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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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