic acid resulted in singly- and doubly modified thiostrepton, 
albeit starting material was also still present after the reaction. A variety of arylboronic acids 
was coupled via this method, showing the cross coupling reaction is not limited to nisin, but is 
generally applicable to Dha containing peptides.

Finally, the generality of palladium mediated cross coupling reaction was investigated by using the 
reaction for protein modification. SUMO (Small Ubiquitin-like MOdifier, ~11kDa)[39, 40] containing 
a chemically introduced Dha residue[16] was used as substrate. The Dha residue was introduced 
at two different positions: near the C-terminus of the protein, to minimise steric effects   on   the   
reaction   (SUMO_G98Dha),   and   in  one   of   the   solvent   exposed  loops  (SUMO_M60Dha)  
(figure 2.6). Treatment of the protein with 20 eq Pd(EDTA)(OAc)2 catalyst and 100 eq of arylboronic 
acid showed full conversion to the cross coupled product for p-toluylboronic acid. Control 
experiments performed on SUMO_G98A, which lacks the Dha moiety, resulted in no reaction, 
which demonstrates that the reaction is also in proteins site-specific at the Dha residue.  Reactions  
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Figure 2.6:: Pd(EDTA)(OAc)2 catalysed cross coupling reaction on SUMO. a) General reaction scheme for 
the chemical introduction of Dha in SUMO; b) General reaction scheme, optimised conditions: protein (45 
μM), boronic acid (4.5 mM) and Pd(EDTA)(OAc)2 (0.9 mM) in 22  μL buffer (50 mM NaH2PO4 pH 7 2.2% 
DMF) shaken 16 hours 37 oC. Prior to UPLC/MS analysis 3 eq (w.r.t. Pd) 3-MPA, MTG or ADPTC are added; 
c) Representative UPLC/MS spectrum of reaction mixture 5c and deconvoluted spectrum.
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with  phenyl-,  d5-phenyl-,  and  methoxyphenyl  substituted  boronic  acids (5a-d) resulted in full 
conversion of the cross coupled product too. Carboxylic acid-, fluorine-, and amine-substituted 
phenylboronic acids were coupled as well, although not with full conversion (5f-h). Neither an 
increase of palladium catalyst, nor an increase in arylboronic acid resulted in full conversion being 
achieved. Attempts to cross couple dansyl substituted arylboronic acid 5i, or a pyrene boronic 
acid 5j did not result in any conversion. Most likely this is due to the poor water solubility of 
these reagents (see figure 2.7). SUMO_M60Dha showed a similar trend when applied in the cross 
coupling reaction: full conversion was achieved with deuterium-, p-methyl- and p-methoxy-
substituted phenylboronic acids (table 2.6 in experimental section), while 4-fluorophenylboronic 
acid did not give rise to full conversion. 

Azide substituted arylboronic acid 5e was cross coupled successfully, albeit that a fraction 
of the azide moieties was reduced to the corresponding amine during the treatment with the 
palladium scavenger. The azide was subsequently reacted in a copper(I) catalyzed Azide-Alkyne 
Cycloaddition (CuAAC) with an alkyne substituted bodipy (12) (figure 2.8).

Further investigation of the modified protein by microwave assisted hydrolysis of 5c and 
subsequent derivatisation with Marfey’s reagent or dansylhydrazine revealed that the cross 
coupling on proteins also follows both the conjugate addition and Heck pathways, as both 
p-toluylalanine as p-toluylpyruvic acid were observed (figure 2.9). 
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Figure 2.7: Scopeof arylboronic acids in cross-coupling reaction with SUMO. The conversion is given in 
parentheses if the reaction did proceed in full conversion. Conversion is calculated based on integration 
of the EIC of the corresponding product divided by the sum of the areas of all compounds, assuming that 
ionisation is similarfor all products, which are structurally very similar[36-38]
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Figure 2.9: Marfey’s analyis: I) EIC [M+H] = 432 Da of p-toluylalanine treated with Marfey’s reagent (blue); 
II) EIC [M+H] = 432 Da of hydrolysate of 5c treated with Marfey’s reagent; b) Hydrazone analysis; I) EIC 
[M+H] = 426 Da of p-toluylpyruvic acid treated with dansylhydrazine (blue); II) EIC [M+H] = 426 Da of 
hydrolysate of 5c treated with dansylhydrazine.

Figure 2.8: SDS/PAGE analysis of SUMO before and after cross coupling and via CuAAC. All lanes are filled 
with 0.8 nmol protein; L: ThermoFisher PageRuler™ Prestained Protein Ladder 10-180kDa, weight given in 
kDa.; lane 1: SUMO_G98C; lane 2: SUMO_Dha; lane 3: 5d; lane 4: 5e; lane 5: 16.
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2.4 - Experimental

General remarks
Chemicals were purchased from Sigma-Aldrich, TCI Europe, Acros, Strem Chemical or Chem-Impex, solvents from 
Lab-Scan and were all used without further purification. Column chromatography was performed by hand on 
silica gel (Aldrich, 230-400 mesh) or automated on a Grace Reveleris Flash Chromatography system. Solvents 
were removed under reduced pressure at 40 oC (water bath). 1H-NMR and 13C-NMR spectra were recorded 
with Varian Mercury Plus 400, Agilent Technologies 400/54 Premium Shield or Varian VXR 300 at ambient 
temperature. HRMS ESI mass spectra of small organic molecules were recorded with Thermo Fisher Scientific 
Orbitrap XL. Melting points were recorded on a Büchi B-545 melting point apparatus. Elemental analysis were 
determined on a EuroVector S.P.A. model Euro EA 3000. E. coli strains XL1 Blue and BL21 DE3 C43 (Stratagene) 
were used for routine cloning and protein production, respectively. Streptag®-Strep-Tactin® purification columns 
were purchased from IBA. PCR reactions were carried out using an Eppendorf Mastercycler Personal apparatus. 
DNA sequencing was carried out by GATC-Biotech (Berlin, Germany). Primers were synthesised by Biotez 
(Berlin, Germany). Restriction endonucleases were purchased from New England biolabs. T4 DNA ligase, DNA 
gel Extraction Kit and Plasmid Purifying kit were purchased from Roche. Pfu Turbo polymerase was purchased 
from Stratagene. Plasmid pET17b was purchased from Novagen. Champion™ pET SUMO Expression System was 
purchased from Invitrogen. UPLC/MS analysis was done on Waters Acquity Ultra Performance LC with Acquity 
TQD detector. Separation of peptides and proteins was achieved with an Acquity UPLC BEH C8 1.7 μm 2.1x150 
mm column and a linear gradient of 90% -> 50% water (0.1%FA) in ACN (0.1%FA) in 10 minutes. Separation of 
small molecules was achieved with an Acquity UPLC HSS T3 C18 1.8 μm 2.1x150 mm column and linear gradient 
of 80% -> 5% water (0.1%FA) in ACN (0.1%FA) in 15 minutes and monitored at 340 nm. rp-HPLC purification 
of peptides was done on a Shimadzu HPLC. Separation was achieved with an XBridge C8 3.5 μm 4.6x250mm 
column and a linear gradient of 80% -> 30% water (0.1%FA) in ACN (0.1%FA) in 30 min. Charge density spectra 
were deconvoluted with the algorithm MagTran.[46] ICP-OES was recorded with Perkin Elmer Optima 7000DV. 
Optical density of the bacterial cultures was measured with an Amersham Biosciences Ultrospec 10. Protein 

2.3 - Conclusions

In conclusion, here we have introduced the Pd(EDTA)(OAc)2 catalysed cross coupling reaction as 
a method for the modification of the non-canonical amino acid dehydroalanine in proteins and 
peptides. While no full conversion was achieved for nisin, it has to be emphasized that such a late 
stage modification approach is far more efficient than the alternatives, such as total synthesis.[7] 

Detailed analysis of the individual amino acids of the product shows the cross coupling reaction 
is specific for the dehydrated residues, and follows two mechanistic pathways yielding the Heck 
product and the conjugate addition product. In the Heck product the sp2-hybridisation of the 
α-carbon in the Heck product is maintained, thus leaving the geometry of the backbone of the 
biomolecules intact, which may be of particular importance for natural Dha/Dhb containing 
compounds. Although an excess of the catalyst is necessary to obtain high conversions, 
purification by precipitation of the palladium catalyst with methylthioglycolate or pyrrolidine 
dithiocarbamate as novel scavengers removes up to 98-99% of the catalyst. The unique product 
of the reaction on Dha, combined with the fact that the reactions can be performed under mild, 
aqueous and pH neutral conditions at 37 oC, makes this method an attractive addition to the 
palette bio-orthogonal catalytic methods.
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concentrations were measured on a Thermoscientific Nanodrop 2000. Peptide concentrations were deteremined 
with Pierce™ BCA Protein Assay Kit. Denaturing Polyacrylamide gel for SDS/PAGE were casted from stock solution 
of 30 % (w/v) 29:1 monomer:crosslinker acrylamide/N,N-methyl-bisacrylamide in Tris-Cl/SDS buffer (=3M Tris-
base, 10 mM SDS pH 8.45) and 15 % glycerol (w/v). Polymerization was started with 10 % ammonium persulfate 
(APS) and N,N,N,N-tetraemethylethylenediamine (TEMED). Denaturing gels were run in Tris-Tricine-SDS buffer 
(cathode: 1M Tris-base, 1M Tricine, 3 mM SDS; anode: 200 mM Tris-base pH 8.9) at 150 V for 1 hour. Gel staining 
was done by Coomassie® stain with InstantBlue™. Vivaspin spinfilters were bought from Sartorius. Graphic 
representation of SUMO was taken from PDB 1L2N[47]. Microwave reactions were done in a CEM Discover SP 
microwave oven. Eppendorf vials were concentrated in Eppendorf® Concentrator Plus.
  

Methyl 2-acetamidoacrylate (1)
Prepared as described by Crestey et al.:[41] Acetamide (1000 mg, 16.9 mmol), methyl pyruvate (1.3 mL, 15.2 
mmol)  and 30 mL toluene were added to a round-bottom-flask equipped with magnetic stirrer and Dean-Stark-
trap. A catalytic amount of p-toluenesulfonice acid (0.001 eq) and p-methoxyphenol (0.001 eq) were added. 
After heating under reflux for 24 hours, the solvent was evaporated. The crude yellow oil was redissolved in 
dichloromethane, washed with saturated NaHCO3(aq) and water. Drying over MgSO4, removal of the solvent and 
purification by column chromatography (SiO2, pet ether / ethyl acetate 3:1, Rf=0.71 in EtOAc) gave 1 (805 mg, 
37%) as a white solid. 1H-NMR (CDCl3, 400MHz) δ 2.13 (s, 3H), 3.84 (s, 3H), 5.88 (s, 1H), 6.60 (s, 1H), 7.71 (br, 1H) 
ppm; 13C-NMR (CDCl3, 101 MHz) δ  24.8, 53.1, 108.9, 131.1, 164.7, 169.0 ppm; Calc: C: 50.35, H: 6.34, N:9.79, 
Found: C: 50.27, H: 6.35, N: 9.66. MS (ESI, HCOOH) m/z 144.0654 ([M+H]⁺, calc: 144.0655) mp: 51.4-52.3 oC
 

Methyl (E)-2-acetamido-3-(4-methoxyphenyl)acrylate (6)
Prepared as described by Wagaw et al.:[42] 4-iodo-anisole (297 mg, 1.27 mmol) was dissolved in 1 mL triethylamine. 
Palladium(II)acetate (14 mg, 0.06 mmol) and 2-acetoamido acrylate (1, 200 mg, 1.4 mmol) were added and the 
mixture was heated to 100 oC for 2.5 hours. After cooling to room temperature, the reaction mixture was diluted 
with dichloromethane and washed with water. After extraction of the aqueous layer with fresh dichloromethane, 
the combined organic layers were dried over MgSO4 and concentrated. Purification by column chromatography 
(SiO2, ethyl acetate / heptane 1:1, Rf = 0.25) gave 6 (224 mg, 71%) as a white solid. 1H-NMR (CDCl3, 400 MHz) δ 
2.10 (s, 3H), 3.78 (s, 3H), 3.79 (s, 3H), 6.84 (d, 2H, J=8.2), 7.36 (s, 1H), 7.41 (d, 2H, J=8.8) ppm; 13C-NMR (CDCl3, 
101 MHz) δ 23.3, 52.5, 55.3, 114.0, 122.0, 126.1, 131.7, 133.2, 160.6, 166.0, 169.2 ppm; Calc: C: 62.64, H: 6.07, N: 
5.62, Found: C: 62.63, H: 6.13, N: 5.55; MS (ESI, HCOOH) m/z 218.08133 ([M-OCH3]⁺ calc: ), 250.10741 ([M+H]⁺, 
calc: 250.10738), 272.0894 ([M+Na]⁺, calc: 272.0893); mp: 133-135 oC.

 (S)-2-((5-fluoro-2,4-dinitrophenyl)amino)propanamide (Marfey’s reagent) (7)
Prepared as described by Sheppard et al.:[43] Alaninamide (473 mg, 3.8 mmol) is dissolved in 4 mL 1 M 
NaOH(aq) was added to 60 mL acetone. MgSO4 (10 gram) was added and the mixture was stirred for 3 hours 
at room temperature, whereafter the MgSO4 is filtered off and added dropwise to a mixture of 1,5-difluoro-2,4-
dinitrobenzene (668 mg, 3.2 mmol) in 15 mL acetone. After addition the mixture is stirred for 30 minutes at room 
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temperature. Addition of water (80 mL) and cooling in ice results in precipitation of the product. Filtration and 
washing with acetone / water (v/v 1:1) gave 7 (505 mg, 57%) as yellow needles. 1H-NMR (DMSO-d6, 400 MHz) 
1.46 (d, 3H, J=6.84), 4.39 (quint, 1H, J=6.89), 6.94 (d, 1H, J=14.34), 7.50 (s, 1H), 7.72 (s, 1H), 8.89 (d, 1H, J=8.19), 
9.11 (m, 1H) ppm; 13C-NMR (DMSO-d6, 100 MHz) 21.5, 54.7, 105.1 (d, J=29.0), 128.2 (d, J=9.8), 130.5, 150.7 (d, 
J=14.6), 160.8, 163.5, 175.4 ppm; MS (ESI, HCOOH) m/z 295.045 ([M+Na]⁺, calc: 295.0455); Calcd for  C9H9FN4O5 
: C: 39.71, H: 3.33, N: 20.58, Found: C: 39.60, H: 3.38, N: 20.40.

2-(2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)ethoxy)ethyl 4-methylbenzenesulfonate (8)
Prepared as described by Han et al.[44]: Oligo(ethyleneglycol)bistoluene sultanate (1865 mg, 4.5 mmol) was 
dissolved in 30 mL acetonitrile. (4-hydroxyphenylboronate pinacol ester (330 mg, 1.5 mmol) and K2CO3 (317 mg, 
2.3 mmol) were added and the mixture was heated to reflux overnight. Removal of solvent and purification by 
column chromatography (SiO2, petroleum ether / ethyl acetate 3:1, Rf=0.65) gave 8 (478 mg, 69%) as a clear oil. 
1H-NMR (CDCl3, 400 MHz) δ 1.33 (s, 12H), 2.40 (s, 3H), 3.76 (m, 4H), 4.06 (m, 2H), 4.19 (m, 2H), 6.87 (d, 2H, J=8.3) 
7.30 (d, 2H, J=8.3), 7.74 (d, 2H, J=8.3), 7.80 (d, 2H, J=8.3) ppm; 13C-NMR (CDCl3, 101 MHz) δ 21.6, 24.8, 67.1, 68.8, 
68.3, 69.7, 83.5, 113.8, 127.9, 129.8, 132.9, 136.5, 144.8, 161.2 ppm; MS (ESI, HCOOH) m/z 501.1512 ([M+K]⁺, 
calc: 501.15).
 

2-(4-(2-(2-azidoethoxy)ethoxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9) 
8 (260 mg, 0.56 mmol) was dissolved in 5 mL ethanol. Sodium azide (182 mg, 2.8 mmol) was added and the 
mixture was heated to reflux overnight. After cooling to room temperature the mixture was filtered though celite. 
Removal of the solvent and purification by column chromatography (SiO2, petroleum ether / ethyl acetate 3:1, 
Rf=0.71) gave 9 (160 mg, 85%) as a clear oil, which solidifies upon cooling o/n. 1H-NMR (CDCl3, 400 MHz) δ 1.33 (s, 
12H), 3.41 (m, 2H), 3.75 (m, 2H), 3.87 (m, 2H), 4.17 (m, 2H), 6.90 (d, 2H, J= 8.6), 7.73 (d, 2H, J=8.4) ppm; 13C-NMR 
(CDCl3, 101 MHz) δ 24.8, 50.7, 67.2, 69.7, 70.3, 83.5, 113.9, 136.5, 155.4 ppm; MS (ESI, HCOOH) m/z 334.1934 
([M+H]⁺, calc: 334.1933) 356.1750 ([M+Na]⁺ calc: 356.1752).

 (4-(2-(2-azidoethoxy)ethoxy)phenyl)boronic acid (10) 
9 (65 mg, 0.19 mmol) was dissolved in 4 mL THF / H2O (3:1 v/v). Sodium periodate (125 mg, 0.56 mmol) was 
added and the mixture was stirred overnight at room temperature. 4 mL 1M HCl(aq) was added and after stirring 
for another 3 hours the mixture was diluted with ethyl acetate, washed with water and brine, dried over Na2SO4 
and concentrated to give 10 (44 mg, 90%) as a white solid. 1H-NMR (CDCl3, 400 MHz) δ 3.44 (m, 2H), 3.78 (m, 2H), 
3.91 (m, 2H), 4.22 (m, 2H), 7.01 (d, 2H, J=8.6), 8.14 (d, 2H, J=8.6) ppm; 13C-NMR (CDCl3, 101MHz) δ 50.7, 67.2, 
69.7, 70.3, 114.1, 125.5, 137.5, 162.3 ppm; MS (ESI, NH4OAc) m/z 250.1002 ([M-H]-, calc: 250.1005) 264.1160 
([M+CH2]⁺ calc: 264.1161); mp.: 57.4 oC.

4-(prop-2-yn-1-yloxy)benzaldehyde (11) 
Prepared as described by He et al.:[45] 4-hydroxy benzaldehyde (500 mg, 4.1 mmol) and propargyl bromide (975 
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mg, 8.2 mmol) were dissolved in 20 mL acetone. Potassium carbonate (787 mg, 5.7 mmol) was added and the 
mixture was heated to reflux for 2 hours. After cooling to room temperature and removal of the solvent, the 
crude mixture was dissolved in water and extracted to chloroform. Drying over Na2SO4, removal of solvent and 
purification by column chromatography (SiO2, petroleum ether / chlorofom 1:1, Rf=0.5) gave 11 (535 mg, 81%) 
as a white solid. 1H-NMR (CDCl3, 400 MHz) δ 2.57 (m, 1H), 4.78 (m, 2H), 7.09 (d, 2H, J=8.7), 7.85 (d, 2H, J=8.8), 
9.91 (s, 1H) ppm; 13C-NMR (CDCl3, 101 MHz) δ 55.9, 76.4, 77.6, 115.1, 130.5, 131.9, 162.3, 190.7 ppm; MS (ESI, 
HCOOH) m/z 161.0597 ([M+H]⁺, calc: 161.0597); Calc: C: 74.99, H: 5.03, N: 0, Found: C: 74.83, H: 5.01, N: <0.01. 
mp.: 77.9 oC.

5,5-difluoro-1,3,7,9-tetramethyl-10-(4-(prop-2-yn-1-yloxy)phenyl)-5H-4λ4-dipyrrolo[1,2-c:2’,1’-f][1,3,2]
diazaborinin-5-uide (Bodipy-Alkyne, 12) 
Prepared as described by He et al.:[5] 11 (320 mg, 2 mmol) was dissolved in dry dichloromethane. 2,4-dimethylpyrrole 
(418 mg, 4.4 mmol) and trifluoroacetic acid (5 drops) were added. After stirring at room temperature overnight, 
2,3-dichloride-5,6-dicyano-p-benzoquinone (DDQ) (454 mg, 2 mmol) was added and the resulting mixture was 
stirred for 3 hours. Diisopropylethylamine (3.5 mL, 20 mmol) and borontrifluoride etherate (3.4 mL, 28 mmol) 
were added. After stirring for another 3 hours, the resulted mixture was washed with brine. Drying over Na2SO4, 
removal of the solvent and purification by column chromatography (SiO2, petroleum ether / chloroform 1:1, 
Rf=0.35) gave 12 (48 mg, 6%) as a red solid. 1H-NMR (CDCl3, 400 MHz) δ 1.42 (s, 6H), 2.55 (m, 7H), 4.76 (s, 2H), 
5.98 (s, 2H), 7.10 (d, 2H, J=8.0), 7.18 (d, 2H, J=8.1) ppm; 13C-NMR (CDCl3, 101 MHz) δ 14.6, 14.6, 56.0, 75.9, 78.0, 
115.6, 121.2, 128.0, 129.2, 131.8, 141.5, 143.1, 155.3, 158.1 ppm; MS (ESI, HCOOH) m/z 417.1344 ([M+K]⁺, calc: 
417.14); Calc: C: 69.86, H: 5.60, N: 7.41, Found: C: 69.36, H: 5.94, N: 7.13; mp.: 210.1 oC.

Catalyst stock solution preparation (5 mM)
Palladium(II)acetate (56 mg, 0.25 mmol) and ethylenediaminetetraacetic acid (EDTA, 73 mg, 0.25 mmol) were 
dissolved in 40 mL buffer or water by stirring the mixture at 60 oC for at least 1 hour. After cooling down to room 
temperature the stock solution was supplemented with buffer or water to a volume of 50 mL to yield a bright 
yellow stock solution of 5 mM catalyst.

Catalyst stock solution preparation (10 mM)
Palladium(II)acetate (112 mg, 0.5 mmol) and ethylenediaminetetraacetic acid (EDTA, 146 mg, 0.5 mmol) were 
dissolved in 40 mL buffer or water by stirring the mixture at 60 oC for at least 1 hour. After cooling down to room 
temperature the stock solution was supplemented with buffer or water to a volume of 50 mL to yield a bright 
yellow stock solution of 10 mM catalyst.

General procedure for cross coupling reaction on small molecules
Catalysis was performed in phosphate buffer (160 mM NaH2PO4 pH 7 or pH 8) with a final concentration of 10 mM 
of dehydroalanine, 10-30 mM of the boronic acid and 5%-10% catalyst loading. A typical catalysis reaction was 
set up as follows: 1 (28.7 mg, 0.2 mmol) and 4-methoxyphenylboronic acid (30.4 mg, 0.2 mmol) were dissolved 
in 16 mL buffer. After addition of 4 mL of the 5 mM catalyst stock solution, the vial was closed and the mixture 
was stirred overnight at 37 oC. During the course of the reaction, the mixture turned black. After cooling to room 
temperature, the reaction mixture was filtered over celite and extracted to dichloromethane. After drying over 
Na2SO4 and removal of the solvent, conversions were determined by 1H-NMR. The ratio between the peaks at 7.38 
ppm (Heck product), 4.80 ppm (conjugated addition product) and 5.86 ppm (starting material) were compared.

N N
B-

F

O

F
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Boronic acid stock solution preparation (10 mM)
Boronic acid was dissolved in DMF to a concentration of 200 mM. The solution was 20x diluted with phosphate 
buffer (50 mM NaH2PO4, pH 7) to obtain a final stock solution of 10 mM boronic acid.

General procedure of catalysis on Nisin without scavenger 
Catalysis was preformed in 50 mM NaH2PO4 buffer pH 7 or pH 8 with a final concentration of 40 μM peptide, 
2 mM boronic acid and 2 mM catalyst. A typical catalysis reaction was set up as follows: Nisin (2 nmol in 30 μL 
buffer) and 10 μL of 10 mM boronic acid stock solution were combined. 10 μL of 10 mM catalyst stock solution 
was added. The vial was shaken overnight at room temperature. The crude reaction mixture was analysed by 
UPLC/MS TQD.

Investigation of palladium scavengers
General procedure of catalysis was set up as described above (50 mM NaH2PO4 buffer pH 7 or pH 8 with a final 
concentration of 40 μM peptide, 2 mM boronic acid and 2 mM catalyst). After reaction overnight 50 mM stock 
solution of scavenger was added (3 eq w.r.t. palladium), or the sample was treated with resin based scavenger 
according to the suppliers manual. The sample was analysed by UPLC/MS to determine scavenging efficiency.

General procedure of catalysis on Nisin with scavenger 
Catalysis was preformed in 50 mM NaH2PO4 buffer pH 7 or pH 8 with a final concentration of 40 μM peptide, 
2 mM boronic acid and 2 mM catalyst. A typical catalysis reaction was set up as follows: Nisin (2 nmol in 30 μL 
buffer) and 10 μL of 10 mM boronic acid stock solution were combined. 10 μL of 10 mM catalyst stock solution 
was added. The vial was shaken overnight at room temperature. 5 μL of 250 mM methylthioglycolate stock 
solution was added to scavenge the palladium, the reaction mixture turned yellow instantly. The reaction mixture 
was shaken at 37 oC for an additional hour. The precipitate was removed by centrifugation for 10 minutes at 13.4k 
rpm. The supernatant was analysed by UPLC/MS TQD and purified by rp-HPLC.

# R calcd.[a] calcd.[b] calcd.[c] measured[a] measured[b] measured[c]

3a[d,e] 4-OMe 3460 3566 3672 3460 (28%) - -

3b H 3430 3506 3582 3430 (48%) 3509 (46%) 3582 (3%)

3c[d] 4-Me 3444 3534 3624 3444 (63%) 3598 (8%) -

3c[f] 4-Me 3444 3534 3624 3444 (65%) 3534 (15%) -

3d[d,e] d5 3435 3516 3597 3435 (48%) - -

3e[d] 4-ethyleneglycol-azide 3560 3766 3972 3559 (24%) - -

3f[d] 4-F 3448 3542 3636 3449 (73%) - -

3g[d] 3-NH2 3445 3536 3627 - - -

3h 4-COOH 3474 3594 3714 3475 (49%) 3596 (42%) 3717 (8%)

3i[d] Dansyl 3676 3998 4320 - - -

 

Table 2.3: Scope of arylboronic acids in the cross coupling reaction on nisin. Between (..) is given the percentage 
of product in the crude reaction mixture [a] single cross coupled product; [b] double cross coupled product; [c] 
triple cross coupled product. [d] starting material was still present; [e] reaction performed with 10 eq Pd; [f] 
reaction performed at pH 8.
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Representative ICP measurement 
An 500 μL aliquot (1.25 nmol in peptide) of 250 μM purified protein 3b was taken and diluted to 5 mL for ICP.
Measured concentration Pd: 0.011 ppm or 5.2*10-10 mol in aliquot. 
Comparison with calculated amount of Pd in 500 μL reaction mixture = 1*10-6 mol Pd. —> 99.5% removal of Pd.

Marfey’s analysis
An aliquot of 0.1 mg amino acids (30 nmol for modified nisin) was added to 350 μL 6M HCl(aq) in a microwave 
tube equipped with stir bar. The sample was exposed to microwave irradiation for 10 minutes at 160 oC, with 
maximum 50 Watt power. The mixture is split in half and transferred to an eppendorf vial and concentrated to 
dryness in vacuo. The residue was dissolved in 25 μL 1M NaHCO3(aq), and 5 μL 1% Marfey's reagent (FDAA or 7) 
in acetone was added. After shaking for 1 hour at 40 oC, 15 μL 2M HCl(aq) and 150 μL methanol were added to 
obtain a clear bright yellow solution. The sample was analysed directly by UPLC/MS TQD. Signals obtained at 340 
nm absorption were assigned to the corresponding FDAA-derivative.

Hydrazone analysis
An aliquot 0.1 mg amino acids (30 nmol for modified nisin) was added to 350 μL 6M HCl(aq) in a microwave 
tube equipped with stir bar. The sample was exposed to microwave irradiation for 10 minutes at 160 oC, with 
maximum 50 Watt power.  The mixture is split in half and transferred to an eppendorf vial and concentrated to 
avolume of 100 μL. 200 μL of 2 mg/mL dansylhydrazine solution in methanol is added. After shaking for 1 hour at 
40 oC, the sample was analysed directly by UPLC/MS TQD. Signals obtained at 340 nm absorption were assigned 
to the corresponding hydrazone.

General procedure for catalysis on Thiostrepton 
Catalysis was preformed in 50 mM NaH2PO4 buffer pH 7 with 50% 1,4-dioxane or DMF with a final concentration 
of 45 μM peptide, 4.5 mM boronic acid and 2.7 mM catalyst. A typical catalysis reaction was set up as follows: 
Thiostrepton (1 nmol in 1 μL DMF) was diluted with 5 μL DMF. 10 μL of 10 mM boronic acid stock solution was 
added. 6 μL of 10 mM catalyst stock solution was added. The vial was shaken overnight at 37 oC. 1 μL of 150 mM 
mercaptopropanoic acid stopk solution was added to scavenge the palladium, the reaction mixture turned yellow 
instantly. The reaction was analysed by UPLC/MS TQD.

Construction of plasmid pET17b_SUMO_G98C 
The pET17b_SUMO_G98C plasmid was derived from the commercially available plasmids pET17b (Novagen) and 
the Champion™ pET SUMO Expression System (Invitrogen). The SUMO gene, including a N-terminal Strep-tag® 
and C-terminal cysteine-alanine addition, was amplified by PCR using the following primers; primer 1:  5’-TAC 
TAC CAT ATG TGG AGC CAC CCG CAG TTC GAA AAA ATG TCG GAC TCA GAA GTC AAT CAA 
GAA G-3’ (including NdeI restriciton site underlined), primer 2: 5’-GTA GTA CTC GAG TTA CGC GCA 
ACC AAT CTG TTC TCT GTG AGC CT-3’(including XhoI restriction site underlined). PCR cycles were as 

# R calcd.[a] calcd.[b] measured[a] measured[b]

4a[c] 4-OMe 1770 1876 1771 (35%) 1877 (3%)

4b[c] H 1740 1816 1741 (35%) 1821 (55%)

4c[c] 4-Me 1754 1844 1754 (45%) 1844 (17%)

4d[c] d5 1744 1824 1745 1826

4f[c] 4-F 1758 1852 1759 (25%) 1852

Table 2.4: Scope of arylboronic acids in the cross coupling reaction on thiostrepton. [a] single cross coupled; [b] 
double cross coupled; [c] starting material was still present.
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following: initial denaturation at 94 oC for 5 min. Denaturation at 94 oC for 30 sec, annealing at 55 oC for 30 sec, 
extension at 72 oC for 90 sec., for 30 cycles. Final extension at 72 oC for 10  min. The obtained PCR product was 
digested with NdeI and XhoI, and inserted between the same sites of the expression vector pET17b. 

DNA sequence of pET17b_SUMO_G98C construct
5’-CAT ATG TGG AGC CAC CCG CAG TTC GAA AAA ATG TCG GAC TCA GAA GTC AAT CAA 
GAA GCT AAG CCA GAG GTC AAG CCA GAA GTC AAG CCT GAG ACT CAC ATC AAT TTA AAG 
GTG TCC GAT GGA TCT TCA GAG ATC TTC TTC AAG ATC AAA AAG ACC ACT CCT TTA AGA 
AGG CTG ATG GAA GCG TTC GCT AAA AGA CAG GGT AAG GAA ATG GAC TCC TTA AGA TTC 
TTG TAC GAC GGT ATT AGA ATT CAA GCT GAT CAG ACC CCT GAA GAT TTG GAC ATG GAG 
GAT AAC GAT ATT ATT GAG GCT CAC AGA GAA CAG ATT GGT TGC GCG TAA CTC GAG-3’

Site-directed mutagenesis
Site-directed mutagenesis was performed on the pET17b_SUMO_G98C plasmid and introduced sequentially. 
Primers used for preparing the mutants are shown in table 2.5. PCR cycles were as following: initial denaturation 
at 95 oC for 5 min. Denaturation at 95 oC for 30 sec., annealing at 55 oC for 1 min., extension at 68 oC for 4.5 min., 
for 16 cycles. The obtained PCR product was digested with DpnI and used for transformation to E. Coli BL21 DE3 
C43 without further purification.

Protein expression and purification
Protein expression plasmids of the SUMO constructs were transformed into E. Coli BL21 DE3 C43 and a single 
colony  was  used  to  inoculate  a  starter  culture  of  5  mL  fresh  LB  medium  containing  100  μg/mL  
ampicillin at 37 oC overnight. 1 mL of the starter culture was used to inoculate 250 mL of fresh LB medium 
containing 100 μg/mL ampicillin at 37 oC. When the culture reached the mid-log phase (optical density at 600 
nm around 0.6-0.8) isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM 
to induce the expression of the target protein. Expressions were done at 37 oC overnight. Cells were harvested 
by centrifugation (6000 rpm, 20 min, 4 oC, Beckman JA-10), resuspended in phosphate buffer (50 mM Na2HPO4, 
150 mM NaCl, 2.5 mM DL-dithiotreitol (DTT) pH 7), and sonicated (75% 200W) for 10 min (15 sec on, 10 sec off). 
The disturbed cells were incubated with DNAseI (0.1 mg/mL), phenylmethanesulfonyl fluoride (PMSF, 1 mM) 
and MgCl2 (10 mM) for 30 min at 30 oC. After centrifugation (15000 rpm, 45 min, 4 oC, Beckman JA-17.5) the 
supernatant was equilibrated with 4 mL slurry of Strep-Tactin® column material for 30 min (mixed on a rotary 
shaker) at room temperature. The column was washed with 3x 5 mL of washing buffer (50 mM Na2HPO4, 150 
mM NaCl, 2.5 mM DTT pH 7) and eluted with 6x 2 mL eluting buffer (50 mM Na2HPO4, 150 mM NaCl, 2.5 mM 
DL-dithiotreitol (DTT), 2.5 mM D-desthiobiotin pH 7). Fractions were analysed on a 12% polyacrylamide SDS-Tris 
Tricine gel followed by Coomassie® staining with InstantBlue™. Fractions containing protein were concentrated 
using a spinfilter (Vivaspin-15).  Concentration  of  protein  was  determined  using  the  calculated  extinction  
coefficient  ε280=6990 M-1 cm-1 (Espaxy Tool[48]). Expression yields typically were 20-30 mg/L.

Protein sequence
M WSHPQFEK MSDSEVNQEA KPEVKPEVKP ETHINLKVSD GSSEIFFKIK KTTPLRRLME AFAKRQGKEM DSLRFLYDGI 
RIQADQTPED LDMEDNDII EAHREQIGCA; underlined = Strep-tag sequence; yellow = mutation sites

Primer Squence (5’-3’)

SUMO_G98A_1 GAA CAG ATT GGT GCG GCG TAA CTC GAG

SUMO_G98A_2 CTC GAG TTA CGC CGC ACC AAT CTG TTC

SUMO_M60C_1 CAG GGT AAG GAA TGC GAC TCC TTA AGA

SUMO_M60C_2 TCT TAA GGA GTC GCA TTC CTT ACC CTG

 
Table 2.5: PCR primers for site-directed mutagenesis
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General procedure for converting cysteine to dehydroalanine 
The cysteine containing protein was dissolved in phosphate buffer (50 mM Na2HPO4, 150 mM NaCl, 2.5 mM 
DTT pH 7) and diluted to a concentration of 2.5-5 mg/mL. An additional 1 mg DTT was added and the protein 
is incubated for 15 min. The sample was purified by PD MiniTrap™ G-25 size exclusion chromatography. 450 μL 
of protein solution was combined with 50 μL 2,5-dibromohexanediamide in DMF (20 mg/mL). The mixture was 
shaken at 750 rpm at 37 oC overnight. Purification by PD MiniTrap™ G-25 size exclusion chromatography and 
concentration using a spinfilter (Vivaspin-500) gave Dha-proteins in full conversion as was analysed by UPLC/MS.

General procedure for the Ellman’s test 
An aliquot of 3 nmol protein (SUMO_G98C or SUMO_G98Dha) was taken and diluted with phosphate buffer (50 
mM Na2HPO4, 150 mM NaCl, pH 8) to 50 μL. 5 μL 5,5′-Dithiobis(2-nitrobenzoic acid) (2 mg/mL in water, Ellman’s 
reagent) was added. The mixture was shaken at 750 rpm at 37 oC for 15 min, followed by direct analysis with 
UPLC/MS.

Confirmation of Dha residue by thiol addition 
An aliquot of 3 nmol SUMO_G98Dha was taken and diluted with phosphate buffer (50 mM Na2HPO4, 150 mM 
NaCl, pH 7) to 50 μL. 5 μL mercaptoethanol was added. The mixture was shaken at 750 rpm at 37 oC for 15 min, 
followed by direct analysis with UPLC/MS TQD.

General procedure for catalysis on proteins (without purification) 
Catalysis was performed in phosphate buffer (50 mM NaH2PO4, 150 mM NaCl ,pH 7) with a final concentration 
of 40 μM protein, 4 mM boronic acid and 800 μM catalyst. A typical catalysis reaction was set up as follows: An 
aliquot of 1 nmol SUMO_G98Dha or SUMO_M60Dha was taken and diluted with phosphate buffer to 11 μL. 10 
μL of 10 mM boronic acid stock solution was added, and 4 μL of 5 mM catalyst stock solution was added. The vial 
was shaken overnight at 37 oC. 5 μL mercaptopropanoic acid solution (50 mM in water) was added to scavenge 
the palladium, the reaction mixture turned yellow instantly. The crude reaction mixture was analysed by UPLC/
MS TQD.

General procedure for preparative scale catalysis on proteins with purification 
Catalysis was performed in phosphate buffer (50 mM NaH2PO4 buffer, 150 mM NaCl, pH 7) with a final 
concentration of 44 μM protein, 4.4 mM boronic acid and 889 μM catalyst. A typical catalysis reaction was set 
up as follows: An aliquot of 20 nmol SUMO_G98Dha was taken and diluted with phosphate buffer to 200 μL. 200 
μL of 10 mM boronic acid stock solution was added, and 40 μL of 5 mM catalyst stock solution was added. The 
vial was shaken overnight at 37 oC. 8 μL methyl thioglycolate solution (150 mM in water) was added to scavenge 
the palladium. The mixture turned yellow instantly and a yellow precipitate appeared over time. After shaking at 
750 rpm at 37 oC for another 3 hours, the sample was centrifuged 15 min at 134000 rpm. The supernatant was 
filtered over 0.45 μM syringe filter and loaded on PD MiniTrap™ G-25 size exclusion chromatography column. 
The protein was eluted with phosphate buffer and concentrated using a spinfilter (Vivaspin-500) and analysed 
by UPLC/MS TQD.

# R calcd. measured

15a 4-OMe 12562 12564

15b H 12532 12534

15c 4-Me 12546 12547

15f[a] 4-F 12550 12552 (50%)

15m 3-Me 12546 12548

Table 2.6: Scope of arylboronic acids in the cross coupling on SUMO_M60Dha. [a]: starting material still present.



2

Chapter 2

52

[1] D. E. Palmer, C. Pattaroni, K. Nuami, R. K. Chadba, M. 
Goodman, T. Wakamiya, K. Fukase, S. Horimot, M. 
Kitazawa, H. Fujita, A. Kubo, T. Shiba, J. Am. Chem. 
Soc. 1992, 114, 5645.

[2] P. J. Knerr, W. A. van der Donk, Annu. Rev. Biochem. 
2012, 81, 479.

[3] R. Liao, L. Duan, C. Lei, H. Pan, Y. Ding, Q. Zhang, D. 
Chen, B. Shen, Y. Yu, W. Liu, Chem. Biol. 2009, 16, 141.

[4] J. M. Shin, J. W. Gwak, P. Kamarajan, J. C. Fenno, A. 
H. Rickard, Y. L. Kapila, J. Appl. Microbiol. 2016, 120, 
1449.

[5] X. Just-Baringo, F. Albericio, M. Alvarez, Mar. Drugs 
2014, 12, 317.

[6] Y. Shi, X. Yang, N. Garg, W. A. van der Donk, J. Am. 
Chem. Soc. 2011, 133, 2338.

[7] L. Zhou, J. Shao, Q. Li, A. J. van Heel, M. P. de Vries, J. 
Broos, O. P. Kuipers, Amino Acids 2016, 48, 1309.

[8] N. Garg, L. M. A. Salazar-Ocampo, W. A. v. d. Donk, 
PNAS 2013, 110, 7258.

[9] X. Just-Baringo, F. Albericio, M. Alvarez, Angew. 
Chem. Int. Ed. 2014, 53, 6602.

[10] L. M. Repka, J. R. Chekan, S. K. Nair, W. A. van der 
Donk, Chem. Rev. 2017, 5457.

[11] M. K. K. Fukase, A. Sano, K. Shimbo, H. Fujita, S. 
Horimoto, t. Wakamiya, T. Shiba, Tetrahedron Lett. 
1988, 29, 795.

[12] K. C. Nicolaou, Angew. Chem. Int. Ed. 2012, 51, 12414.
[13] U. Schmidt, E. Öhler, Angew. Chem. Int. Ed. Engl. 

1976, 15, 42.

[14] Y. Zhu, W. A. v. d. Donk, Org. Lett. 2001, 3, 1189.
[15] D. P. Galonic, W. A. Van Der Donk, D. Y. Gin, Chem. 

Eur. J. 2003, 9, 5997.
[16] J. M. Chalker, S. B. Gunnoo, O. Boutureira, S. C. 

Gerstberger, M. Fernández-González, G. J. L. 
Bernardes, L. Griffin, H. Hailu, C. J. Schofield, B. G. 
Davis, Chem. Sci. 2011, 2, 1666.

[17] A. M. Freedy, M. J. Matos, O. Boutureira, F. Corzana, 
A. Guerreiro, P. Akkapeddi, V. J. Somovilla, T. 
Rodrigues, K. Nicholls, B. Xie, G. Jimenez-Oses, K. M. 
Brindle, A. A. Neves, G. J. L. Bernardes, J. Am. Chem. 
Soc. 2017, 139, 18365.

[18] M. R. Aronoff, B. Gold, R. T. Raines, Org. Lett. 2016, 
18, 1538.

[19] T. H. Wright, e. al., Science 2016, 354, aag1465.
[20] A. Yang, S. Ha, J. Ahn, R. Kim, S. Kim, Y. Lee, J. Kim, D. 

Söll, H. Y. Lee, H. S. Park, Science 2016, 354, 623.
[21] H. M. Key, S. J. Miller, J. Am. Chem. Soc. 2017, 139, 

15460.
[22] R. F. Heck, J. Am. Chem. Soc. 1968, 90, 5518.
[23] A. L. Gottumukkala, J. F. Teichert, D. Heijnen, N. 

Eisink, S. van Dijk, C. Ferrer, A. van den Hoogenband, 
A. J. Minnaard, J. Org. Chem. 2011, 76, 3498.

[24] M. E. Ourailidou, J. Y. van der Meer, B. J. Baas, 
M. Jeronimus-Stratingh, A. L. Gottumukkala, 
G. J. Poelarends, A. J. Minnaard, F. J. Dekker, 
ChemBioChem 2014, 15, 209.

[25] D. N. Korolev, N. A. Bumagin, Tetrahedron Let. 2005, 
46, 5751.

2.5 - Bibliography

Representative ICP measurement: 
An 22 μL aliquot (1 nmol in protein) of the reaction mixture was taken and diluted to 5 mL for ICP. 
Calculated concentration Pd: 0.424 ppm; measured concentration Pd: 0.386 ppm.
An 40 μL aliquot (2.4 nmol in protein) of 60 μM purified protein 4b was taken and diluted to 5 mL for ICP.
Measured concentration Pd: 0.015 ppm. 
Comparison of the measured concentration per nmol protein before and after the reaction, shows a 98.4% 
removal of palladium.

Procedure for the click reaction to azide modified SUMO 
Catalysis was performed in phosphate buffer (50 mM NaH2PO4 buffer, 150 mM NaCl pH 7) with a final concentration 
of 20 μM protein, 53 μM bodipy-alkyne (12), 800 μM CuSO4, 1.6 mM tris(3-hydroxypropyltriazolylmethyl)amine 
(THPTA)[49] and 5 mM sodium ascorbate. and set up as follows: An aliquot of 5 nmol 5e was taken and diluted 
with phosphate buffer to 125 μL. 50 μL of 12 (1 mg/mL in DMSO), and 75 μL of a premixed mixture of copper 
sulphate (32 μL, 1 mg/mL in water), THPTA (18 μL, 10 mg/mL in water) and sodium ascorbate (25 μL, 10 mg/
mL in water) was added. The mixture was shaken at 750 rpm at 37 oC for 3 hours. Coupled product was purified 
using PD MiniTrap™ G-25 size exclusion chromatography column, concentrated with Vivaspin-500 spinfilter, and 
analysed by SDS-PAGE.



2

53

Palladium mediated Cross Coupling

[26] Y. Fall, H. Doucet, M. Santelli, Tetrahedron 2009, 65, 
489.

[27] H. S. Rollema, O. P. Kuipers, P. Both, W. M. d. Vos, R. J. 
Siezen, Appl. Environ. Microbiol. 1995, 2873.

[28] J. W. M. H.S. Rollema, P. Both, O.P. Kuipers, R.J. 
Siezen, Eur. J. Biochem. 1996, 241.

[29] T. Koopmans, T. M. Wood, P. t Hart, L. H. Kleijn, A. P. 
Hendrickx, R. J. Willems, E. Breukink, N. I. Martin, J. 
Am. Chem. Soc. 2015, 137, 9382.

[30] J. M. Antos, M. B. Francis, Curr. Opin. Chem. Biol. 
2006, 10, 253.

[31] C.D. Spicer, B.G. Davis, Chem. Commun. 2011, 47, 
1698.

[32] Y. Yamashina, Y. Kataoka, Y. Ura, Inorg. Chem. 2014, 
53, 3558.

[33] W. P. Gallagher, A. Vo, Org. Proc. Res. & Dev. 2015, 19, 
1369.

[34] P. Marfey, Carlsberg Res. Commun. 1984, 49, 591.
[35] F. J. Hidalgo, J. L. Navarro, R. M. Delgado, R. Zamora, 

Food Chem. 2013, 140, 183.
[36] L. M. Hicks, S. E. O'Connor, M. T. Mazur, C. T. Walsh, 

N. L. Kelleher, Chem. Biol 2004, 11, 327.
[37] H. Z. W. Wang, H. Lin, S. Roy, T.A. Shaler, L. R. Hill, 

S. Norton, p. Kumar, M. Anderle, C.H. Becker, Anal. 
Chem., 75, 2003.

[38] C. J. Thibodeaux, T. Ha, W. A. van der Donk, J. Am. 
Chem. Soc. 2014, 136, 17513.

[39] F. Melchior, Annu Rev. Cell Dev. Biol. 2000, 16, 591.
[40] W. Sheng, X. Liao, Protein Sci. 2002, 11, 1482.
[41] V. C. F. Crestey, S. Stiebing, S. Rault, Synthesis 2006, 

3506.
[42] R. A. R. S. Wagaw, S.L. Buchwald, J. Am. Chem. Soc. 

1997, 119, 8451.
[43] R. M. Lanigan, V. Karaluka, M. T. Sabatini, P. Starkov, 

M. Badland, L. Boulton, T. D. Sheppard, Chem. 
Commun. 2016, 52, 8846.

[44] J. M. Han, J. L. Pan, T. Lei, C. Liu, J. Pei, Chemistry 
2010, 16, 13850.

[45] R. He, M. Hu, T. Xu, C. Li, C. Wu, X. Guo, Y. Zhao, J. 
Mater. Chem. C 2015, 3, 973.

[46] Z. Zhang, A.G. Marshall, J. Am. Soc. Mass. Spec. 1998, 
9, 225.

[47] W. Sheng, X. Liao, Protein Sci. 2002, 11, 1482.
[48] P. Artimo, M. Jonnalagedda, K. Arnold, D. Baratin, G. 

Csardi, E. de Castro, S. Duvaud, V. Flegel, A. Fortier, E. 
Gasteiger, A. Grosdidier, C. Hernandez, V. Ioannidis, 
D. Kuznetsov, R. Liechti, S. Moretti, K. Mostaguir, 
N. Redaschi, G. Rossier, I. Xenarios, H. Stockinger, 
Nucleic Acids Res. 2012, 40, W597-603.

[49] F. Borcard, A. Godinat, D. Staedler, H. C. Blanco, A. 
L. Dumont, C. Chapuis-Bernasconi, C. Scaletta, L. A. 
Applegate, F. K. Juillerat, U. T. Gonzenbach, S. Gerber-
Lemaire, L. Juillerat-Jeanneret, Bioconjug. Chem. 
2011, 22, 1422.



3



Chapter 3

Rhodium mediated transfer hydrogenation

D-Amino acids are present in all organisms. Nature introduces D-amino acids via 
posttranslational modifications. Chemical methods for site-selective late-stage 
introduction of D-amino acids are scarce. Here, we describe the chemical reduction 
of dehydroalanine in peptides for site-selective late-stage introduction of D/L-alanine, 
via a transfer hydrogenation mechanism with a rhodium-Noyori type catalyst and 
formic acid as hydride source. Dehydrated residues, dehydroalanine, dehydrobutyrine, 
and dehydrophenylalanine are reduced in this way, and both enantiomers of the 
corresponding residues are formed. Use of a chiral catalyst did not alter this result. The 
site-selectivity for the residues was determined with NMR studies. Determination of the 
absolute configuration of the hydrogenated residues revealed the presence of D-amino 
acids in these peptides. The catalysis works under physiologically relevant conditions in 
full aqueous environment, so can be extended to proteins as well.
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3.1 - Introduction

The ribosome synthesises proteins and peptides consisting of L-amino acids exclusively.[1] 
Nonetheless, D-amino acids are present in all organisms, and play crucial roles. Due to their 
opposite configuration, D-amino acids can disrupt secondary structures,[2] induce special turns 
and conformations,[3] and are less susceptible towards proteolysis.[4] Nature introduces D-amino 
acids via post translational modifications with enzymes like racemases or epimerases.[5] Most 
racemases deprotonate the α-carbon of an amino acid to give a planar enolate-like intermediate, 
and reprotonate it on the other side to give the opposite enantiomer. D-amino acids found in 
lanthipeptides are introduced similarly, but are introduced via a two-enzyme mechanism. 
First L-serine and L-threonine residues are dehydrated with dehydrating enzymes to give 
dehydroalanine and dehydrobutyrine respectively,[6] whereafter a reductase hydrogenates the 
double bond enantioselectively to give the corresponding D-amino acid.[7]

Chemical methods for the introduction of D-amino acids in proteins and peptides are scarce. 
Although in principle all chemical methods developed for the modification of Dha result partly 
in the introduction of D-amino acids, the chiral outcome of the products is only addressed in the 
rhodium mediated arylation of thiostrepton.[8] Asymmetric modification of Dha is an interesting 
way to chemically introduce D-amino acids site specifically. However, up to this point all reported 
methods for the modification of Dha are in essence conjugate addition reactions to the β-carbon 
of Dha. Hence, none of the reported methods is capable to provide D-alanine. To achieve this, we 
envisioned to mimic nature’s approach by reducing the double bond in Dha chemically. Moreover, 
D-phenylalanine and analogues thereof can be introduced in a similar way when the Heck product 
of the palladium cross coupling reaction on Dha (chapter 2) is hydrogenated. In this chapter, we 
describe our findings towards the hydrogenation of the carbon-carbon double bond by rhodium 
mediated catalysis. 

Hydrogenation requires a hydrogen source, of which hydrogen gas is the simplest imaginable. 
A platinum group metal facilitates activation of the gas for reaction with an organic compound. 
However, gaseous hydrogen is difficult to dissolve in water, and as it is flammable its usage gives 
rise to practical concerns. Transfer hydrogenation is a much cheaper and operationally simpler 
method. Herein hydrogen atoms are transferred from a donor, like iso-propanol or formic acid, 
to the substrate. This reaction is also often facilitated by a platinum-group metal complex. 
The most famous example is the ruthenium based complex of Noyori et al. with a tosylated di-
amine ligand (1b). This catalyst is used for the asymmetric transfer hydrogenation of ketones 

Figure 3.1: Transfer hydrogenation catalysts
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to their corresponding alcohols.[9] Many variations of this catalyst have been described since, 
wherein either the metal was varied (e.g. rhodium, iridium), or the diamine ligand was altered to 
increase solubility, improve enantioselectivity, immobilise the catalyst, or anchor it in a protein 
environment.[10] Complexes based on bipyridine ligands (3) have also been reported to catalyse 
transfer hydrogenation of ketones, carbon-carbon double bonds and imines.[11] Francis et al. 
utilised a  water  soluble  iridium-bipyridine-complex  for  the  reductive  alkylation  of  lysines  
in a protein.[12]  High solubility and stability of the metal complexes in aqueous solutions is an 
important requirement to be able to modify Dha in proteins and peptides under physiological 
conditions. Therefore, as both the  Noyori-type complexes as well as the bipyridine based 
complex used by Francis et al. are highly water soluble, these were taken as a starting point in our 
investigation to reduce Dha in peptides.

3.2 - Results & Discussion

Initial studies focused on the transfer hydrogenation of the protected Dha monomer (4a).  1, 
2 and 3 were selected as water soluble transfer hydrogenation catalysts, and formic acid as the 
hydrogen source. To our delight all catalysts showed activity, and (partly) reduced the alkene of 
4a under very mild conditions (37 oC in 50 mM sodium formate buffer at pH 7). Full conversion 
to the reduced product was observed for the Noyori-type catalysts (entry 1-3), although in the 
case of 1a black precipitation was observed. The iridium catalyst 3 turned out to be significantly 
slower than 1 and 2 (entry 4). Based on this screening the rhodium based catalysts 2a and 2b gave 
the best result. As it is unpredictable how the secondary structure of peptides and proteins would 
influence the reaction, it was decided to first perform further studies with 2a. 

Table 3.1: Screening for hydrogen transfer activity. Reaction conditions: a mixture of 4a (10 mM), and 
catalyst (5 mol%) were dissolved or suspended in 50 mM NaCOOH pH 7, and stirred for 16 hours at 37 
oC. [a] conversion was determined by 1H-NMR with 20 mM internal standard 1,3,5-trimethoxybenzene 
(1,3,5-TMB).

N
H

O
R

O

O
50 mM NaCOOH pH 7

16 hours, 37oC

catalyst

N
H

O
R

O

O

4a: R = H
4b: R = CH3
4c: R = Ph

5a: R = H
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entry substrate catalyst conversion (%)[a] ee

1 4a 1a >99% n.d.

2 4a 2a >99% n.d.

3 4a 2b >99% 0

4 4a 3 30% n.d.

5 4b 2a 60% n.d.

6 4c 2a 20% n.d.
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The scope of amino acids was then investigated. The β-substituted substrates dehydrobutyrine 
(4b) and dehydrophenylalanine (4c) were hydrogenated as well, but much slower than 4a. This 
might be attributed to the steric hindrance of the R-group (entries 5-6). Nevertheless, partial 
reduction was observed in all cases. Increasing the reaction time or catalyst loading might improve 
this result. However, since the focus of this project is the transfer hydrogenation of dehydrated 
residues in peptides, the screening reactions were not further optimised.

The next step was to perform the reaction on a dehydrated residue embedded in a protein or 
peptide. Analysis with standard protein analysis techniques (e.g. mass spectrometry) is difficult 
due to the expected small mass increase. Hydrogenation of a 10 kDa protein equals to a < 0.02 % 
mass increase compared to the total weight of the protein, which is similar to the error margin 
of the spectrometer. The transfer hydrogenation reaction was therefore first tested on a small 
peptide with a molecular weight within the detection range of the UPLC/MS TQD spectrometer 
(2000 Da). Thiostrepton (6), a thiopeptide with a molecular weight of 1664 Da, containing four 
dehydrated residues (3-Dha, 7-Dhb, 16-Dha and 17-Dha) was chosen for this purpose.[13] The 
expected mass increase of Δ2, Δ4, Δ6 or Δ8 dalton for respectively singly-, doubly-, triply- and 
quadruply hydrogenation of the peptide should be readily observed. Moreover, the hydrophobicity 
of the peptide will be reduced significantly when Dha is converted into Ala, so also the retention 
time of the product is expected to shift. 

The peptide was dissolved in DMF and diluted with 100 mM formate buffer pH 4 to provide a 
hydride source. The transfer hydrogenation was performed with 25 mol% 2a catalyst. After 16 

hours reaction at 37 oC a clear shift was observed in the UPLC/MS chromatogram. The new 
peak corresponded to a mass increase of Δ4 Da, and was assigned to the hydrogenation of two 
dehydrated residues (see figure 3.2b). Since separate peaks corresponding to the same mass are 
distinguishable in the chromatogram, the reaction presumable yields a mixture of peptides 
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Figure 3.2: Transfer hydrogenation of thiostrepton (6). a) General reaction scheme. b) UPLC/MS 
chromatogram of thiostrepton with corresponding mass spectrum; c) UPLC/MS chromatogram after 
hydrogenation reaction with corresponding mass spectrum.



3

59

Rhodium mediated transfer hydrogenation

where different sets of dehydrated residues have reacted. To validate the outcome of the UPLC/
MS measurement, the hydrogenated sample was spiked with untreated thiostrepton, which 
confirmed both the shift in retention and the mass increase.

Encouraged by these results, the transfer hydrogenation was hereafter tested on another Dha 
containing peptide, the lanthipeptide nisin. Nisin is almost twice the size of thiostrepton (35 
amino acids, 3354 Da) and has three dehydrated residues: 3-Dha, 5-Dha and 33-Dha. Nisin dissolves 
best in acidic aqueous solution, so the peptide was dissolved in 100 mM formic acid in water 
without adjusting the pH. After 16 hours reaction with 50 mol% 2a catalyst a mass of 3360 Da (Δ6 
Da) was observed as main product in the deconvoluted spectrum of the UPLC/MS TQD mass 
measurement (see figure 3.3b). An increase of 6 Da could corresponds to hydrogenation of all three 
dehydrated residues in nisin. The smaller peak with a mass increase of Δ22 Da was assigned to 
double hydrogenation (+4) combined with hydration (+18) of the third residue. The observed mass 
of 3175 Dalton corresponds to degraded nisin, wherein the two C-terminal residues of the peptide 
have been cleaved off, a commonly observed byproduct of the aqueous dissolution of nisin.[14] As 
the molecular weight of nisin lies outside the detection mass of the UPLC/MS TQD spectrometer, 
the mass increase was validated by high resolution mass spectrometry of the same sample, which 
confirmed triple hydrogenation had taken place (ESI (HCOOH) m/z 3359.59 ([M]+ calcd: 3359.60).

To investigate if the hydrogenation indeed takes place at the dehydrated residues of nisin, 
the protein was analysed by proton NMR. In the spectrum of hydrogenated nisin, the signals 
corresponding to the protons of the three alkenes have disappeared, which indeed confirms the 
reaction takes place at these site (see figure 3.4).

As catalyst 2a is achiral, the transfer hydrogenation is expected to produce both D- and L-alanine 
in equal amounts. To determine the absolute configuration of the newly formed alanines, 9 was 

Figure 3.3: Hydrogenation of nisin (8). a) General reaction scheme. b) Mass spectrum and deconvoluted[15] 
spectrum.
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subjected to Marfey’s analysis.[16] A sample of 9 was therefore hydrolysed in 6 M HCl (aq) under 
microwave irradiation. The hydrolysate was then treated with Marfey’s reagent (1-fluoro-2,4-
dinitrophenyl-5-L-alanine amide (FDAA, 16). Analysis with LC/MS and comparison with FDAA 
derivatised L/D-alanine samples showed the presence of both D- and L-alanine in the hydrolysate 
of 9 (see figure 3.5). Comparison of the ratio between the peaks of L/D-Alanine with the peak of 
L-Valine, naturally present in nisin and unreactive to transfer hydrogenation reaction, provides 
information about the enantiomeric excess of the isomers. The ratio between the peaks of FDAA-
L-Ala, FDAA-D-Ala and FDAA-L-Val in untreated nisin is 1.0:0:1.0 (figure 3.5b). When transfer 
hydrogenation takes place in a racemic fashion, the ratio of both D/L-alanine isomers should 

I
II

III

b

a

Figure 3.4: NMR studies of hydrogenated Nisin. a) 1H-NMR spectrum of 9; b) 1H-NMR spectrum of nisin. i) 
signal of Dhb-3; ii) signal of Dha-33; iii) signal of Dha-5.

9 10 11 12 13
time (min)

9 10 11 12 13
time (min)

NO2

O2N
HN

H
N

O

NH2

OH

O

FDAA-Ala
9 10 11 12 13

time (min)

FDAA-L-Ala

FDAA-D-Ala

FDAA-L-Val

a b c

1.0

0.8

1.0

1.51.0

FDAA-D-Ala

FDAA-L-Ala FDAA-L-Val

FDAA-L-Val

Figure 3.5: Analysis of the presence of D-alanine using Marfey’s method: a) Extracted ion chromatogram 
(EIC) of [M+H] = 342 Da corresponding to L-alanine (red) and D-alanine (green) derivatised with FDAA, 
and EIC of [M+H] = 370 Da corresponding to L-Valine (blue) derivatised with FDAA; b) EIC's of hydrolysate 
of nisin derivatised with FDAA compared with L-Valine; c) EIC's of hydrolysate of 9 derivatised with FDAA 
compared with L-Valine.
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increase equally. The observed ratio between FDAA-L-Ala, D-Ala, and L-Val in 9 was found to be 
1.5:0.8:1.0. This suggests the transfer hydrogenation reaction yielded a slightly higher amount of 
D-Ala over L-Ala. However, the difference is very small and not significant enough to speak of an 
enantiomeric excess. Since the catalyst is achiral, the slight difference might be induced by the 
secondary structure or chiral environment of the peptide.

In an attempt to control the chiral outcome of the products, the transfer hydrogenation reaction 
was conducted with chiral catalyst 2b. This catalyst contains the chiral ligand (+)-TsDPEN, and is 
typically used in asymmetric transfer hydrogenation of ketones. Compared to ketones, a difficulty 
in the hydrogenation of acrylates is that the stereocenter is not created during the addition of the 
hydride, but in the subsequent protonation step (see figure 3.6a). Moreover, a ketone can form a 
hydrogen bond with the amine in the ligand of the catalyst (figure 3.6b), which plays an important 
role the chiral outcome of the reaction.[17] Acrylates, like Dha, lack this directing effect of the 
hydrogen bond, and are therefore more difficult to reduce asymmetrically. Application of 2b to 
the Dha monomer (1a) gave full conversion to the product, as was determined by proton NMR 
(table 3.1, entry 3). However, chiral GC analysis of the sample showed the alanine obtained from 
this reaction, was obtained as a racemic mixture.

Since the two arylrings on (+)-TsDPEN make the catalyst significantly bigger, the secondary 
structure of the peptide might have also have a bigger effect on the reaction, and therewith 

Figure 3.6: Schematic representation of the mechanism of transfer hydrogenation of ketones and acrylates
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influence the chiral outcome. To investigate this, the transfer hydrogenation of nisin was 
performed with chiral catalyst 2b to give product 10. Marfey’s analysis of the hydrolysate of 10 
showed a ratio of 1.5:0.7:1.0 between the peaks of FDAA-L-Ala, D-Ala, and L-Val (see figure 3.7). This 
ratio is similar to the ratio found with the achiral catalyst. So despite the use of a chiral catalyst, 
the transfer hydrogenation seems again to have taken place in an almost racemic way.

Finally, the transfer hydrogenation was applied to dehydrophenylalanine (Dhf) embedded in 
a peptide. Dhf can be introduced in nisin via the palladium mediated cross coupling reaction 
described in chapter 2 (see figure 3.8). Besides the Heck product, this cross coupling reaction partly 
gives conjugated addition to Dha, which results in the fact that both isomers of D/L-phenylalanine 
are already present in 11. However, transfer hydrogenation could increase the amount of Phe by 
reduction of Dhf. To do so, 11 was treated with 2a and formic acid to give 12.

To analyse the ratio of D/L-Phe before and after the hydrogenation, both 11 and 12 were hydrolysed 
in 6 M HCl (aq) under microwave irradiation, and subsequently treated with Marfey’s reagent (see 
figure 3.9a). In 11 the ratio between FDAA-L-Val, L-Phe, and D-Phe is 1.0:0.6:0.3. After hydrogenation 
the ratio is increased to 1.0:0.8:0.5, which confirms the presence of more D/L-Phe after the transfer 
hydrogenation reaction. The enantiomeric excess before and after the hydrogenation remains the 
same, as was expected for the achiral catalyst.

Dhf cannot be visualised with Marfey’s method, as the unprotected dehydrated amino acids equal 
primary enamines and quickly get tautomerised and hydrolysed to their corresponding α-keto-
acids under these conditions. Presence of dehydrated residues in a peptide are therefore visualised 
by treatment of the hydrolysate with dansylhydrazine, which will react with the α-keto-acids to 
form hydrazones. Treatment of the hydrolysate of both 11 and 12 with dansylhydrazine showed 
almost complete disappearance of phenylpyruvic acid during hydrogenation (see figure 3.9b). This 
confirms Dhf as the reduction site during the transfer hydrogenation reaction, just like Dha and 
Dhb. Catalyst 2a has therewith the same broad substrate tolerance for dehydrated residues in 
peptides as it does for the dehydrated monomers. Treatment of Dha containing peptides with 
palladium and phenylboronic acid, and subsequent transfer hydrogenation with 2a and formic 
acid is therefore a new method for late-stage site specifically introduction of D-phenylalanine in 
peptides.

3.3 - Conclusion

In this chapter, a method for transfer hydrogenation of dehydrated residues in peptides is 
described. Hydrogenation of Dha, Dhb and Dhf in antimicrobial peptides was achieved by a 
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Figure 3.8: Schematic representation of palladium cross coupling on nisin and subsequent hydrogenation
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dansylhydrazine; (III) EIC’s of hydrolysate of 11 derivatised with danyslhydrazine; (IV) EIC’s of hydrolysate 
of 12 derivatised with dansylhydrazine.
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rhodium based Noyori type catalyst. The reaction was performed under physiological relevant 
conditions, with formic acid as hydride source. NMR studies revealed the selectivity of the 
reaction for the dehydrated residues Dha and Dhb. Detailed analysis of the individual amino acids 
in the peptides provided the absolute configuration of the newly formed amino acids, and showed 
the presence of D-amino acids. So far, the reaction yielded both isomers in all cases. Attempts 
to use a chiral catalyst did not result in a significant enantiomeric excess of one of the isomers. 
Future studies should further explorer the possibility of asymmetric hydrogenation of dehydrated 
amino acids, by varying the chiral ligand of the Noyori-type catalyst, or by exploring phosphine 
ligands in hydrogenation with gaseous hydrogen as hydride source.

3.4 - Experimental

General remarks
Chemicals were purchased from TCI Europe, Sigma-Aldrich, Acros, Strem Chemical, Handary or Chem-Impex, 
solvents from Lab-Scan and were all used without further purification. Column chromatography was performed 
by hand on silica gel (Aldrich, 230-400 mesh) or automated on a Grace Reveleris Flash X1 Chromatography 
system. Solvents were removed under reduced pressure at 40oC (water bath). 1H-NMR and 13C-NMR spectra 
were recorded with Varian Mercury Plus 400, Agilent Technologies 400/54 Premium Shield, Varian VXR 300 or 
Bruker 600 MHz at ambient temperature. HRMS ESI mass spectra of small organic molecules were recorded with 
Thermo Fisher Scientific Orbitrap XL. Melting points were recorded on a Büchi B-545 melting point apparatus. 
Elemental analysis were determined on a EuroVector S.P.A. model Euro EA 3000. UPLC/MS analysis was done on 
Waters Acquity Ultra Performance LC with Acquity TQD detector. Separation of biomolecules was achieved with 
an Acquity UPLC BEH C8 1.7 um 2.1x150 mm column and a linear gradient of 90% -> 50% water (0.1%FA) in ACN 
(0.1%FA) in 10 minutes for nisin and 70% -> 30% water (0.1%FA) in ACN (0.1%FA) in 10 minutes for thiostrepton. 
Charge density spectra were deconvoluted with the algorithm MagTran.[18] Separation for small molecules in 
Marfey’s analysis was achieved with UPLC HSS T3 C18 1.8 μm 2.1x150 mm column, and a linear gradient of 80% 
-> 40% water (0.1%FA) in ACN (0.1%FA) in 15 min, monitored at 340 nm.

RuCl[N-tosyl-ethane-1,2-diamine]-η6(p-cymene) (1a)
Dichloro(p-cymene)ruthenium(II) dimer (6.78 mg, 0.011 mmol) and 13 (4.74 mg, 0.022 mmol) were dissolved in 4 
mL buffer or water by stirring the mixture at 60 oC for at least 1 hour. After cooling down to room temperature the 
stock solution was supplemented with buffer or water to a volume of 5 mL to yield a bright yellow stock solution 
of 4.4 mM catalyst 1a.

RhCl[N-tosyl-ethane-1,2-diamne]-η5(pentamethylcyclopentadiene) (2a)
Pentamethylcyclopentadienylrhodium(III) chloride dimer (8.35 mg, 0.013 mmol) and 13 (5.79 mg, 0.027 mmol) 
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were dissolved in 4 mL buffer or water by stirring the mixture at 60 oC for at least 1 hour. After cooling down to 
room temperature the stock solution was supplemented with buffer or water to a volume of 5 mL to yield a bright 
yellow stock solution of 5.4 mM catalyst 2a.

RhCl[(S,S)-TsDPEN]-η5(pentamethylcyclopentadiene) (2b)
Pentamethylcyclopentadienylrhodium(III) chloride dimer (7.7 mg, 0.012 mmol) and (S,S)-TsDPEN (9.1 mg, 0.024 
mmol) were dissolved in 4 mL water by stirring the mixture at 60 oC for at least 1 hour. After cooling down to 
room temperature the stock solution was supplemented with buffer or water to a volume of 5 mL to yield a bright 
yellow stock solution of 5.0 mM catalyst 2b.
  

Methyl 2-acetamidoacrylate (4a)
Prepared as described by Crestey et al.:[19] Acetamide (1000 mg, 16.9 mmol), methyl pyruvate (1.3 mL, 15.2 
mmol)  and 30 mL toluene were added to a round-bottom-flask equipped with magnetic stirrer and Dean-Stark-
trap. A catalytic amount of p-toluenesulfonice acid (0.001 eq) and p-methoxyphenol (0.001 eq) were added. 
After heating under reflux for 24 hours, the solvent was evaporated. The crude yellow oil was redissolved in 
dichloromethane, washed with saturated NaHCO3(aq) and water. Drying over MgSO4, removal of the solvent and 
purification by column chromatography (SiO2, pet ether / ethyl acetate 3:1, Rf=0.71 in EtOAc) gave 4a (805 mg, 
37%) as a white solid. 1H-NMR (CDCl3, 400MHz) δ 2.13 (s, 3H), 3.84 (s, 3H), 5.88 (s, 1H), 6.60 (s, 1H), 7.71 (br, 1H) 
ppm; 13C-NMR (CDCl3, 101 MHz) δ  24.8, 53.1, 108.9, 131.1, 164.7, 169.0 ppm; Calc: C: 50.35, H: 6.34, N:9.79, 
Found: C: 50.27, H: 6.35, N: 9.66. MS (ESI, HCOOH) m/z 144.0654 ([M+H]+, calc: 144.0655) mp: 51.4-52.3 oC 

methyl (Z)-2-acetamido-3-phenylacrylate (4c)
Prepared as described by Trapp et al.:[20] Benzaldehyde (1326 mg, 12.5 mmol), sodium acetate (820 mg, 10 
mmol) and N-acetlyglycine (1171 mg, 10 mmol) were suspended in 2.3 mL acetic anhydride. The mixture was 
refluxed for 1.5 hours whereafter the crude mixture was filtered over a glass filter. The residue was washed with 
diethylether, dried to the air and used without further purification. 1H-NMR (CDCl3, 400 MHz) δ 2.41 (s, 3H), 7.15 
(s, 1H), 7.43 (m, 3H), 8.07 (m, 2H) ppm.

The crude product is dissolved in absolute methanol. Sodium methoxide (540 mg, 10 mmol) was added. The 
resulting mixture was stirred for 90 minutes at room temperature. After removal of the solvent, the crude residue 
was taken up in DCM. The organic layer is washed with  saturated NH4Cl(aq). Drying over Na2SO4, removal of the 
solvent and purification by column chromatography (SiO2, heptane / ethylacetate 0%->60%, Rf=x) gave 4c (985 
mg, 45% over 2 steps) as off-white solid. 1H-NMR (CDCl3, 400 MHz) 2.12 (s, 3H), 3.84 (s, 3H), 7.04 (br, 1H), 7.35 (m, 
4H), 7.46 (m, 2H) ppm; 13C-NMR (CDCl3, 101 MHz) δ 26.1, 55.4, 126.9, 131.2, 132.1, 132.2, 134.9, 136.4, 163.8, 
171.4 ppm; Elemental analysis calcd for  C12H13NO3: C: 65.74, H: 5.98, N: 6.39, Found: C: 65.80, H: 5.99, N: 6.38; 
MS (ESI, HCOOH) m/z 220.0975 ([M+H]+, calc: 220.09682). 
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N-(2-aminoethyl)-4-methylbenzenesulfonamide (13)
Prepared as described by Deng et al.:[21] Sulfonylchloride (762 mg, 4 mmol) is dissolved in 10 mL DCM at 0 oC. 
Ethylenediamine (2.6 mL, 40 mmol) in 10 mL DCM is added slowly while keeping the temperature at 0 oC. After 
stirring the resulting mixture for 15 minutes, the organic layer is washed with water, and dried over Na2SO4. 
Evaporation of the solvent and purification by column chromatography (SiO2, DCM / MeOH 0 -> 15%, Rf = 0.1 (10 
% MeOH)) gave 13 (270 mg, 31%) as white solid. 1H-NMR (CD3OD, 400 MHz) δ 2.42 (s, 3H), 2.65 (t, J=6.22, 2H), 
2.88 (t, J=6.22, 2H), 7.39 (d, J=8.11, 2H), 7.72 (d, J=8.11, 2H) ppm; 13C-NMR (CD3OD, 101 MHz) 22.7, 43.4, 47.7, 
129.3, 132.0, 140.1, 145.9 ppm. Elemental analysis calc for C9H14N2O2S: C: 50.45, H: 6.59, N: 13.07, Found: C: 
50.23, H: 6.51, N: 12.80. MS (ESI, HCOOH) m/z 215.085 ([M+H]⁺, calc: 215.085);
 

Cp*Ir(4,4’-dimethoxy-2,2'-bipyridine)Cl2 (14)
Prepared as described by Francis et al.:[12] Pentamethylcyclopentadienyliridium(III)chloride dimer (16 mg, 0.02 
mmol) and 4,4’-dimethoxy-2,2’-bipyridine (8.7 mg, 0.04 mmol) were dissolved in 2 mL methanol. The mixture 
was stirred until it became homogeneous. The solvent was removed and the residue was taken up in a minimum 
DCM. Precipitation with heptane gave 14 (25 mg, 99%) as yellow solid. 1H-NMR (CDCl3, 400 MHz) δ 1.65 (s, 15 H), 
4.34 (s, 6H), 7.12 (m, 2H), 8.40 (d, 2H, J=6.57), 8.97 (m, 2H) ppm. 

Cp*Ir(4,4'- dimethoxy-2,2’-bipyridine)SO4 (3)
Prepared as described by Francis et al.:[12] 15 (25 mg, 0.04 mmol) and silver(I)sulfate (12 mg, 0.04 mmol) were 
dissolved in 2 mL water. The mixture was stirred overnight at room temperature. The precipitate was removed 
and washed with water. The filtrate and washings were combined and the solvent was removed by lyophilisation 
to give 3 (21 mg, 82%) as yellow solid. MS (ESI, HCOOH) m/z 543.13 ([M-SO42-]⁺, calc: 543.13).
 

methyl acetyl-L-phenylalaninate (15)
L-Phenylalanine-methylester (200 mg, 0.93 mmol) is dissolved in DCM. Diisopropyethylamine (322 μL, 1.85 
mmol) and acetic anhydride (87 μL, 0.93 mmol) were added. After stirring for 1 hour at room temperature, the 
organic layer is washed with water, saturated NaHCO3(aq) and 1 M HCl (aq). Drying over Na2SO4 and evaporation 
of the solvent gave 15 (204 mg, quant.) as white solid. 1H-NMR (CDCl3, 400 MHz) δ 1.99 (s, 3H), 3.13 (m, 2H), 3.73 
(s, 3H), 4.88 (m, 1H), 5.88 (br, 1H), 7.09 (m, 2H), 7.27 (m, 3H) ppm; 13C-NMR (CDCl3, 100 MHz) 25.8, 40.5, 55.0, 
55.7, 129.8, 131.2, 131.9, 138.4, 172.2, 174.7 ppm; Elemental analysis calcd for  C12H15NO3: C: 65.14, H: 6.83, N: 
6.33, Found: C: 65.03, H: 6.85, N: 6.29; MS (ESI, HCOOH) m/z 222.11280 ([M+H]⁺, calc: 222.1147).
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(S)-2-((5-fluoro-2,4-dinitrophenyl)amino)propanamide (Marfey’s reagent) (16)
Prepared as described by Sheppard et al.:[22] Alaninamide (473 mg, 3.8 mmol) was dissolved in 4 mL 1 M 
NaOH(aq) was added to 60 mL acetone. MgSO4 (10 gram) was added and the mixture was stirred for 3 hours 
at room temperature, whereafter the MgSO4 is filtered off and added dropwise to a mixture of 1,5-difluoro-2,4-
dinitrobenzene (668 mg, 3.2 mmol) in 15 mL acetone. After addition the mixture was stirred for 30 minutes at 
room temperature. Addition of water (80 mL) and cooling in ice resulted in precipitation of the product. Filtration 
and washing with acetone / water (v/v 1:1) gave 16 (505 mg, 57%) as yellow needles. 1H-NMR (DMSO-d6, 400 
MHz) δ 1.46 (d, 3H, J=6.84), 4.39 (m, 1H), 6.94 (s, 0.5H), 6.97 (s, 0.5H), 7.50 (s, 1H), 7.72 (s, 1H), 8.89 (s, 0.5H), 
8.91 (s, 0.5H), 9.11 (m, 1H) ppm; 13C-NMR (DMSO-d6, 100 MHz) δ 21.5, 54.7, 105.1 (d), 128.2 (d), 130.5, 150.7 (d), 
160.8, 163.5, 175.4 ppm; MS (ESI, HCOOH) m/z 295.045 ([M+Na]⁺, calc: 295.0455); Calcd for  C9H9FN4O5 : C: 39.71, 
H: 3.33, N: 20.58, Found: C: 39.60, H: 3.38, N: 20.40.

General procedure for transfer hydrogenation reaction on small molecules
Catalysis was performed in formate buffer (50 mM NaCOOH pH 7) with a final concentration of 40 mM of the 
dehydroalanine substrate and 5%-10% catalyst loading. A typical catalysis reaction was set up as follows: 1a (28.7 
mg, 0.2 mmol) and was dissolved in 2.7 mL buffer. After addition of 2.3 mL of the ruthenium(tosyl-diamine) stock 
solution, the vial was closed and the mixture was stirred overnight at 37 oC. After cooling to room temperature, 
the reaction mixture was filtered over celite and extracted to dichloromethane. After drying over Na2SO4 and 
concentration, conversions were analysed by 1H-NMR. The ratio between the peaks at 7.38 ppm (product) and 
5.86 ppm (starting material) were compared with 1,3,5-TMB as internal standard for determination of the yield.

General procedure of transfer hydrogenation on thiostrepton
Catalysis was performed in DMF / 100 mM HCOOH buffer pH 4 (6:16 (v/v)) with a final concentration of 45 μM 
peptide, and 11 μM catalyst. A typical catalysis reaction was set up as follows: Thiostrepton (1 nmol in 1 μL 
DMF) was diluted with 5 μL DMF and 15 μ buffer. 1 μL of 250 μM catalyst stock solution in water was added. The 
reaction mixture shaken at 37 oC for 16 hours, and analysed by UPLC/MS TQD directly.

General procedure of transfer hydrogenation on nisin
Catalysis was performed in 0.5% HCOOH(aq) with a final concentration of 2.8 mM peptide, 2.8 mM catalyst. 
A typical catalysis reaction was set up as follows: to a solution of nisin (2  μmol in 500 μL) in 0.5% HCOOH was 
added 200 μL of the catalyst stock solution (10 mM in water). The mixture was shaken at 37 oC for 16 hours. 
40 μL of pyrollidinedithiocarbamate (scavenger, 150 mM in water) was added and a orange precipitate formed 
instantly. The mixture was filtered over a 0.45 μm filter and purified by size exlcusion chromatography (NAP-10). 
Lyophilisation gave the product which was analysed by UPLC/MS TQD.

Marfey’s analysis
An aliquot 0.1 mg amino acids (30 nmol for modified nisin) was added to 350 μL 6M HCl(aq) in a microwave 
tube equipped with stir bar. The sample was exposed to microwave irradiation for 10 minutes at 160oC, with 
maximum 50 Watt power. The mixture is transferred to an eppendorf vial and concentrated to dryness in vacuo. 
The residue was dissolved in 25 μL 1M NaHCO3(aq), and 5 μL 1% Marfey's reagent (FDAA or 16) in acetone was 
added. After shaking for 1 hour at 40 oC, 15 μL 2M HCl(aq) and 150 μL methanol were added to obtain a clear 
bright yellow solution. The sample was analysed directly by UPLC/MS TQD. Signals obtained at 340 nm absorption 
were assigned to the corresponding FDAA-derivative.

Hydrazone analysis
An aliquot 0.1 mg amino acids (30 nmol for modified nisin) was added to 350 μL 6M HCl(aq) in a microwave tube 
equipped with stir bar. The sample was exposed to microwave irradiation for 10 minutes at 160oC, with maximum 
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50 Watt power.  The mixture transferred to an eppendorf vial and concentrated to a volume of 25 μL. 5 μL of 2 
mg/mL dansylhydrazine solution in methanol was added. After shaking for 1 hour at 40oC, the sample was diluted 
with 100 μL methanol and analysed by UPLC/MS TQD. Signals obtained at 340 nm absorption were assigned to 
the corresponding hydrazone.
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Chapter 4

Iridium mediated radical addition

Dehydroalanine (Dha) and dehydrobutyrine (Dhb) are remarkably versatile non-
canonical amino acids often found in antimicrobial peptides. Here, we present the 
selective modification of Dha and Dhb in antimicrobial peptides via photocatalytic 
activation of organoborates under influence of visible light. Ir(dF(CF3)ppy)2(dtbbpy)
PF6 was used as photoredox catalyst in aqueous solutions for the modification of 
thiostrepton and nisin. The mild conditions and high selectivity for the dehydrated 
residues, show photoredox catalysis is a promising tool for modification of peptide 
derived natural products.
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4.1 - Introduction

Site-selective modification of peptide derived natural products is a promising strategy to obtain 
new therapeutics. However, potentially interesting targets often are products of sophisticated 
biological post-translational machineries, and therefore difficult to modify via common bio-
orthogonal chemistry,[1-4] or bio-engineering approaches.[5-8] Many of these structures contain 
unique non-canonical amino acids, which are attractive targets for late-stage chemical modification. 
Particularly interesting residues are dehydroalanine (Dha) and dehydrobutyrine (Dhb), which are 
often found in antimicrobial peptides.[9, 10] The unique orthogonal reactivity of the double bond in 
these dehydrated amino acids is used by nature to introduce for example lanthionine rings, and 
piperidine moieties. It has been shown that residual dehydrated residues can undergo a variety 
of chemical modifications,[11-17] however catalytic strategies are scarce. Catalytic activation of 
an unreactive precursor could provide new strategies for modification of the complex peptides 
under mild conditions. Here, we present the selective late-stage modification of Dha and Dhb in 
antimicrobial peptides by photocatalysis, using trifluoroborate salts as radical precursors.

In recent years, photoredox catalysis has emerged as a mild method for visible-light-induced 
activation of small molecules.[18] Furthermore, photocatalysis is compatible with peptides and 
proteins as was shown in the photocatalytic induced formation of peptide macrocycles,[19] site-
selective modification of cysteine in peptides,[20, 21] trifluoromethylation of peptides,[22] and 
decarboxylative alkylation of proteins.[23] Typically, cyclometaled polypyridyl iridium complexes 
or bipyridyl ruthenium complexes generate organic radicals by oxidative or reductive quenching 
of their excited states. Precursors like organoborates, which are harmless and air- and moisture 
stable compounds, are known to generate carbon-centered radicals upon oxidation by an excited 
photocatalyst. These radicals react readily with electron-deficient alkenes.[24-26] Considering the 
electron-deficient character of Dha, together with the orthogonal reactivity of organoborates, and 
the mild conditions of visible light irradiation, we envisioned this method could be employed for 
photocatalytic modification of Dha and Dhb in natural antimicrobial peptides.

4.2 - Results & Discussion

Initial studies focused on the photocatalytic modification of the Dha monomer (1a) with 
potassium (p-methoxyphenoxy)methyl-trifluoroborate (2a) (see table 4.1). Different commonly 
used photocatalysts like Ir(ppy)2(dtbbpy)PF6 (5), Ir(dF(CF3)ppy)2(dtbbpy)PF6 (6) and Ru(bpy)3Cl2 (7) 

N
H O

PhO BF3K

10 mol% catalyst

410 nm LED N
H O

peptide

OPh
R R

peptidepeptide peptide

R = H, CH3

Scheme 4.1: Chemical modification of Dha and Dhb in peptides by photoredox catalysis.
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were evaluated for this reaction in aqueous solution mixed with various amounts of organic co-
solvent under the influence of blue light (LED 410 nm) for 16 hours at room temperature. Catalysts 
5 and 6 were found to be insoluble in most of the aqueous mixtures, resulting in precipitation 
of the catalyst and therewith no formation of product 3a was obtained (table 4.1, entry 1-2). 
Photocatalyst 7 is water soluble, but no product formation was observed either (entry 3). Only in 
the case of 50% acetone(aq), 50% 1,4-dioxane(aq) and 100% DMF with catalyst 6 conversion to 3a 
was obtained (entries 4-6). In case of the Dhb monomer (1b), the corresponding product 4a was 
obtained (entry 6). Control reactions in which the reaction was performed in the dark, without 
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Entry Substrate Co-solvent % H2O Catalyst Yield[a]

1 1a - 100 5 0

2 1a - 100 6 0

3 1a - 100 7 0

4 1a acetone 50 6 57% (41%)

5 1a 1,4-dioxane 50 6 full (64%)

6 1a DMF 0 6 56% (40%)

7 1b acetone 50 6 full (82%)

8 1a methanol 50 6 0

9[b] 1a acetone 50 6 0

10[c] 1a acetone 50 6 0

Table 4.1: Results of photocatalytic reaction of Dha monomer with 2a; Reaction conditions: a mixture of 1 (10 
mM), 2a (20 mM) and photocatalyst (2 mol%) dissolved or suspended in the degassed solvent mixture, and 
irradiated with blue LED’s for 16 hours at room temperature. [a] Conversion and yield determined by 1H-NMR 
with 20 mM internal standard 1,3,5-trimethoxybenzene. yield between parentheses; [b] reaction performed in 
the dark; [c] reaction performed in the presence of TEMPO (10 mM).
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catalyst, or with addition of radical scavenger TEMPO resulted in no conversion, indicating the 
organoborate  is  indeed  converted  in  a  radical  species  by  means  of  photoredox  catalysis 
(entries 8-10).

The photocatalytic reaction was then tested on Dha and Dhb in a peptide. The antimicrobial 
peptide thiostrepton is a hydrophobic thiopeptide, soluble in apolar solvents like chloroform, 
1,4-dioxane and DMF, which is comparable with the conditions found in the screening. 
Thiostrepton was therefore mixed with 2a (6 eq, 1.5 eq per dehydrated amino acid), and 10 
mol% 6 in aqueous 1,4-dioxane (9:1 (v/v)). Presence of water was required to fully dissolve the 
trifluoroborate salt. The reaction mixture was irradiated with blue LED’s for one hour, after which 
an aliquot of the reaction was analysed by LC/MS. Single- and double modified thiostrepton were 
observed as main products. Elongation of the irradiation time with another two hours gave rise 
to triple- and quadruple modification of the peptide, which corresponds to the total number of 
dehydrated amino acids present. 
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Figure 4.1: Schematic representation of the photocatalytic reaction on thiostrepton. Dha residues are 
depicted in red and Dhb residue in orange. Scope of trifluoroborate salts for photocatalytic modification 
of thiostrepton, optimised conditions: thiostrepton (500 μM), trifluoroborate salt (3 mM) and 6 (50 μM) 
in 400 μL 1,4-dioxane / water (9:1) irradiated with blue LED (410 nm) at room temperature for 3 hours. 
Single modification (*), double modification (**) and triple modification (***) is observed. In parenthses 
the conversion is calculated based on integration of the EIC of the corresponding product divided by sum 
of the areas of all compounds, assuming that ionisation is similar for all products, which are structurally 
very similar.[27-29]
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The scope of the reaction was investigated by varying the trifluoroborate salts. It was found that 
the reaction is significantly affected by the substituents present on the aryl ring of the substrate (see 
figure 4.1). Electron donating groups result in (almost) full conversion of the starting material (8a-
c), while less electron donating groups on the aryl ring slow down the reaction resulting in mostly 
single modification and remaining starting material (8d-f). This might be due to the nucleophilicity 
of the generated radicals, or the difference in electrochemical potential to generate radicals from 
the trifluoroborate salts. Moreover, the oxygen next to the carbon-centered radical turned out to 
have a beneficial effect on the reaction. By using substrates that lack the heteroatom, the reaction 
was much slower (8g), resulted in no conversion (8h), or in degradation of the peptide. In absence 
of the aryl moiety, only degradation products were obtained. 

To determine the site of modification, single modified thiostrepton product 8c was purified 
by rp-HPLC, and studied by 1H-NMR. The two peaks indicated with the blue star in the LC 
chromatogram (figure 4.2a) were established to be two diastereomers of modification at the 
same position of the peptide, which could be separated by rp-HPLC (figure 4.2b). Comparison 
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Figure 4.2: Determination of modification site in thiostrepton; a) UPLC chromatogram (280 nm) of 
crude reaction mixture 8c: degr. = degraded thiostrepton, s.m. = starting material, * = single modified 
thiostrepton, mixture of 2 diastereomers, ** = double modified thiostrepton; b) UPLC chromatogram (280 
nm) of purified 8c c) NMR studies on photocatalytically modified thiostrepton (8c, orange) compared 
with unmodified thiostrepton (blue). Zoom in of 5-7 ppm to show signal shifts of Dha-17 and signal 
disappearance of Dha-16. 
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of the 1H-NMR spectrum of purified 8c with the 1H-NMR spectrum of unmodified thiostrepton 
shows the disappearance of two singlets at 6.73 and 5.50 ppm and a shift of the singlets at 6.63 
and 5.38 ppm (figure 4.2c). These four signals correspond to the four β-protons of Dha-16 and 
Dha-17, the dehydrated residues in the tail of the peptide. The signals of the other double bonds 
in the peptide (i.e. Dha-3, Dhb-8, piperidine-14 and quinaldic acid-0) remain unchanged, which 
indicates the peptide is modified at a Dha in the tail. 2D NMR TOCSY measurements confirmed 
the modification to be at Dha-16 (figure 4.3). These results show the photocatalytic modification to 
be selective for the dehydrated amino acids. Moreover, the reaction is chemoselective for Dha-16, 
which is known to be the most electron deficient dehydrated residue due to it being situated next 
to a thiazole ring. Single modification at other positions is observed in the UPLC chromatogram 
of the crude reaction mixture (figure 4.2a), but these products are formed only in low yields, as can 
be calculated from the low intensity of the peaks of these products.

To show the versatility of our approach, the lantipeptide nisin was subjected to the photoredox 
catalysis. Nisin is less hydrophobic than thiostrepton. Hence, the photocatalytic reaction on nisin 
was performed in 1,4-dioxane or acetone with 50% water containing 0.1% AcOH(aq). Nisin was 
reacted with 2a (4.5 eq, 1.5 eq per dehydrated residue), catalysed by 10 mol% 6. After irradiation 
with blue LEDs for 1 hour almost full conversion to triple modified nisin was obtained as can be 
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Figure 4.3: TOCSY spectrum of 8c. Signals in red circles indicate coupling of NH-17 with protons of Dha-17 
indicating modification has taken place at Dha-16.
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seen from the MALDI-TOF spectrum (figure 4.4b). Exploration of the scope of the reaction on 
nisin showed a similar trend as in the case of thiostrepton (see table 4.2 in experimental section). 
The best results were obtained when both the aryl ring, as well as the heteroatom adjacent to the 
carbon-centered radical are present (9a-c). Less donating substituents on the phenyl ring result 
in lower conversion and mainly single modified product (9b-c). Organoborates with less electron 
donating substituents like halogens resulted in no conversion at all (9d-e). Addition of TEMPO as 
radical scavenger gave unmodified starting material confirming the involvement of radical species 
and showing that the peptide is stable under the conditions of the photocatalytic reaction.[29]

To determine the selectivity of the photocatalytic modification of nisin, triple modified product 
9a was studied by NMR. The 1H-NMR spectrum of this product revealed that the peaks of Dha-
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5 (5.35 and 5.48 ppm), Dha-33 (5.60 ppm) and Dhb-2 (6.51 ppm) had disappeared (see figure 4.5a). 
Hence, the photocatalytically generated radicals react selectively with the dehydrated amino acids 
in the peptide, yielding an O-phenylhomoserine (OPhHse) residue. To confirm the presence of 
this newly formed residue, modified nisin (9c) was hydrolysed in a microwave oven in 6 M HCl(aq) 
to study the amino acids present. The hydrolysate was reacted with Marfey’s reagent (1-fluoro-2,4-
dinitrophenyl-5-L-alanine amide (FDAA)).[30] Analysis with LC/MS and comparison with FDAA 
derivatised OPhHse confirmed the presence of OPhHse in 9c. (see figure 4.5b). 
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4.3 - Conclusion
In conclusion, we have demonstrated that visible-light-driven photoredox catalysis is an efficient 
and mild catalytic method for the selective late-stage modification of dehydrated amino acids 
in antimicrobial peptides. Dha and Dhb react selectively with the carbon-centered radicals 
generated from organoborates with only 10 mol% catalyst loading in aqueous conditions. This 
study illustrates the potential of photoredox catalysis for the late-stage modification of complex 
active natural products and is therefore a promising tool in the quest for new antibiotics. 

4.4 - Experimental

General remarks
Chemicals were purchased from TCI Europe, Sigma-Aldrich, Acros, Strem Chemical, Handary or Chem-Impex, 
solvents from Lab-Scan and were all used without further purification. Column chromatography was performed 
by hand on silica gel (Aldrich, 230-400 mesh) or automated on a Grace Reveleris Flash X1 Chromatography 
system. Solvents were removed under reduced pressure at 40 oC (water bath). 1H-NMR and 13C-NMR spectra 
were recorded with Varian Mercury Plus 400, Agilent Technologies 400/54 Premium Shield, Varian VXR 300 or 
Bruker 600 MHz at ambient temperature. HRMS ESI mass spectra of small organic molecules were recorded with 
Thermo Fisher Scientific Orbitrap XL. Melting points were recorded on a Büchi B-545 melting point apparatus. 
Elemental analysis were determined on a EuroVector S.P.A. model Euro EA 3000. HPLC separation was achieved 
with an XBridge C8 3.5 um 4.6x250mm column and a linear gradient of 80% -> 30% water (0.1%FA) in ACN 
(0.1%FA) in 30 min. UPLC/MS analysis was done on Waters Acquity Ultra Performance LC with Acquity TQD 
detector. Separation was achieved with an Acquity UPLC BEH C8 1.7 um 2.1x150 mm column and a linear 
gradient of 90% -> 50% water (0.1%FA) in ACN (0.1%FA) in 10 minutes for nisin and 70% -> 30% water (0.1%FA) 
in ACN (0.1%FA) in 10 minutes for thiostrepton. Charge density spectra were deconvoluted with the algorithm 
MagTran.[31]

Methyl 2-acetamidoacrylate (1)
Prepared as described by Crestey et al.:[32] Acetamide (1000 mg, 16.9 mmol), methyl pyruvate (1.3 mL, 15.2 
mmol)  and 30 mL toluene were added to a round-bottom-flask equipped with magnetic stirrer and Dean-Stark-
trap. A catalytic amount of p-toluenesulfonice acid (0.001 eq) and p-methoxyphenol (0.001 eq) were added. 
After heating under reflux for 24 hours, the solvent was evaporated. The crude yellow oil was redissolved in 
dichloromethane, washed with saturated NaHCO3(aq) and water. Drying over MgSO4, removal of the solvent and 
purification by column chromatography (SiO2, pet ether / ethyl acetate 3:1, Rf=0.71 in EtOAc) gave 1 (805 mg, 
37%) as a white solid. 1H-NMR (CDCl3, 400 MHz) δ 2.13 (s, 3H), 3.84 (s, 3H), 5.88 (s, 1H), 6.60 (s, 1H), 7.71 (br, 1H) 
ppm; 13C-NMR (CDCl3, 101 MHz) δ  24.8, 53.1, 108.9, 131.1, 164.7, 169.0 ppm; Elemental analaysis Calc: C: 50.35, 
H: 6.34, N:9.79, Found: C: 50.27, H: 6.35, N: 9.66. MS (ESI, HCOOH) m/z 144.0654 ([M+H]⁺, calc: 144.0655) mp: 
51.4-52.3 oC
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[(dF(CF3)ppy)2-Ir-µ-Cl]2 (10)
Prepared as described by Molander et al.:[33] 11 (501 mg, 1.93 mmol) and iridium(III)chloride.hydrate (261 mg, 
0.87 mmol) were suspended in 14 mL 2-ethoxyethanol and 4.7 mL water. The mixture was heated at 120 oC 
overnight. After cooling to room temperature, the mixture was diluted with 20 mL water. The yellow precipitate 
was collected by filtration, washed with water and ether to give 10 (457 mg, 70%) as yellow solid. 1H-NMR δ 
(CDCl3, 400 MHz) 5.08 (2H, m) 6.42 (2H, m) 8.03 (2H, m), 8.47 (2H, m), 9.51 (2H, m) ppm.

 Ir(ppy)2(tbbpy) (5)
Prepared as described by Malliaras et al.:[34] 10 (75 mg, 0.07 mmol) and 4,4-di-tert-butyl-2,2-dipyridyl (41 mg, 
0.153 mmol) were dissolved in 3 mL 1,2-ethanediol. The mixture was heated to 150 oC overnight. After cooling 
to room temperature 45 mL water was added. The aqueous layer was washed with ether and heated to 60 oC for 
10 minutes to remove traces of ether. Ammonium hexafluorophosphate (342 mg, 2.1 mmol) was added and the 
mixture was cooled to 5oC. The precipitate was collected by filtration and washed with ether to give 5 (80 mg, 
63%) as yellow solid. 1H-NMR (acetone-d6, 400 MHz) δ 1.41 (s, 18H), 6.35 (d, J=7.3, 2H), 6.91 (t, J=7.50, 2H), 7.03 
(t, J=7.01, 2H), 7.13 (t, J=6.77, 2H), 7.71 (d, J=5.32, 2H), 7.78 (d, J=5.32, 2H), 7.90-7.99 (m, 6H), 8.25 (d, J=8.22, 
2H), 8.87 (s, 2H) ppm; 13C-NMR (acetone-d6, 101 MHz) δ 32.2, 38.2, 66.0, 122.5, 124.6, 125.0, 126.1, 127.6, 128.2, 
133.0, 134.2, 141.2, 146.7, 151.7, 152.8, 153.6, 158.6, 166.6, 170.6 ppm; MS (ESI, HCOOH) m/z 769.289 ([M-PF6]⁺, 
calc: 769.288; Calcd for C40H40F6IrN4P.3H2O : C: 49.63, H: 4.79, N: 5.79, Found: C: 49.93, H: 4.60, N: 5.67.

2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine (11) 
Prepared as described by Weaver et al.:[35] 2-chloro-5-(trifluoromethyl)pyridine (317 mg, 1.75 mmol), 
2,4-difluorophenylboronic acid (331 mg, 2.1 mmol), triphenylphosphine (45 mg, 0.175 mmol) and potassium 
carbonate (649 mg, 4.7 mmol) were dissolved in 1,2-dimethoxyethane (2 mL). After degassing by N2 bubbling 
for 15 minutes palladium(II)acetate (10 mg, 0.043 mmol) is added and the mixture was degassed by N2 bubbling 
for another 15 minutes. After refluxing overnight the mixture was cooled to room temperature and diluted 
with dichloromethane. The organic layer was washed with water and brine. Dryinig over Na2SO4, removal of the 
solvent and purification by column chromatography (SiO2, heptane / ethyl actate 0% —> 3%, Rf=0.57) gave 11 
(322 mg, 71%) as white solid. 1H-NMR (CDCl3, 400 MHz) δ 6.95 (m, 1H), 7.05 (m, 1H), 7.91 (m, 1H), 8.01 (m, 1H), 
8.11 (m, 1H), 8.96 (m, 1H) ppm; 13C-NMR (CDCl3, 101 MHz) δ 105.5, 112.3, 123.7, 125.0, 132.5, 133.9, 146.6, 
155.8, 159.9, 162.3, 162.7, 165.2 ppm; MS (ESI, HCOOH) m/z 260.050 ([M+H]⁺, calc: 260.050); Calcd for C12H6F5N  
C: 55.61, H: 2.33, N: 5.40, Found: C: 55.60, H: 2.34, N: 5.24.
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Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (6)
Prepared as described by Stephenson et al.:[36] Iridium(III)chloride.hydrate (52 mg, 0.17 mmol) and 11 (360 mg, 
1.39 mmol) were suspended in 5 mL ethyleneglycol in a microwave tube. The mixture was stirred for 1 minute at 
ambient conditions and then heated by microwave irradiation to 200 oC for 50 minutes at ambient atmosphere 
in a microwave oven. The mixture is cooled to room temperature and 4,4’-tertbutyl-2,2-dipyridil (70 mg, 0.26 
mmol) was added. The mixture was heated by microwave irradiation at 200 oC for another 30 minutes. After 
cooling to room temperature the mixture was diluted with water and brine and extracted to ethyl acetate. The 
organic layer was dried over Na2SO4 and concentrated. The residue was suspended in water and ammonium 
hexafluorophosphate solution (2 g in 20 mL water) was added. The mixture was sonicated to initiate precipitation. 
The formed precipitate is collected by filtration, washed extensively with cold water and ether to give 6 (133 mg, 
70%) as yellow solid. 1H-NMR ((CD3)2CO, 400 MHz) δ 1.45 (s, 18H), 5.96 (m, 2H), 2.68 (m, 2H), 7.80 (m, 2H), 8.16 
(d, J=5.83, 2H) 8.42 (m, 2H), 8.61 (m, 2H), 9.13 (s, 2H) ppm; 13C-NMR (CDCl3, 101 MHz) δ 33.0, 38.9, 102.5, 116.4, 
126.2, 126.3, 126.5, 128.9, 129.0, 139.2, 147.4, 152.5, 157.7, 157.8, 158.3, 169.3, 170.6, 170.7 ppm; MS (ESI, 
HCOOH) m/z 977.224 ([M-PF6]⁺, calc: 977.225); Elemental analysis calcd for  C42H34F10IrN4 : C: 44.96, H: 3.05, N: 
4.99, Found: C: 45.19, H: 3.05, N: 5.14.

General preparation of phenoxymethyltrifluoroborate salts
Potassium tert-butoxide (4 eq) or sodium hydride (60% dispersed on oil, 3 eq) was suspended in 10 mL dry THF 
under nitrogen. The mixture was cooled to 0 oC and a solution of phenol in dry THF (1M) was added dropwise. The 
mixture was allowed to warm up to room temperature. After stirring for minimal 1 hour potassium(bromomethyl)
trifluoroborate (1 eq) is added as solid in one portion. After stirring at 45 oC for 16 hours the reaction is quenched 
by addition of KHF2(aq) (4.5M, 2 eq). After stirring for 30 minutes, the solvent was removed and the remaining 
solid was thoroughly washed with ether and DCM. The crude solid was dissolved in boiling acetonitrile with 
activated charcoal to remove remaining color. Hot filtration, removal of the solvent and a final wash with DCM 
provided the trifluoroborate salt.  N.B.: Due to coupling with the boron atom, the carbon adjacent to the boron 
is never observed in carbon NMR.

Potassium trifluoro((4-methoxyphenoxy)methyl)borate (2a)
Prepared via the general method from 4-methoxyphenol (931 mg, 7.5 mmol), sodium hydride (60% dispersed on 
oil, 300 mg, 7.5 mmol) and potassium (bromomethyl)trifluoroborate (502 mg, 2.5 mmol) to give 2a (171 mg, 30%) 
as a white solid. 1H-NMR (DMSO-d6, 400 MHz) δ 2.85 (m, 2H), 3.64 (s, 3H), 6.74 (m, 4H) ppm; 13C-NMR (DMSO-d6, 
101 MHz) δ 58.4, 117.3, 117.4, 155.0, 159.3 ppm; MS (ESI, NH4OH) m/z 205.064984 ([M-K]-, calc: 205.06422).

Potassium trifluoro((p-tolyloxy)methyl)borate (2b)
Prepared via the general method from 4-methylphenol (324 mg, 3 mmol), potassium tert-butoxide (335 mg, 3 
mmol) and potassium(bromomethyl)trifluoroborate (200 mg, 1 mmol) to give 2b (220 mg, 96%) as a beige solid. 
1H-NMR (DMSO-d6, 400 MHz) δ 2.18 (s, 3H), 2.87 (m, 2H), 6.69 (d, 2H, J=8.2), 6.96 (d, 2H, J=8.2) ppm; 13C-NMR 
(DMSO-d6, 101 MHz) δ 23.2, 116.7, 129.8, 132.5, 163.1 ppm; MS (ESI, NH4OH) m/z 189.070 ([M-K]-, calc: 189.069).
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Potassium trifluoro(phenoxymethyl)borate (2c)
Prepared via the general method from phenol (1411 mg, 15 mmol), sodium hydride (600 mg, 60% on oil, 15 
mmol) and postassium(bromomethyltrifluorborate (1000 mg, 5 mmol) to give 2c (1001 mg, 93%) as a white solid. 
1H-NMR (DMSO-d6, 400 MHz) δ 2.92 (m, 2H), 6.74 (t, J=7.06, 1H), 6.83 (d, J=8.18, 2H), 7.17 (m, 2H) ppm; 13C-NMR 
(DMSO-d6, 101 MHz) δ 116.9, 121.6, 132.1, 165.1 ppm; MS (ESI neg, 0.1% NH4OH) m/z 175.05454 ([M-K]-, calc: 
175.05366)

Potassium ((4-bromophenoxy)methyl)trifluoroborate (2d)
Prepared via the general method from 4-bromophenol (519 mg, 3 mmol), potassium tert-butoxide (335 mg, 3 
mmol) and potassium(bromomethyl)trifluoroborate (200 mg, 1 mmol) to give 2d (196 mg, 67%) as a white solid. 
1H-NMR (DMSO-d6, 400 MHz) δ 2.93 (m, 2H), 6.80 (m, 2H), 7.29 (m, 2H) ppm. 13C-NMR (DMSO-d6, 101 MHz) δ 
112.7, 119.3, 134.7, 164.5 ppm; MS (ESI, NH4OH) m/z 252.0965 ([M-K]-, calc: 252.964).

Potassium trifluoro((2-fluorophenoxy)methyl)borate (2e)
Prepared via the general method from 2-fluorphenol (0.2 mL, 2 mmol), sodium hydride (240 mg, 60% on oil, 6 
mmol) and potassium(bromomethyl)trifluorborate (150 mg, 0.75 mmol) to give 2e (55 mg, 32%) as a white solid. 
1H-NMR (DMSO-d6, 400 MHz) δ 3.01 (m, 2H), 6.73 (m, 2H), 7.03 (m, 3H) ppm; 13C-NMR (DMSO-d6, 101 MHz) δ 
113.5, 115.2 (d), 118.4 (d), 124.4 (d), 150.5, 152.9 ppm; MS (ESI, NH4OH) m/z 193.045 ([M-K]-, calc: 193.044).

Potassium trifluoro((naphthalen-2-yloxy)methyl)borate (2f)
Prepared via the general method from 2-naphtol (432 mg, 3 mmol), potassium tert-butoxide (336 mg, 3 mmol) 
and potassium(bromometyl)trifluoroborate (200 mg, 1 mmol) to give 2f (155 mg, 58%) as a beige solid. 1H-NMR 
(DMSO-d6, 400 MHz) δ 3.06 (m, 2H), 7.05-7.07 (m, 1H), 7.18 (m, 1H), 7.25 (m, 1H), 7.36 (m, 1H), 7.68 (m, 3H) ppm; 
13C-NMR (DMSO-d6, 101 MHz) δ 108.4, 122.6, 125.6, 128.9, 129.6, 130.4, 130.9, 131.6, 137.8, 163.3 ppm; MS (ESI, 
NH4OH) m/z 225.069 ([M-K]-, calc: 225.071).

Potassium benzyltrifluoroborate (2g)
Benzylbromide (1 mL, 8.6 mmol) was dissolved in dry ether (0.5M). Magnesium turnings are added. After refluxing 
for 30 minutes, the mixture was cooled to -78 oC. Trimethylborate (1.5 mL, 13 mmol) was added dropwise. After 
stirring at -78oC for 30 minutes, the mixture was allowed to warm up to room temperature and was stirred for 
another hour. The mixture is cooled to 0 oC and KHF2(aq) (4.5M, 11 mL) dropwise. The mixture was left stirring at 
room temperature for another hour. Evaporation of the solvent and extraction to acetone by soxhlet extraction 
gave 2g (613 mg, 36%) as a white solid. 1H-NMR (CD3OD, 400 MHz) δ 1.69 (m, 2H), 6.89-6.92 (m, 1H), 7.05-7.11 
(m, 4H) ppm. 13C-NMR (DMSO-d6, 101 MHz) δ 125.0, 130.0, 131.7, 150.0 ppm; MS (ESI, NH4OH) m/z 159.05976 
([M-K]-, calc: 159.05874).
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Potassium(tert-butoxymethyl)trifluoroborate (2j)
Potassium(bromomethyl)trifluoroborate (100 mg, 0.5 mmol) was added to neat cyclohexylamine (2 mL, 17 
mmol). The mixture was heated to 80 oC for 30 minutes. After removal of the solvent, the crude was taken up in 
15 mL acetone with KHCO3 (69 mg). After stirring for 20 minutes, the insolubles were filtered off. Removal of the 
solvent and washing with ether afforded 2j (60 mg, 54%) as a white solid. 1H-NMR ((CD3)2CO, 400 MHz) δ 1.18-126 
(m, 1H), 1.31-1.41 (m, 2H), 1.44-1.54 (m, 2H), 1.67-1.71 (m, 1H), 1.84-1.88 (m, 2H), 1.98-2.05 (s, 2H), 2.24 (m, 2H), 
3.13 (m, 1H), 6.79 (br, 1H) ppm; 13C-NMR (DMSO-d6, 101 MHz) δ 27.2, 28.0, 31.3, 60.3 ppm; MS (ESI, NH4OH) m/z 
180.118 ([M-K]-, calc: 180.117).

Potassium(tert-butoxymethyl)trifluoroborate (2k)
Prepared via the general method from tert-butoxide (252 mg, 2.25 mmol) and potassium(bromomethyl)
trifluoroborate (150 mg, 0.75 mmol) to give 2k (73 mg, 50%) as a white solid. 1H-NMR (CD3OD, 400 MHz) 1.15 (s, 
9H), 2.66 (m, 2H) ppm. 13C-NMR (DMSO-d6, 101 MHz) δ 30.4, 73.9 ppm. MS (ESI, NH4OH) m/z 155.086 ([M-K]-, 
calc: 155.085).

General procedure of photocatalysis on Dha-monomer 
Catalysis was performed in 4 mL solvent with a final concentration of 33 mM Dha, 33 mM organoborate and 
675 μM catalyst. A typical catalysis reaction was set up as follows: 1a (19 mg, 0.135 mmol), 2a (33 mg, 0.135 
mmol) and 5 (3 mg, 0.0027 mmol) were dissolved in 4 mL solvent in a schlenk tube equipped with a stir bar. The 
mixture was degassed by three repetitive freeze-pump-thaw-cycles and exposed to blue LED’s for 16 hours at 
room temperature. The mixture was diluted with water and extracted to DCM. Drying over Na2SO4 and removal 
of the solvent gave the crude product which was analysed by NMR directly with 1,3,5-TMB as internal standard 
for determination of the yield. 

Analytically pure samples were obtained via purification by column chromatography (SiO2, heptane / ethyl 
acetate 0->50%).
3a: white solid; Rf = 0.19 (Heptane / EtOAC 1:1 (v/v)); 1H-NMR (CDCl3, 400 MHz), 2.02 (s, 3H), 2.30 (m, 2H) 3.76 
(s, 3H), 3.76 (s, 3H), 3.97 (m, 2H), 4.74 (m, 1H), 6.36 (br, 1H), 6.81 (m, 4H) ppm. 13C-NMR (CDCl3, 101 MHz) 23.2, 
31.3, 50.4, 52.4, 55.7, 64.9, 114.7, 115.5, 152.4, 154.1, 169.9, 172.5 ppm; MS (ESI, HCOOH) m/z 282.16 ([M+H]⁺, 
calc: 282.13).
4a: yellow solid; Rf = 0.26 (Heptane / EtOAC 1:1 (v/v)); 1H-NMR (CDCl3, 400 MHz) 1.08 (d, 3H, J=6.72), 2.04 (s, 3H), 
2.63 (m, 1H), 3.73 (s, 3H), 3.76 (s, 3H), 3.85 (m, 2H) 4.74 (dd, 1H, J1= 4.34, J2=8.54), 6.32 (br, 1H), 6.80 (m, 4H) 
ppm; 13C-NMR (CDCl3, 101 MHz) 14.3, 23.6, 35.7, 52.3, 54.8, 55.7, 70.4, 114.7, 115.5, 152.4, 154.2, 170.3, 172.2 
ppm; MS (ESI, HCOOH) m/z 296.16 ([M+H]+, calc: 296.15).

General procedure of photocatalysis on thiostrepton 
Catalysis was performed in dioxane / H2O (9:1) with a final concentration of 500  μM peptide, 2 mM organoborate 
and 50 μM catalyst. A typical catalysis reaction was set up as follows: Thiostrepton (0.2 mmol in 316 μL dioxane) 
and 80 μL of a 10 mM organoborate stock solution (dioxane/H2O 1:1) were combined. 4 μL of 5 mM catalyst stock 
solution in DMF was added in a schlenk-vial. The mixture was degassed by three repeated freeze-pump-thaw-
cycles. The schlenk was filled with nitrogen and exposed to blue LED’s for 3 hours at room temperature. The 
reaction mixture was analysed by UPLC/MS TQD directly.

NMR studies on Thiostrepton
‘Big scale’ catalysis was performed in dioxane / H2O (9:1) with a final concentration of 500  μM peptide, 2 mM 2c 
and 50 μM catalyst. The reaction was set up as follows: 2c (6.4 mg, 30 μmol) was dissolved in 13 mL 1,4-dioxane 

H
N BF3K

O BF3K
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# R calcd.[a] calcd.[b] calcd.[c] measured[a] measured[b] measured[c]

9a 2a (CO-Ph-4-OMe) 3492 3630 3768 - 3648 (59%) 3768 (40%)

9b 2b (CO-Ph-4-Me) 3476 3598 3720 3475 (43%) 3598 (2%) -

9c 2c (CO-Ph) 3462 3570 3678 3462 (64%) 3570 (15%) -

9d 2d (CO-Ph-4-Br) 3539 3724 3909 - - -

9e[e] 2e (CO-Ph-2-F) 3480 3606 3732 - - -

9f 2f (CO-naphtyl) 3512 3670 3828 - - -

9g[d] 2g (C-Ph) 3446 3538 3630 3446 (35%) 3536 (23%) 3630 (4%)

9h[f] 2h (Ph) 3432 3508 3584 - - -

9i[e] 2i (cyclohexane) 3438 3522 3606 - - -

9j[e] 2j (C-NH-cyclohexane) 3467 3580 3693 - - -

9k[e] 2k (CO-tBu) 3442 3530 3618 - - -

9l[e] 2l (C-NH-Boc) 3485 3616 3747 - - -

9m[g] 2a (CO-Ph-4-OMe) 3354 - - 3354 - -

 

Table 4.3: Scope of BF3K-salts in the photoredox catalysed reaction on nisin. [a] single modification; [b] double 
modification; [c]: triple modification; [d]: starting material was still present; [e]: the peptide had degraded; [f]: 
reaction observed; [g]: addition of TEMPO.

# R calcd.[a] calcd.[b] calcd.[c] measured[a] measured[b] measured[c]

8a 2a (CO-Ph-4-OMe) 1802 1940 2078 1903 (10%) 1941 (81%) 2080 (8%)

8b[d] 2b (CO-Ph-4-Me) 1786 1908 2030 1786 (63%) 1908 (8%) -

8c 2c (CO-Ph) 1772 1880 1988 1772 (79%) 1880 (14%) -

8d[d] 2d (CO-Ph-4-Br) 1850 2036 2222 1851 (45%) - -

8e[e] 2e (CO-Ph-2-F) 1790 1916 2042 1791 (55%) 1917 (45%) -

8f[d] 2f (CO-naphtyl) 1822 1980 2138 - - -

8g[d] 2g (C-Ph) 1756 1848 1940 1756 (16%) - -

8h[f] 2h (Ph) 1741 1818 1895 - - -

8i[e] 2i (cyclohexane) 1746 1828 1910 - - -

8j[e] 2j (C-NH-cyclohexane) 1777 1890 2003 - - -

8k[e] 2k (CO-tBu) 1752 1840 1928 - - -

8l[e] 2l (C-NH-Boc) 1795 1926 2057 - - -

 

Table 4.2: Scope of BF3K-salts in the photoredox catalysed reaction on thiostrepton. [a] single modification 
(conversion); [b] double modification (conversion); [c]: triple modification (conversion); [d]: starting material was 
still present; [e]: the peptide had degraded; [f]: no reaction observed.
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and 1.5 mL water in a Schlenck vial. Thiostrepton (5 μmol in 500 μL 1,4-dioxane) and 6 (100 μL of 5 mM stock 
solution in DMF) were added. The mixture was degassed by three repeated freeze-pump-thaw-cycles. The Schlenk 
was filled with nitrogen and exposed to blue LED’s for 3 hours at room temperature. The mixture was filtered over 
celite and the solvent was removed. The crude was taken up in 2 mL 2,2,2-trifluoroethanol and diluted with 2 
mL water. Purification was done by rp-HPLC separation on an XBridge C8 3.5 um 4.6x250mm column and a linear 
gradient of 50% -> 5% water (0.1%FA) in ACN (0.1%FA) in 30 min. The fractions with single modified peptide were 
combined and lyophilised. The purified product was dissolved in CDCl3 and analysed on a Bruker 600 MHz NMR.

General procedure of photocatalysis on nisin
Catalysis was performed in acetone / 0.1% AcOH(aq) (1:1) with a final concentration of 1 mM peptide, 10 mM 
organoborate and 100 μM catalyst. A typical catalysis reaction was set up as follows: Organoborate (1.3 mg, 5.3 
μmol) was dissolved in 254 μL acetone in a Schlenk vial. The mixture was diluted with 132 μL 0.1% AcOH(aq) 
and 132 μL nisin stock solution (4 mM in 0.1% AcOH(aq)). 10 μL of the catalyst stock solution (5 mM in acetone) 
was added. The mixture was degassed by three repeated freeze-pump-thaw-cycles. The Schlenk was filled with 
nitrogen and exposed to blue LED’s for 3-16 hours at room temperature. After 16 hours the reaction mixture was 
diltues 2x with 0.1% AcOH and filtered over 0.45 μm filters prior to analysis by UPLC/MS TQD.

NMR studies on Nisin
The crude reaction mixture of 9a was diluted 2x with 0.1% AcOH(aq) and filtered over 0.45 μm to remove 
precipitated catalyst. Purification from other reagents was done by size exclusion chromatography over a NAP-10 
column. The mixture was concentrated by freezedrying and redissolved in 0.1%CD3COOD in D2O for NMR analysis 
with water suppression.

Marfey Analysis of Nisin
The crude reaction mixture of 9c was diluted 2x with 0.1% AcOH(aq) and filtered over 0.45 μm to remove 
precipitated catalyst. Purification from other reagents was done by size exclusion chromatography over a NAP-10 
column. The mixture was concentrated by lyophilisation and redissolved in 300 μL 6 M HCl(aq) and transferred to 
a microwave tube equipped with stir bar. The sample was exposed to microwave irradiation for 10 minutes at 160 
oC, with maximum 50 Watt power. The mixture was transferred to an eppendorf vial and concentrated to dryness. 
The residue was taken up in 100  μL 1 M NaHCO3(aq). 12 μL of 1% Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-
5-L-alanine amide (FDAA)) in acetone is added. After shaking for 1 hour at 40 oC, the sample was neutralised with 
60  μL 2 M HCl(aq), diluted with 800 μL methanol, and analysed directly by UPLC/MS TQD. Signals obtained at 340 
nm absorption were assigned to the corresponding FDAA derivatised amino acids.
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Chapter 5

Iridium based photocatalysis in water

Photocatalytic activation of unreactive precursors has provided new chemical routes 
for the modification of both small molecules as well as the modification of peptides. 
As photocatalytic reactions generally can take place under mild conditions, they have a 
great potential for the late-stage modification of proteins. However, the most commonly 
used polypyridyl photoredox catalyst Ir(dF(CF3)ppy)2(dtbbpy) is poorly water soluble, 
which hampers applications in water. Here, we report the design and synthesis of a 
new water soluble iridium photoredox catalyst. Replacement of the hydrophobic tert-
butyl moieties on the dative bipyridyl ligand with hydrophilic ammonium functionalities 
provided the water soluble analogue Ir(dF(CF3)ppy)2(dNMe3bpy). Photocatalytic 
modification of dehydroalanine was achieved with this new complex in water and 
buffer for two different photocatalytic reactions. Moreover, preliminary results show 
the catalyst can be applied for the modification of a model protein in phosphate buffer.
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5.1 - Introduction

Site-selective modification of dehydroalanine in peptides via photocatalytic activation of 
unreactive precursors can be applied to obtain peptide antibiotic analogues, as is described in 
chapter 4 of this thesis. Reductive quenching of the excited state of the cyclometallated iridium 
complex Ir(dF(CF3)ppy)2(dtbbpy) (1) generates carbon-centered radicals from organoboron 
precursors.[1] These radicals react site-specifically with the dehydrated amino acids of nisin and 
thiostrepton, via a radical addition reaction (figure 5.1). Peptides like nisin and thiostrepton lack 
a well-defined secondary structure, which makes it possible to use higher contents of organic 
co-solvent to dissolve all components of the photocatalytic reaction. However, modification of 
proteins requires physiologically relevant conditions (e.g. water or buffer, neutral pH, 37 oC). As 
1 is insoluble in water, this outstanding photocatalyst has found limited applications for protein 
modification. In this chapter, we aimed to develop a water soluble alternative for 1.

5.2 - Results & Discussion

Photoredox  catalysts  can  be  divided  in  two  classes:  metal  polypyridyl  complexes  (like 
Ir(dF(CF3)ppy)2(dtbbpy) or Ru(bpy)3 (2)), and metal free organic dyes (like riboflavin or Mes-Acr+ 
(9-mesityl-10-methylacridinium)). Although historically the organometallic complexes have 
been used and studied the most, organic dyes have recently drawn much attention as they are 
more abundant and cheaper than the organometallic complexes.[2] However, the physical- and 
photophysical properties of organic dyes are less easily tunable compared to those of metal 
complexes. The properties can be influenced by the nature of the metal, the coordinating ligands, 
and the counter-ion, which are exchanged quite easily in the case of the metal complexes.[3] 
Generally, Ir(III) complexes have a better chemical stability and higher emission quantum yield 
compared to the Ru(II) complexes, since ruthenium and iridium are found in different periods and 
groups of the periodic table. This results in a higher ligand field stabilisation energy for iridium 
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Figure 5.1: I) Reaction scheme of the photocatalytic reaction described in chapter 4; II) Proposed reaction 
mechanism.[1] 
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than for ruthenium.[4] Furthermore, the higher ionic charge (i.e. Ir3+ vs Ru2+), and the increased 
electron density of the ligands (i.e. dF(CF3)ppy vs. bpy) make 1 both a stronger reductant as well as 
a stronger oxidant than 2.[5] So, despite the excellent water solubility of 2, its poor redox properties 
do not make it a suitable alternative for 1.

Characteristic for heteroleptic Ir(III) photocatalysts, is that the redox events take place in 
different areas of the molecule. The HOMOs are located mostly on the metal and cyclometallated 
ligands (i.e. dF(CF3)ppy), while the LUMOs are located on the dative ligand (i.e. dtbbpy (di-tert-
butylbipyridine)). Therefore the redox events can be tuned separately. Bernhard and Malliaras 
et al. demonstrated this by varying the extent of fluorination of the cyclometallated ligand 
of Ir(III) complexes, while keeping the dtbbpy ligand the same. Increased fluorination of the 
cyclometallated ligands, gave a significant increase of the oxidation potential of the excited species  
(E1/2(*Ir3+/Ir2+)),  while  the  reduction  potential  (E1/2(Ir

4+/*Ir3+))  remained  almost  unchanged.[9] 
Thus varying the cyclometallating ligands and metal of the complex will mostly have an effect 
on the oxidation potential. As the formation of radicals from BF3K-salts occurs via oxidation, the 
oxidation potential of a water soluble variant should be similar to the oxidation potential of 1. 
Therefore, we hypothesised that the dative ligand of 1 could be exchanged with a water soluble 
dative ligand to increase the water solubility of the complex, while minimally influencing the 
oxidation potential. Furthermore, using chloride or bromide as counter-ion instead of acquiring 
the complex as PF6-salt will further enhance the water solubility of the complex.

PF6
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Figure 5.2: Schematic representation of common photocatalysts and their photophysical properties[2, 6-8]
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Following from this, two water soluble photocatalyst were designed based on Ir(III) as the core 
element. In both designs the dative ligand of the Ir(III) complex is equipped with two hydrophilic 
moieties, and chloride was chosen as counter-ion. In the first design the choice for hydrophilic 
moieties on the dative ligand was inspired by the work of Yang et al., who replaced the tert-
butyl groups with glucose moieties. They prepared the water the soluble Ir(ppy)2-analogue 3.[10] 
However, as the cyclometallated ligands are believed to increase the oxidation potential of 1, we 
took the approach of Yang et al. but kept the dF(CF3)ppy ligands as cylcometallated ligands (4). 

In the second design, the tert-butyl groups on the dative ligand were replaced with charged 
functionalities to provide an even higher degree of hydrophilicity than glucose moieties. A 
negative charge could be introduced by placing carboxylic acids on the bipyiridine-ligand, giving 
complex 5.[11] However, this charge will only be present under neutral or basic conditions. At lower 
pH the carboxylic acids will be protonated, resulting in loss of the charge, and therewith loss of 
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the hydrophilicity. As the goal of this project is to make a general water soluble photocatalyst for 
modification reactions in all kinds of buffers and aqueous media, a pH dependent degree of water 
solubility is not preferred. Permanent charges, like in a quaternary amine, provide a hydrophilic 
character over all pH ranges. Therefore, it was decided to synthesise complex 6. To maintain a 
similar oxidation potential, also in 6 it was chosen to use dF(CF3)ppy as cyclometallated ligands.

Both 4 and 6 can be synthesised from the same intermediate-product (7) (see scheme 5.1). This 
intermediate is an iridium dimer in which the cyclometallated ligands are already coordinated 
to the metal. To obtain this dimer, first the dF(CF3)ppy ligand (8) was synthesised via a Suzuki-
coupling of 2-chloro-5-(trifluoromethyl)pyridine and 2,4-difluorophenylboronic acid.[12] Reaction 
of this ligand with IrCl3 yielded the dimer 7.[13] Hereafter, refluxing dimer 7 with the dative ligand 
of choice will give the desired polypyridyl complex.

To synthesise catalyst 4, the iridium dimer was reacted with the bis-4,4’-glucose decorated 
bipyridine 9,[10] which was synthesised in four steps from 4,4’-dimethylesterbipyridine (10). 
Reduction of the ester with NaBH4 gave the 4,4’-dimethanolbipyridine (11).[14] Subsequent 
substitution of the hydroxylgroups with hydrogen bromide yielded dibromomethylbipyridine 
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12.[14] Nucleophilic substitution with thio-D-glucose tetraacetate and deprotection of the sugar 
moiety with sodium methoxide gave the bis-4,4’-glucose decorated bipyridine 9. Refluxing 9 with 
the iridium dimer gave 4. All reactions gave moderate to good yields (scheme 5.2).

To synthesise complex 6, the iridium dimer was refluxed with 4,4’-bis-trimethylammonium-
bipyridine (14). This ligand was synthesised by reacting the bis-bromomethylbipyridine (12) used 
in  the  synthesis  of  complex  4  with  trimethylamine  to  give  bis-ammoniummethylbipyridine 
(14).[15] Reaction of ligand 14 with the iridium dimer 7 should give complex 6. However, as 
ligand 14 is highly hydrophilic, and dissolves only in very polar solvents, and dimer 7 is highly 
hydrophobic, it was challenging to find a single phase solvent system in which both the ligand 
14 as well as dimer 7 dissolved. Finally, it was found that an aqueous solution of 2-ethoxyethanol 
could solubilise both species and gave complex 6 as a mixture with both chloride and bromide 
counter-ions. Ion-exchange chromatography provided the complex as the pure chloride salt.

To see if the new complexes retained their photocatalytic properties despite the placement of 
the hydrophylic groups on the dative ligands, 4 and 6 were tested in a photocatalytic reaction for 
the modification of dehydroalanine. For comparison purposes the reaction was set up similarly 
to the reactions described in chapter 4: photocatalytic modification of the Dha monomer with 
potassium (p-methoxyphenoxy)methyl-trifluoroborate (15) to give the phenoxy substituted 
homoserine product (16), executed in a mixture of 50% acetone in water. Addition of 2 mol% 
catalyst and irradiation with blue LED’s for 16 hours gave rise to complete conversion of the Dha 
monomer and appearance of the expected product (see figure 5.5). The results with both catalyst 
4 and 6 are similar to the results obtained with catalyst 1. These results show the redox properties 
of the complexes are preserved, as was hypothesised.

Next, it was tested if the hydrophilic moieties alter the solubility properties of the complexes 
and make the iridium complexes water soluble. Unfortunately, complex 4 turned out not soluble 
in water. The hydrophilic character of the glucose moieties is not sufficient to overcome the 
hydrophobicity of the dF(CF3)ppy ligands. Dissolving 4 in ethanol and subsequent diluting the 
mixture with water, caused complex 4 to precipitate immediately. This is similar to the behaviour 
of 1. Therefore, this complex was not further investigated.

Unlike 4, complex 6 proved to be a water soluble complex, and stock solutions of 1 mM in pure 
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water were easily prepared. The catalytic activity of 6 in water was then investigated, and compared 
with the water soluble organic dye riboflavin (see figure 5.6). Addition of 2 mol% catalyst 6 and 
irradiation with blue LED’s for 2 hours, showed only little conversion to the expected product 16, 
both at pH 3 as well as pH 7. Prolonging the irradiation time to 16 hours at pH 3, showed almost 
full conversion of the starting material into the expected product. Riboflavin, which has a similar 
oxidation potential as 1 (E1/2 ≈ 1.5-1.7 V vs SCE[7] for riboflavin and E1/2 ≈ 1.21 V vs SCE[9] for 1) , showed 
also little activity in the formation of 16 at pH 3, but gave rise to a much faster reaction at pH 7. 
In case of riboflavin, prolonging the irradiation time does not provide a better result, as after 2-3 
hours most of the catalyst has bleached by the light, and therewith becomes inactive.[16]

Complex 6 was subsequently evaluated as catalyst for the modification of nisin without the 
addition of acetone as a co-solvent as required when using 1. Treatment of the peptide with 25 
mol% 6 and 10 eq BF3K-salt 15 and irradiation overnight with 410 nm light, resulted in single and 
double modification of the peptide (see figure 5.7). Although this proves the water soluble catalyst 
can indeed modify Dha in peptides in aqueous solution, it also shows the reaction with 6 is slower 
compared with 1, as with 1 also triple modified nisin was observed after 3 hours.

Complex 6 was then tested as photocatalyst for the modification of the protein SUMO60Dha 
(see chapter 2). The reaction was performed in 50 mM phosphate buffer pH 7 with a final 
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concentration of 100 μM protein. To speed up the reaction, 50 mol% of catalyst and 50 eq BF3K-
salt were used. After 1 hour of irradiation at 410 nm the formation of the expected product was 
observed, as well as remaining starting material. This preliminary result shows the potential of 
complex 6 for the modification of proteins. Further studies should focus on to optimisation of 
the reaction conditions.

Finally, the reaction scope of catalyst 6 was investigated by changing the radical precursor 
from trifluoroborates to zinc benzylsulfinate (17). Sulfinate derivatives have recently gained 
much attention in organic chemistry because of their simple preparation,[17] and the efficiency 
of radical generation upon oxidation.[18] Recently, photocatalytic generation of benzyl radicals 
from zinc benzylsulfinate (17) has been described by Cozzi et al.[19] This generated radical can 
subsequently perform an addition reaction to electron deficient double bonds. In case of Dha 
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this yields homophenylalanine (18). Compared to trifluoroborate salts, arylsulfinates have a lower 
oxidation potential   (Eox  [RSO2.  /  RSO2

- ]  ≈   0.6  V   vs  SCE  for  17[19]  and  Eox [RBF3. / RBF3
-] 

≈ 0.9 vs SCE for 15[1] ), and are more water soluble. These properties makes sulfinate derivatives 
excellent alternative substrates for the photocatalytic modification of proteins in water. Without 
photocatalytic activation, zinc sulfinates can also add directly to electron deficient bond to form 
the sulfonylated product (19). Although this reaction is much slower, 19 is an expected by product 
of this reaction. The activity of 6 in this reaction was again compared to riboflavin.
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After irradiation for 3 hours with 410 nm LED’s both catalyst 6 as well as riboflavin gave rise to 
conversion of all starting material into the expected product 18 (figure 5.9a). This indicates the 
reaction is much faster than the reaction of radical generation from trifluoroborate salts. This 
might be due to the lower oxidation potential of the substrate. At pH 3 both 6 and riboflavin seem 
to perform similarly well. At pH 7 a difference between the two catalysts is observed. In case of 
catalyst 6 the result is similar to the result at pH 3: all starting material is converted to the expected 
benzylated product 18. However, in the case of riboflavin not all starting material is consumed at 
pH 7 and the side product 19 is observed as well. This indicates that the photocatalytic activation 
of zinc sulfinates by riboflavin at pH 7 is slower than for 6. 
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5.3 - Conclusion

To conclude, in this chapter the design and synthesis of a water soluble iridium photocatalyst (6) is 
described. Placement of ammonium groups on the dative ligand of a polypyridyl iridium complex 
provided enough hydrophilic character to the complex to readily dissolve in pure water. The 
photocatalytic activity of 6 was tested by photocatalytic activation of BF3K-salts and zinc sulfinate 
for the modification of dehydroalanine. In case of the trifluoroborate salts, product formation was 
observed in the reaction with the Dha monomer as well as in the reaction with nisin, although the 
reaction seems to go slower than when performed in organic solvent. Preliminary results show 
catalyst 6 can also be used to modify proteins. When zinc sulfinates are used as radical precursor, 
the reaction catalysed by catalyst 6 is faster compared to the reaction with trifluoroborate salts. 
Full conversion of the Dha monomer to homophenylalanine was obtained in 3 hours, both at pH 
3 as well as at pH 7. In comparison with riboflavin the newly synthesised catalyst 6 shows equal, 
or slightly better, activity as more byproduct was observed at pH 7 with riboflavin. Future studies 
should further explore the scope of this new photocatalysis for photocatalytic reactions in water 
for the modification of biomolecules and proteins in particular.

5.4 - Experimental

General remarks
Chemicals were purchased from TCI Europe, Sigma-Aldrich, Acros, Strem Chemical, Handary or Chem-Impex, 
solvents from Lab-Scan and were all used without further purification. Column chromatography was performed 
by hand on silica gel (Aldrich, 230-400 mesh) or automated on a Grace Reveleris Flash X1 Chromatography 
system. Solvents were removed under reduced pressure at 40 oC (water bath). 1H-NMR and 13C-NMR spectra 
were recorded with Varian Mercury Plus 400, Agilent Technologies 400/54 Premium Shield, Bruker 600 MHz or 
Varian VXR 300 at ambient temperature. HRMS ESI mass spectra of small organic molecules were recorded with 
Thermo Fisher Scientific Orbitrap XL. Melting points were recorded on a Büchi B-545 melting point apparatus. 
Elemental analysis were determined on a EuroVector S.P.A. model Euro EA 3000. 1, Dha, and 14 were prepared 
as described in chapter 4.

2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine (8)
Prepared as described by Weaver et al.:[12] 2-chloro-5-(trifluoromethyl)pyridine (317 mg, 1.75 mmol), 
2,4-difluorophenylboronic acid (331 mg, 2.1 mmol), triphenylphosphine (45 mg, 0.175 mmol) and potassium 
carbonate (649 mg, 4.7 mmol) were dissolved in 1,2-dimethoxyethane (2 mL). After degassing by N2 bubbling for 
15 minutes palladium(II)acetate (10 mg, 0.043 mmol) was added and the mixture was degassed by N2 bubbling 
for another 15 minutes. After refluxing overnight the mixture was cooled to room temperature and diluted with 
dichloromethane. The organic layer was washed with water and brine. Drying over Na2SO4, removal of the solvent 
and purification by column chromatography (SiO2, heptane / ethyl actate 0% —> 3%, Rf=0.57) gave 8 (322 mg, 
71%) as white solid. 1H-NMR (CDCl3, 400 MHz) δ 6.95 (m, 1H), 7.05 (m, 1H), 7.91 (m, 1H), 8.01 (m, 1H), 8.11 (m, 
1H), 8.96 (m, 1H) ppm; 13C-NMR (CDCl3, 101 MHz δ 105.5, 112.3, 125.0, 132.5, 133.9, 146.6, 155.8, 159.9, 162.3, 
162.7, 165.2 ppm; MS (ESI, HCOOH) m/z 260.04977 ([M+H]⁺, calc: 260.04932); Calcd for  C12H6F5N : C: 55.61, H: 
2.33, N: 5.40, Found: C: 55.60, H: 2.34, N: 5.24;

N
CF3

FF
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[(dF(CF3)ppy)2-Ir-µ-Cl]2 (7)
Prepared as described by Molander et al.:[13] 8 (501 mg, 1.93 mmol) and iridium(III)chloride.hydrate (261 mg, 
0.87 mmol) were suspended in 14 mL 2-ethoxyethanol and 4.7 mL water. The mixture was heated at 120 oC 
overnight. After cooling to room temperature, the mixture was diluted with 20 mL water. The yellow precipitate 
was collected by filtration, washed with water and ether to give 7 (457 mg, 70%) as yellow solid. 1H-NMR (CDCl3, 
400 MHz) 5.08 (2H, m) 6.42 (2H, m) 8.03 (2H, m), 8.47 (2H, m), 9.51 (2H, m) ppm.

[2,2’-bipyridine]-4,4'-diyldimethanol (11)
Prepared as described by Tabolsi et al.:[14] Dimethyl-[2,2’-bipyridine]-4,4-dicarboxylate (890 mg, 3.25 mmol) was 
suspended in 5 mL aboslute ethanol. Sodium borohydride (2.4 gram, 65 mmol) was added as one portion. After 
refluxing for 3 hours, the mixture was cooled to room temperature and carefully diluted with saturated NH4Cl(aq). 
Ethanol was removed in vacuo and the aqueous layer was extracted with ethyl acetate (note: product does not 
dissolve in dichloromethane!). Drying over Na2SO4 and removal of the solvent gave 11 (635 mg, 90%) as white 
solid. 1H-NMR (DMSO-d6, 400 MHz) δ 4.62 (m, 4H), 5.48 (m, 2H), 7.34 (m, 2H), 8.37 (m, 2H), 8.59 (m, 2H) ppm; 
13C-NMR (DMSO-d6, 101 MHz) δ 64.8, 120.8, 124.5, 152.0, 155.9, 158.3 ppm; MS (ESI, HCOOH) m/z 217.097 
([M+H]⁺, calc: 217.097), 239.079 ([M+Na]⁺, calc: 239.079); Elemental analysis calcd for  C12H12N2O2.HCl: C: 57.04, 
H: 5.19, N: 11.09, Found: C: 56.61, H: 5.15, N: 10.97.;

4,4’-bis(bromomethyl)-2,2'-bipyridine (12)
Prepared as described by Tabolsi et al.:[14] 11 (489 mg, 2.3 mmol) was dissolved in 12 mL HBr (48% in H2O). After 
refluxing overnight, the mixture was cooled to room temperature and diluted with 20 mL water. The mixture was 
basified to pH 10 with 10 M NaOH(aq). The formed precipitate was filtered off, washed with water and dissolved 
in chloroform. Drying over Na2SO4, removal of the solvent and purification by column chromatography (SiO2, 
dichloromethane / ethyl acetate 4:1, Rf=0.67) gave 12 (481 mg, 61%) as white solid. 1H-NMR (CDCl3, 400 MHz), 
4.48 (s, 4H), 7.37 (m, 2H), 8.44 (s, 2H), 8.66 (d, J=5.10, 2H) ppm; 13C-NMR (CDCl3, 100 MHz) 33.1, 124.2, 126.9, 
150.8, 152.0, 157.8 ppm; MS (ESI, HCOOH) m/z 324.92686 ([M+H]⁺, calc: 342.92668); Calcd for  C12H10Br2N2 : C: 
42.14, H: 2.95, N: 8.19, Found: C: 41.91, H: 2.94, N: 8.44.

4,4’-Bis[(2,3,4,6-tetra-O-acetyl-β-d-glycopyranosyl)thiomethyl]-2,2’-bipyridine (13)
Prepared as described by Yang et al.:[10] 1-thio-beta-D-glucosetetraacetate (500 mg, 1.37 mmol), sodium 
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carbonate (473 mg, 4.47 mmol) and 12 (218 mg, 0.64 mmol) were dissolved in 5 mL DMF. The mixture was stirred 
for 48 hours at room temperature. After removal of the solvent, water was added and the mixture was extracted 
to ethyl acetate. Drying over Na2SO4, removal of the solvent and purification by column chromatography (SiO2, 
ethyl acetate / heptane 3:1 Rf=0.5) gave 13 (557 mg, 95%) as white solid. 1H-NMR (CDCl3, 400 MHz) 1.97 (s, 6H), 
1.99 (s, 6H), 2.02 (s, 6H), 2.07 (s, 6H), 3.66-3.70 (m, 2H), 3.82 (d, 2H, J=13.57), 4.04 (d, 2H, J=14.15),  4.16 (m, 2H), 
4.38 (d, J=9.71, 2H), 5.50-5.17 (m, 6H), 7.28 (m, 2H), 8.39 (s, 2H), 8.59 (d, J=4.91, 2H) ppm; 13C-NMR (CDCl3, 100 
MHz) 20.68, 20.76, 20.9 21.1, 33.0, 62.1, 68.3, 69.9, 73.8, 76.0, 82.1, 121.8, 127.4, 147.8, 149.4, 155.8, 159.48, 
159.54, 170.2, 170.7 ppm; MS (ESI, HCOOH) m/z 909.24353 ([M+H]⁺, calc: 909.2146).

4,4’-Bis[(b-d-glycopyranosyl)thiomethyl]-2,2’-bipyridine (9)
Prepared as described by Yang et al.:[10] 13 (230 mg, 0.25 mmol) was dissolved in 4.5 mL methanol. Sodium 
methoxide (20 mg, 0.34 mmol) was aded and the mixture was stirred for 16 hours at room temperature. The 
precipitate was collected by filtration, and washed with cold methanol to give 9 (115 mg, 80%) as white solid. 
1H-NMR (DMSO-d6, 400 MHz) 3.05-3.14 (m, 8H), 3.48 (m, 2H), 3.74 (m, 2H), 3.91 (m, 2H), 4.04 (m, 4H), 4.66 
(m, 2H), 4.90 (s, 2H), 5.00 (s, 2H), 5.12 (s, 2H), 7.41 (m, 2H), 8.38 (s, 2H), 8.58 (m, 2H) ppm; 13C-NMR (DMSO-d6, 
101 MHz) 34.5, 64.4, 73.3, 76.3, 81.3, 84.2, 86.2, 124.1, 127.7, 152.0, 152.3, 158.3 ppm; MS (ESI, HCOOH) m/z 
573.157 ([M+H]⁺, calc: 573.157).

bis-(2-(2’,4'-difluorophenyl)-5-trifluoromethylpyridine)(1,1'-([2,2'-bipyridine]-4,4'-bis[(β-d-glycopyranosyl)
thiomethyl]))iridium3+ (Ir(dF(CF3)ppy)2(dGlubpy2)) (4)
7 (97 mg, 0.065 mmol) and 9 (75 mg, 0.131 mmol) were dissolved in 30 mL DCM / methanol (1:1 v/v). The mixture 
was refluxed for 16 hours. After removal of the solvent, the crude was taken up in 5 mL ethanol. The formed 
white precipitate was filtered off and the filtrate was concentrated. Repeating the last step twice gave 4 (110 mg, 
64%) as yellow solid. 1H-NMR (CD3OD, 400 MHz) δ  3.23 (m, 8 H), 3.53 (m, 2H), 3.83 (m, 2H), 4.06 (m, 2H), 4.20 
(m, 2H), 4.28 (m, 2H), 5.74 (m, 2H), 6.79 (m, 2H), 7.74 (m, 4H), 7.99 (m, 2H), 8.31 (m, 2H), 8.55 (m, 2H), 8.83 (m, 
2H) ppm., 13C-NMR (CD3OD, 101 MHz) δ 34.3, 64.4, 72.9, 75.7, 80.7, 83.5, 86.3, 101.9, 116.4, 126.2, 126.4, 128.2, 
129.1, 131.9, 139.6, 147.9, 150.9, 153.0, 157.2, 158.4, 163.9, 166.2, 170.4 ppm; MS (ESI, HCOOH) m/z 1281.183 
([M+H]⁺, calc: 1281.181).

1,1’-([2,2'-bipyridine]-4,4'-diyl)bis(N,N,N-trimethylmethanaminium) (14)
Prepared as described by Ji et al.:[15] 12 (230 mg, 0.67 mmol) was suspended in ethanol. Aqueous trimethylamine 
(33%, 1.3 mL 5.3 mmol) was added dropwise. The solution was stirred until it became clear (30 min) and cloudy 
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again (30 min). Evaporation of the solvent and washing with ethanol gave 14 (315 mg, quant.) as white solid. 
1H-NMR (D2O, 400 MHz) 3.09 (s, 18H), 4.56 (s, 4H), 7.61 (m, 2H), 8.21 (s, 2H), 8.61 (m, 2H) ppm; 13C NMR (101 
MHz, D2O) δ 158.2, 152.9, 140.7, 130.9, 128.4, 70.4, 55.6 ppm; MS (ESI, HCOOH) m/z 150.11522 ([M]2+, calc: 
150.11515); Elemental analysis calcd for  C18H28N4Br2.3H2O: C: 42.02, H: 6.66, N: 10.89, Found: C: 41.72, H: 6.23, 
N: 10.65.

bis-(2-(2',4'-difluorophenyl)-5-trifluoromethylpyridine)(1,1'-([2,2'-bipyridine]-4,4'-diyl)bis(N,N,N-
trimethylmethanaminium))iridium3+ (Ir(dF(CF3)ppy)2(dNMe3bpy)3+) (6)
7 (59 mg, 0.039 mmol) was dissolved in 40 mL 2-ethoxyethanol and 5 mL water (heat if necessary for complete 
dissolution). 14 (36 mg, 0.079 mmol) was predissolved in 5 mL water and added dropwise. The resulting mixture 
was heated at 150 oC overnight. The solvent was removed by rotary evaporation and the residue was taken 
up in methanol and filtered over cotton to remove insoluble solids. The bulk methanol was removed by rotary 
evaporation and the remainder 2-ethoxyethanol was removed by lyophilization. The resulting crude yellow solid 
was recrystallized by vapor diffusion of ether to methanol in the fridge to give 6 (30 mg, 30%) as yellow solid. 
1H-NMR (D2O, 600 Mhz) 3.19 (s, 18H), 4.73 (s, 4H), 5.85 (m, 2H), 6.73 (m, 2H), 7.65 (m, 2H), 7.76 (m, 2H), 8.19 (m, 
2H), 8.27 (m, 2H), 8.49 (m, 2H), 8.89 (m, 2H) ppm; 19F-NMR (D2O, 376 MHz) -107.0, (s, 2F), -104.1 (s, 2F), -62.9 (s, 
6F) ppm. 13C-NMR (D2O, 150 MHz) 53.3, 66.9, 99.8, 114.2, 121.0, 122.8, 124.0, 125.4, 126.8, 129.1, 132.4, 137.2, 
140.2, 145.8, 152.4, 156.1, 161.5, 163.5, 167.2 ppm; MS (ESI, HCOOH, UPLC/MS) m/z 336.62 ([M]3+ calc: 335.33), 
504.33 ([M-H]2+, calc: 564.63), 709.04 ([M-(dNMe3bpy)]+, calc: 709.03).

General procedure for photocatalysis with trifluoroborate salt on Dha
Catalysis was performed in 1 mL solvent with a final concentration of 1 mM Dha, 2 mM organoborate and 50 μM 
catalyst. A typical catalysis reaction was set up as follows: Dha (100 μL of 10 mM stock solution in MQ, 1 μmol), 
15 (10 μL of 200 mM stock solution in 1,4-dioxane / water (1:1 v/v), 2 μmol) and catalyst (50 μL of 1 mM stock 
solution in MQ, 50 nmol) were dissolved in 1 mL solvent in a schlenk tube equipped with a stir bar. The mixture 
was degassed by three repetitive freeze-pump-thaw-cycles and irradiated with blue LED’s for 2-16 hours at room 
temperature. The crude mixture was analysed by UPLC / MS directly with Ac-Trp-OMe as internal standard.

General procedure for photocatalysis with trifluoroborate salt on Nisin
Catalysis was performed in 1-1.5 mL solvent with a final concentration of 150 μM nisin, 1.5 mM organoborate 
and 37 μM catalyst. A typical catalysis reaction was set up as follows: nisin (52 μL of 4 mM stock solution in 0.1% 
AcOH(aq), 0.2 μmol), 15 (0.51 mg, 2 μmol) and 6 (52 μL of 1 mM stock solution in MQ, 50 nmol) were dissolved 
in 1.4 mL 0.1% AcOH(aq) in a schlenk tube equipped with a stir bar. The mixture was degassed by three repetitive 
freeze-pump-thaw-cycles and exposed to blue LED’s for 16 hours at room temperature. The crude mixture was 
analysed by UPLC / MS directly.

General procedure for photocatalysis on SUMO60Dha
Catalysis was performed in 400 μL phosphate buffer (50 mM, pH 7) with a final concentration of 100 μM protein, 
5 mM organoborate and 50 μM catalyst. A typical catalysis reaction was set up as follows: SUMO60Dha (210 μL 
of 190 μM stock solution in phosphate buffer, 40 nmol), 15 (8 μL of a 250 mM stock solution in water / DMSO 1:1 
(v/v), 2 μmol) and 6 (4 μL of 5 mM stock solution in DMSO, 20 nmol) were added to 178 μL phosphate buffer in 
a schlenk tube equipped with a stir bar. The mixture was degassed by three repetitive freeze-pump-thaw-cycles 
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and exposed to blue LED’s for 16 hours at room temperature. The crude mixture was analysed by UPLC / MS 
directly.

General procedure for photocatalysis with zinc sulfinate on Dha
Catalysis was performed in 1 mL 50 mM Na2HPO4 buffer pH 7, or 1 mL 0.1% AcOH(aq), with final a final 
concentration of 1 mM Dha, 3 mM zinc sulfinate and 20 μM catalyst. A typical catalysis reaction was set up 
as follows: Dha (100 μL of 1 mM stock solution in MQ, 1 μmol), 17 (300 μL of 10 mM stock solution in 0.1% 
AcOH(aq), 3 μmol) and catalyst (20 μL of 1 mM stock solution in water) were dissolved in 1 mL solvent in a schlenk 
tube equipped with a stir bar. The mixture was degassed by five repetitive freeze-pump-thaw-cycles and exposed 
to blue LED’s for 3 hours at room temperature. The reaction was extracted with EtOAc, dried over Na2SO4 and 
concentrated in vacuo. The crude product was redissolved in 0.5 mL 1,4-dioxane and analysed by UPLC / MS.
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6.1 - Introduction

Natural   products   have   been   a   rich   source   of   compounds   for   drug   discovery   and 
development.[1] Recently, peptides and peptide-derived natural products have gained increased 
recognition as source for drug discovery as well.[2] Many highly interesting molecular structures 
with diverse biological activities are found in the class of ribosomally synthesised and post-
translational modified peptides (RiPPs).[3] Among these, lanthipeptides[4] and thiopeptides[5] are 
the largest groups. Most of these peptides possess antimicrobial or antitumor activities,[6, 7] yet  
have   found   limited   applications   in   human   therapy   due   to   stability   and   solubility  
problems.[8, 9] Site-selective modification of such natural products is a promising strategy to 
improve these properties and obtain potential drug candidates. However, as the targets are 
products of sophisticated biological post-translational machineries, they are difficult to modify 
via common bio-orthogonal chemistry,[10] or bio-engineering approaches.[11, 12] 

The aim of the research described in this thesis was to develop methods to complement the 
biosynthesis of RiPPs with unnatural chemistry, in order to gain access to novel molecular 
structures. Ultimately, these newly developed methods should be applicable during biosynthesis 
of RiPPs inside living systems. In this way the novel molecular structures can be obtained from 
nature in a single step. Many RiPPs contain unique non-canonical amino acids, which are attractive 
targets for late-stage chemical modification. The research focused on two particularly interesting 
residues: dehydroalanine (Dha) and dehydrobutyrine (Dhb). The double bond in these dehydrated 
amino acids possesses a unique orthogonal reactivity, which was explored for modification of 
proteins and peptides via catalytic strategies. 

Different metal catalysts have been explored for their potential to catalyse chemical reactions at 
Dha and Dhb residues in proteins and peptides in a site-selective late-stage manner and under 
physiologically relevant conditions (e.g. water, neutral pH and 37 oC). In this chapter an overview 
of the developed methodologies is given, and suggestions for future research will be discussed.

6.2 - Palladium mediated cross coupling

The focus of the research was on the utility of platinum group elements for the development of 
bio-orthogonal metal catalyst (e.g. palladium, rhodium, ruthenium and iridium). Catalysts based 
on these elements have excellent catalytic properties, easily interact and coordinate with alkenes, 
and have good functional group tolerance. As palladium is the most widely used transition metal 
in organic synthesis, utility of a palladium catalyst for bio-orthogonal modification of Dha was 
explored first (chapter 2). Palladium(II)acetate was coordinated to the water soluble metal chelator 
ethylenediaminetetraacetic acid (EDTA) to give a water soluble palladium catalyst.[13] Activity 
of this catalyst in the palladium mediated Heck-type cross coupling reaction between Dha and 
arylboronic acids was investigated. The reaction was first explored on the Dha monomer, then 

on the protein SUMO and finally on the antimicrobial peptides nisin and thiostrepton. 
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A variety of arylboronic acids containing diverse functional groups including halogens and 
azides, could be coupled via this palladium mediated cross coupling reaction, although full 
conversion was not obtained in every case. Furthermore, not only the expected Heck-type 
product, in which the sp2 hybridisation of the α-carbon is maintained, was formed, but partly the 
conjugated addition product was obtained as well. This result was independent of whether the 
Dha was present as protected monomer, in a peptide or protein. In case of peptides and proteins 
an excess of palladium catalyst (20-50 eq) was required to achieve high conversions, as the metal 
easily coordinates aspecifically to the backbone or side chains of a peptide. Removal of the excess 
palladium from the biomolecules was achieved by the development of a new purification method 
in which the palladium catalyst is precipitated with a palladium scavenger. In this way, up to 99% 
of the palladium was readily removed from the reaction mixtures. Application of this palladium 
cross coupling reaction for chemical modification of biomolecules inside living organisms might 
be challenging to achieve with the required amount of palladium catalyst necessary to facilitate 
the modifications. However, palladium chemistry has been reported to work in vivo,[14] and in 
the case of lanthipeptides the reaction could also take place in the media or bacterial culture, 
instead of inside the cells. The substrate scope of boronic acids could be enlarged to including 
affinity tags. In this way, the cross coupling reaction could function as purification technique. 
The ratio between the Heck-type product and conjugated addition product is intrinsically linked 
to the reaction conditions, which might be a drawback of the cross coupling reaction. The ratio 
is influenced by the solvent, the metal of the catalyst, the ligands on the metal, and might even 
be influenced by the choice of scavenger in the work-up. A mixture of Heck-type product and 
conjugate addition product is therefore difficult to avoid, and the products are difficult to separate. 
Follow-up studies therefore should focus on finding a method to control the ratio between the 
two possible products. 

6.3 - Rhodium mediated transfer hydrogenation

The use of rhodium catalysts for the modification of Dha and Dhb was explored in chapter 3. 
Instead of carbon-carbon bond forming reactions, the rhodium catalysts were investigated for 
their potential in catalytic transfer hydrogenation of dehydrated amino acids in antimicrobial 
peptides. Hydrogenation of the dehydrated residues will generate a native peptide backbone. As 
in this particular transformation the α-carbon is converted to an sp3 carbon, chirality comes into 
play. When applied in combination with the Heck type product formed by the palladium mediated 
cross coupling reaction described in chapter 2, hydrogenation of the dehydrated residues would 
open the possibility to incorporate non-natural D-amino acids site specifically in a chemical way. 

Transfer hydrogenation with formic acid as hydride source was chosen as approach for this 
transformation. Dha, Dhb and Dhf (dehydrophenylalanine) were reduced to alanine, homoalanine, 
and phenylalanine respectively with catalytic amounts of a rhodium-Noyori type catalyst. This was 
achieved both on the corresponding amino acid monomers, as well as on the residues situated in 
thiostrepton and nisin. As the increase in mass of a single hydrogenation event is small compared 
to the mass of the peptide, mass spectrometry alone could not provide sufficient evidence for 
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the reduction to have taken place in the biomolecules. Therefore, NMR studies were conducted, 
which showed the hydrogenation to be selective for the dehydrated residues. Attempts to use a 
chiral catalysts did not result in enantiomeric excess, as was showed by analysis of the absolute 
configuration of the newly formed amino acids. Rhodium-Noyori type catalysts are generally 
employed in the asymmetric hydrogenation of ketones. Herein, the chirality of the catalyst is 
transferred to the substrate by specific coordination of the carbonyl by formation of a hydrogen 
bond with the amine in the ligand of the catalyst. This directing effect plays an important role 
in the chiral outcome of the reaction. Acrylates lack this directing effect of the hydrogen bond, 
and are therefore more difficult to reduce asymmetrically. Moreover, the stereocenter is located 
at the α-carbon, while the metal-bound-hydride generally is added to the β-carbon. Directing 
the subsequent protonation step is notoriously challenging, and proved not yet possible with 
these types of transfer hydrogenation catalysts and specific reaction conditions. Rhodium-
Noyori type catalysts have proven to be the right choice to accomplish transfer hydrogenation 
of the double bond in a catalytic, high yielding, and selective manner. However, it was concluded 
transfer hydrogenation is not the most suitable approach for performing the transformation 
asymmetrically. In order to achieve asymmetric hydrogenation, future endeavours should focus 
on phosphine ligands and hydrogen gas as hydrogen source, despite limitation of the practicality 
and versatility of this approach.

6.4 - Iridium mediated photoredox catalysis

Finally, iridium catalysts were explored for application as bio-orthogonal metal catalysts. Recently, 
polypyridyl complexes of this metal have been employed extensively for their excellent properties 
as photoredox catalysts. As visible-light-driven photoredox catalysis is a mild method to generate 
radicals, and radicals are known to add to Dha in proteins,[15, 16] photocatalytic generation of 
radicals for selective late-stage modification of Dha and Dhb in antimicrobial peptides was 
explored (chapter 4). The focus was on polypyridyl complexes based on ruthenium and iridium. 
Modification was obtained with the iridium complex Ir(dF(CF3)ppy)2(dtbbpy), for which addition 
of organic co-solvent was required as the complex is poorly water soluble. The complex was able 
to activate a variety of organoborates using only a small amount of catalyst, which reacted readily 
with the dehydrated residues in the antimicrobial peptides nisin and thiostrepton. Site-selectivity 
for the Dha and Dhb residues was studied both by NMR and detailed analysis of the individual 
amino acids. Gratifyingly, the modification was chemoselective in the case of thiostrepton as was 
revealed by 2D NMR.

A considerable amount of organic co-solvent is required to dissolve Ir(dF(CF3)ppy)2(dtbbpy) in 
aqueous solutions, therefore a water soluble iridium photocatalyst was designed, synthesised, 
and explored for its potential as photocatalyst for peptide and modification in water (chapter 5). 
Placement of charged ammonium groups on the dative bipyridyl ligand of the iridium complex 
provided enough hydrophilic character to the complex to be readily dissolved in pure water. The 
photocatalytic activity was examined by performing the reaction described in chapter 4 without 
the addition of organic co-solvent. Modification of Dha was observed on nisin, and promising 
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preliminary results were obtained when applying the water soluble catalyst for the modification 
of the protein SUMO. Furthermore, the water soluble catalyst was utilised for photocatalytic 
generation of radicals from zinc sulfinates, extending the radical scope. In comparison with 
the naturally water soluble organic dye riboflavin, the water soluble iridium catalyst performed 
similarly. The robustness and inertness of the metal complex is a tremendous advantage in 
comparison with palladium catalysts. Although most photocatalytic reactions require an oxygen 
free atmosphere, the mild conditions of visible-light-driven catalysis, combined with the low 
amounts of catalyst required, make that photoredox catalysis is perhaps the most promising 
strategy described in this thesis to be able to complement the biosynthesis of RiPPs with unnatural 
chemistry, in order to gain access to novel molecular structures

6.5 - Future

In conclusion, the work in this thesis shows that organometallic catalysis is a powerful method for 
the chemical modification of proteins and peptides, and it is envisioned to play an important role 
in the development of future therapeutics. To achieve this and to keep the field of bio-orthogonal 
catalysis advancing, development of new bio-orthogonal reactions should proceed. However, 
the emphasis of the field should shift from the development of new methodologies, towards 
application of the described methods to challenging problems. Putting new methodologies 
into practice often gets delayed, or postponed, due to the existence of a gap between organic 
chemistry and microbiology. Due to this gap, the significance of the research gets hampered. 
Interdisciplinary scientists, and labs are required to achieve new therapeutics with the developed 
methods, and should therefore be encouraged more. 

From an organic chemistry point of view, the methods described in this thesis are not perfect 
in terms of yield or substrate scope. However, the proposed methods for chemical late-stage 
modification are higher yielding, and more practical than obtaining similar structures via a total 
synthesis approach. The high site-selectivity for the dehydrated residues in all three developed 
methods, makes it possible to alter the biomolecules specifically with a variety of substrates. 
In this way, the alterations of the biomolecules can be easily varied to screen for a desired 
microbiological effect. Future organic chemical research should therefore focus on further 
broadening the substrate scope, rather than on an improved or alternative method. Although 
challenging to develop, reactive substrates containing hydrophilic tails, sugar moieties, or peptide 
hybrids, will provide a significant effect on the pharmacokinetics of promising peptides. Addition 
of such useful moieties could also be achieved by combining the newly developed methods with 
existing bio-orthogonal chemistry. When new methods get optimised for the introduction of 
azide- or alkyne moieties, the desired complex modification can be added in a subsequent step. 

Another important aspect from an organic chemistry point of view is the chiral outcome of the 
products after Dha modification. Nearly all reactions described in this thesis yield in racemic 
products. Moreover, most methods described in literature do not even address the issue of 
chirality.[15-19] Yet, the chirality of the product might have a big influence on the biological activity. 
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Organometallic catalysts are particularly well suited to address this issue to perform asymmetric 
reactions by using chiral ligands. Any future developments of Dha modification therefore should 
take the chirality of the product into account. 

Future research from a microbiological point of view should focus on implementing the developed 
methods in combination with living cells. Being able to modify natural products during the 
biosynthesis, is where bio-orthogonal metal catalysis can make a difference. Using nature’s ability 
to make magnificent molecules, and adjusting it to our needs with unnatural chemistry in a single 
pot, requires less operations, and purification steps. This will allow to set up screening reactions 
in a library, while simultaneously monitoring the newly gained or improved bioactivity. In this 
way the speed of the discovery of novel antibiotics will be increased. 

The unique reactivity of Dha has proven to provide highly selective reactions. The selectivity 
between multiple dehydrated residues can still be improved. A way to achieve this, would be to 
equip the metal catalyst with a molecular recognition site.[20] Although this would be operationally 
challenging as every antibiotic substrate would require a special designed catalyst, being able to 
discriminate between multiple dehydrated residues might be of great importance in the search 
for potent antibiotics. 

Shifting the attention to first row transition metals as a cheaper, and perhaps less toxic alternative, 
would be a logical continuation of the field, yet the unique reactivity of the platinum group 
elements does compensate for this. By improving the inertness of the metal complexes, and 
therewith prevent deactivation of the catalysts, turnover numbers can be increased. This makes it 
possible to use a lower catalyst loading, and reduce both costs and toxicity risks. 

Ultimately, it is of less significance with what element or chemical route a product was obtained. 
As long as an enantiomerically pure, chemoselectively modified biomolecule is produced, which 
is equipped with biologically significant moieties (e.g. hydrophilic tails, sugars or peptide hybrids), 
and desirable biological activity. The methods described in this thesis have successfully addressed 
some of these challenges, and provide a great stepping stone to reach this ultimate goal. Future 
research should therefore focus on the application of the newly developed bio-orthogonal 
catalysts to be able to reach their full potential, and utilise these new gathered methods for the 
development of new therapeutics.
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Bio-orthogonale metaalkatalyse

Moleculen uit de natuur, ook wel natuurproducten genoemd, zijn in de afgelopen dertig jaar 
een belangrijke bron geweest voor de ontwikkeling- en ontdekking van nieuwe medicijnen. 
Recentelijk zijn ook peptiden en hiervan afgeleide producten erkend voor hun potentieel tot 
gebruik in de medische wereld. Deze interessante moleculaire structuren hebben een breed 
scala aan verschillende biologische activiteiten. Veel van deze natuurproducten zijn peptiden, 
die ribosomaal gesynthetiseerd zijn en vervolgens enzymatisch zijn gemodificeerd (RiPPs). 
Lanthipeptiden en thiopeptiden representeren de grootste klasses van deze natuurproducten. 
Velen van deze peptiden vertonen antimicrobiële- of anti-tumor activiteit. De inzetbaarheid voor 
medische applicaties is echter gering door problemen met de stabiliteit en oplosbaarheid van deze 
stoffen. Selectieve modificatie van de peptiden kan de eigenschappen van deze stoffen verbeteren 
en daarmee het potentieel verhogen. Het is echter lastig om de natuurproducten te modificeren 
via bestaande biotechnologische methoden, omdat de stoffen vaak het resultaat zijn van een 
aaneenschakeling van zeer verfijnde biologische processen. Hierdoor is het lastig om een reactief 
chemisch ‘handvat’ (i.e. een bio-orthogonale groep) te introduceren, om de natuurproducten 
specifiek te kunnen modificeren.

Het doel van het onderzoek beschreven in dit proefschrift was om de biosynthese van RiPPs 
te complementeren met onnatuurlijke chemie, zodat toegang wordt verkregen tot nieuwe 
structuren. Veel RiPPs bevatten unieke niet-canonieke aminozuren die een andere reactiviteit 
bevatten dan de functionele groepen van de 20 traditionele aminozuren in een peptide. Deze 
niet-canonieke aminozuren kunnen daarom dienen als het bio-orthogonaal ‘handvat’ voor de 
selectieve chemische modificatie. Het onderzoek was gefocust op twee interessante aminozuren: 
dehydroalanine (Dha) en dehydrobutyrine (Dhb). De dubbele binding in deze gedehydrateerde 
aminozuren bevat een unieke orthogonale reactiviteit, die gebruikt kan worden om de eiwitten 
en peptiden op katalytische wijze selectief te modificeren.  

De focus van het onderzoek lag op het gebruik van metalen behorend tot de elementen van de 
platina-groep om te gebruiken voor de ontwikkeling van bio-orthogonale metaalkatalysatoren 
(e.g. palladium, rhodium, ruthenium en iridium). Katalysatoren gebaseerd op deze metalen 
zijn niet meer weg te denken in de moderne organische chemie, vanwege hun excellente 
katalytische eigenschappen en hoge tolerantie van functionele groepen. Ook voor de modificatie 
van natuurproducten zijn de platina-groepkatalysatoren inzetbaar. In het eerste gedeelte van 
hoofdstuk 1 zijn de toepassingen van deze overgangsmetaalkatalysatoren voor bioconjugatie 
van eiwitten beschreven. De metaalkatalysatoren kunnen zowel natuurlijke- als niet-natuurlijke 
inactieve functionele groepen activeren voor specifieke modificatie van deze natuurproducten. In 
het tweede gedeelte van het introducerend hoofdstuk wordt stilgestaan bij de aanwezigheid van 
dehydroalanine in natuurproducten. De manier waarop de natuur dehydroalanine synthetiseert 
en gebruikt is beschreven. In het laatste gedeelte is een uiteenzetting gegeven van de tot dusver 
beschikbare methoden om dehydroalanine in natuurproducten selectief te modificeren. Deze 
methoden maken voornamelijk gebruik van grote hoeveelheden reagentia. Katalytische activatie 
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van niet-reactieve stof geeft toegang tot andere chemische transformaties. Hiermee kunnen de 
mogelijke toepassingen voor Dha worden uitgebreid. Geschikte transformaties moeten inzetbaar 
zijn onder milde condities en in waterige pH neutrale oplossingen, om zowel peptiden als eiwitten 
te kunnen modificeren. De katalytische reactie moet verder specifiek zijn voor Dha, bij voorkeur 
snel verlopen en een hoge opbrengst van het product genereren. Het uiteindelijke doel is om 
de katalytische methoden toe te passen tijdens de biosynthese van de natuurproducten, dus in 
combinatie met levende cellen. Op deze manier worden biosynthese en chemische synthese met 
elkaar gecombineerd en krijgen we toegang tot nieuwe semi-natuurproducten. 

In hoofdstuk 2 is het gebruik van een palladiumkatalysator beschreven voor het bewerkstelligen 
van een koppelingsreactie tussen Dha en arylboorzuren. Door een complex te vormen tussen 
palladium(II)acetaat en ethyleendiaminetetraazijnzuur (EDTA) werd een wateroplosbare 
palladiumkatalysator verkregen. Verschillende arylboorzuren konden worden gekoppeld aan de 
Dha-bevattende peptiden nisine en thiostrepton. Ook het eiwit SUMO waar Dha chemisch in 
was geïntroduceerd kon op deze wijze worden gemodificeerd. Door middel van een gedetailleerde 
analyse van de producten kon worden aangetoond dat de reactie selectief is voor de gedehydrateerde 
aminozuren. Ook kwam er aan het licht dat de reactie twee verschillende mechanistische paden 
neemt en daarbij twee producten genereert: het Heck-type product en het geconjugeerde additie 
product. In het Heck-type product blijft de hybridisatie van het alfa-koolstof gelijk, terwijl in het 
geconjugeerde additie product het alfa-koolstof de traditionele hybridisatie van een peptideketen 
aanneemt. De geometrie van de peptideketen blijft in het Heck-product onveranderd ten opzichte 
van het startmateriaal, wat belangrijk kan zijn voor de activiteit van de natuurproducten. Een 
overmaat aan palladiumkatalysator was nodig om hoge conversies te bereiken. Het overschot 
aan palladium was echter gemakkelijk te verwijderen door toevoeging van methylthioglycolaat 
of pyrrolidine dthiocarbamaat die het palladium binden en laten neerslaan. Hiermee kon 98-99% 
van de katalysator worden verwijderd. 

In hoofdstuk 3 is het gebruik van een rhodiumkatalysator beschreven voor het bewerkstelligen 
van een transferhydrogenering voor de reductie van de gedehydrateerde aminozuren. Door 
de dubbele binding in deze aminozuren te verzadigen, wordt een traditioneel gehybridiseerde 
peptideketen gevormd. Er moet hierbij rekening worden gehouden met de chiraliteit van het 
product. Wanneer de transferhydrogenering wordt gecombineerd met het Heck-type product 
van de palladium gekatalyseerde koppelingsreactie uit hoofdstuk 2, biedt dit een mogelijkheid om 
selectief D-aminozuren te produceren op een chemische wijze. Voor de transferhydrogenering 
werd een Noyori-type rhodiumkatalysator gebruikt, bestaande uit een wateroplosbaar 
tosyldiethylenediamine ligand. Mierenzuur werd gebruikt als hydridebron. Dha, Dhb en Dhf 
(dehydrofenylalanine) konden met katalytische hoeveelheden katalysator worden gereduceerd 
tot respectievelijk alanine, homoalanine en fenylalanine. De selectiviteit van de reactie werd 
bestudeerd met NMR en de absolute configuratie van de nieuwgevormde aminozuren werd 
bepaald met Marfey’s analyse. Ondanks het gebruik van een chirale rhodiumkatalysator werd er 
tot dusver geen enantiomere overmaat gevonden. 

In hoofdstuk 4 en 5 zijn iridiumkatalysatoren gebruikt om Dha te modificeren door middel van 
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fotokatalyse. Onder de invloed van licht kunnen deze iridiumkatalysatoren radicalen generen 
van boortrifuoridezouten, welke vervolgens adderen aan de dubbele binding van Dha en Dhb in 
het lanthipeptide nisine en het thiopeptide thiostrepton. In hoofdstuk 4 werd gebruik gemaakt 
van Ir(dF(CF3(ppy)2(dtbbpy)), een veelgebruikte fotokatalysator. Omdat deze katalysator slecht 
oplosbaar is in water, werd er gebruik gemaakt van een grote hoeveelheid co-oplosmiddel om 
de reactie te bewerkstelligen. Desalniettemin werden hoge conversies bereikt met verschillende 
boortrifluoridezouten. De selectiviteit voor de gedehydrateerde aminozuren werd bepaald 
met NMR en Marfey’s analyse. Studies met 2D NMR toonden bovendien aan dat de reactie 
chemoselectief is in het geval van thiostrepton en specifiek plaatsvindt op Dha-16, de binnenste 
dehydroalanine in de staart van het peptide. 

Omdat Ir(df(CF3(ppy)2(dtbbpy)) slecht oplosbaar is in water en daarmee fotokatalyse op 
wateroplosbare eiwitten uitgesloten, is in hoofdstuk 5 een wateroplosbare variant op deze 
fotokatalysator ontworpen en gesynthetiseerd. In dit ontwerp zijn permanent geladen amines 
geplaatst op het datieve ligand van de fotokatalysator. Dit nieuwe iridiumcomplex loste zeer 
goed op in puur water. De fotokatalystische activiteit is vervolgens getest en vergeleken met van 
nature wateroplosbare organische kleurstoffen. Modificatie van nisine werd bereikt in puur water 
en ook werden veelbelovende initiële resultaten verkregen voor de modificatie van het eiwit 
SUMO. In vergelijking met van nature wateroplosbare organische stoffen lijkt het wateroplosbare 
iridiumcomplex minder degradatie van de peptiden te veroorzaken. 

In conclusie, modificatie van Dha door middel van organometaalkatalyse is een geschikte 
en veelzijde methode om eiwitten en peptiden specifiek te modificeren. Ondanks dat de 
methoden beschreven in dit proefschrift geen 100% conversie opleveren, kunnen de ontwikkelde 
methoden een rol spelen in de ontwikkeling van nieuwe medicijnen, aangezien de mogelijkheid 
om natuurproducten in een laat stadium te modificeren efficiënter is de moleculen volledig 
synthetisch te maken. De focus van het onderzoek zal nu moeten verschuiven van het 
ontwerpen van methoden naar het ontwerpen van nuttige modificaties. Op deze manier kunnen 
de eigenschappen van de natuurproducten daadwerkelijk verbeterd worden. Het is hierbij 
belangrijk dat er nauw samengewerkt wordt tussen de organisch chemicus en de microbioloog. 
De beschreven methoden kunnen dan worden doorontwikkeld voor toepassingen met levende 
cellen. Door gebruik te maken van de natuur en haar magnifieke manier om uiterst ingewikkelde 
moleculen te kunnen synthetiseren en deze vervolgens naar onze eigen wensen aan te passen 
met onnatuurlijke chemie vraagt minder operationele- en zuiveringsstappen, dan wanneer 
methoden voor modificatie niet verenigbaar zijn met het biologische proces. Een bibliotheek van 
nieuwe producten kan dan worden opgezet waarin simultaan wordt getest of de nieuwe stoffen 
een nieuwe of verbeterde biologische activiteit vertonen. Het vinden van nieuwe medicijnen kan 
hiermee aanzienlijk versneld worden.
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Popular abstract

In the past four years, I have tried to set up a collaboration with one of the tiniest organisms 
on earth: bacteria. Cause these tiny creatures are pretty powerfull: even with a master degree in 
chemistry, a bacterium overpowers us easily when it comes to chemistry skills. They synthesise 
the most fantastic molecules just over the course of one night. While a few milligram of the 
very same molecule takes a chemist months to prepare! Most of these molecules are made with 
enzymes, and a lot of these molecules have the potential to be used as antibiotics or medicines. 
Utility of enzymes is a great way to do chemistry. But unfortunately many enzymes do not work 
outside a bacterium, and are therefor not useful for chemists. 

But just to be fair: chemists have some pretty good skills too. What makes the difference is the 
set of tools we have access to: we have metal catalysts. Metal catalysts can transform molecules 
in wicked ways, of which bacteria could have never think of. In my thesis I have tried to combine 
these two types of chemistry. I have explored the use of metal catalysts to perform specific 
transformations in molecules that bacteria made with enzymes. For this, the catalysts need to 
work under bacterial friendly conditions, so in water and 37 oC tops. In this way the bacteria make 
the beautiful molecules, and the metal catalyst makes it just a bit better. A collaboration between 
mankind and bacteria in search for new medicines and antibiotics.
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Abbreviations

1,3,5-TMB 1,3,5-trimethoxybenzene
3-MPA  3-mercaptopropanoic acid
APDTC  ammonium pyrrolidine dithiocarbamate 
APS  ammonium persulfate
BIAN  N,N’-bis-2,6-xylyl-acenaphthenequinonediimine 
bpy  bipyridine
CAP  conjugate addition product
CuAAC  copper assisted alkyne azide click reaction
DCM  dichloromethane
Dha  dehydroalanine
Dhb  dehydrobutyrine
Dhf  dehydrophenylalanine
DMF  N,N-dimethylformamide
DMSO  dimethylsuloxide
DNA  deoxyribonucleic acid
e.g.  exempli gratia (= for example)
EDTA  ethylene-diamine-tetraacetic acid 
eq  equivalent
ESI  electronspray ionisation
et al.  et alia (= and others)
FDAA  1-fluoro-2,4-dinitrophenyl-5-L-alanine amide 
FMN  flavin mononucleotide
GC  gas chromatography
Glu  glutamic acid
HOMO  highest occupied molecular orbital
HP  Heck product
HPLC  high-performance liquid chromatography
i.e.  id est (= in other words)
ICP-OES  inductively coupled plasma optical emission spectrometry 
IS  internal standard
LC/MS  liquid chromatography / mass spectrometry
LED  light emitting diode
LP  leader peptide
LUMO  lowest unoccupied molecular orbital
Lys  lysine
MALDI-TOF matrix assisted laser desorption ionisation - time of flight
MS  mass spectrometry
MTG  methyl thioglycolate
NMR  nuclear magnetic resonance
OPhHse  O-phenylhomoserine 
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PDB  protein data bank
PEG   poly ethylene glycol
pH  potential hydrogen
Phe  phenylalanine
PhPA  phenyl pyruvic acid
ppy  phenyl pyridine
PTM  post-translational modification
RBF  riboflavin
RiPPs  ribosomally synthesised and post-translational modified peptides 
rp-HPLC  reversed phase high-performance liquid chromatography
SCE  saturated calomel electrode
SDS-PAGE sodium dodecyl sulphate poly acrylamide gel electrophoresis
Ser  serine
SET  single electron transfer
SUMO  small ubiquitin like modifier
tbbpy  tert-butyl bipyridine
TEMED  N,N,N',N'-Tetramethylethylenediamine
TEMPO  2,2,6,6-Tetramethyl-1-piperidinyloxy
THPTA  tris(3-hydroxypropyltriazolylmethyl)amine
Thr  threonine
TOCSY  total correlation spectroscopy
TPPTS  3,3’,3”-phosphanetriyltris(benzenesulfonic acid) trisodium salt 
TQD  tandem-quadrupole
tRNA  transfer ribonucleic acid
TsDPEN  tosyl diphenylethanediamine
UPLC  ultra-performance liquid chromatography
v/v  volume / volume
w.r.t.  with respect to
w/v  weight / volume
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