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Transition metal catalysis in cells and 

living systems: complementing 

Nature’s repertoire of reactions 
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Abstract 

The need for new techniques to study biomolecules within their native habitats has led 

to the development of bioorthogonal chemical reactions. These reactions typically rely 

on metal-free cycloadditions between strained reactants, presenting a rather narrow 

scope. Hence, scientists set out to explore transition metal catalysis in cells and living 

systems, offering higher versatility and transformative potential. Within this subfield of 

bioorthogonal chemistry, new-to-nature catalysts are employed to complement 

Nature’s repertoire of reactions. These catalysts are used to perform those reactions 

naturally occurring in Nature or enable new-to-nature reactions, typically with 

new-to-nature substrates. This chapter outlines illustrative examples of both 

subgroups to highlight the diverse scope of new-to-nature catalysts and reactions 

presented to date, revealing the potential of transition metal catalysis, and its 

applications, in biological settings. Interestingly, this scope is still limited compared to 

the breadth of transition metal-catalysed reactions that have been unlocked for 

synthetic applications. Numerous new-to-nature catalysts and reactions have yet to be 

explored in aqueous media for future application in vivo, which presents the aim of this 

dissertation. 
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Introduction to bioorthogonal chemistry 

The emergence of a new field 

An enduring endeavour in biological chemistry is the development of methods to probe 

biomolecules within their native habitats, i.e., in cells (in vitro) or living systems (in 

vivo), to study the molecular details of biological processes. In earlier decades, the 

development of biology-derived technologies like the green fluorescent protein1 

contributed to the understanding of the function and dynamics of proteins in living 

systems, for which its developers were awarded with the Nobel Prize in Chemistry.2 

Despite their excellent target selectivity, such genetically encoded fluorescent reporters 

are unsuitable for studying nonprotein biomolecules such as glycans and metabolites.3 

To enable probing of nonprotein biomolecules in vivo, the selective formation of 

covalent bonds was considered an attractive strategy.4 This strategy initially targeted 

less prevalent chemical functionalities on the biomolecules of interest via a reaction 

with a probe molecule. However, these functionalities were not specific enough in more 

complex biological settings. As a result, the focus naturally shifted to bond-forming 

reactions involving functionalities that are absent in Nature, especially after pioneering 

work by the group of Tsien.5 They reported the first example of live cell protein labelling 

via the selective formation of a covalent bond between bis-arsenical dyes and 

tetracysteine motifs installed on the targeted protein. 

 

With the bis-arsenical/tetracysteine reaction as a turning point for chemical biologists 

seeking new ways to probe (nonprotein) biomolecules in vitro and in vivo, a new field 

emerged: bioorthogonal chemistry. A chemical reaction is called bioorthogonal if it 

neither interacts nor interferes with a biological system.6 This term was coined by 

Bertozzi in 2003,7 who was awarded the Nobel Prize in Chemistry almost 20 years later 

for the development of the field.8 

 

From flasks to living systems 

Probing biomolecules in living systems via bioorthogonal chemical reactions typically 

involves two steps (Scheme 1).9 In the first step, the biomolecule of interest is equipped 

with a small chemical reporter, i.e., a functional group that is ideally absent in Nature 

and should not hamper the molecule’s natural bioactivity. In the second step, the 
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bioorthogonal chemical reaction occurs between this chemical reporter and an 

appropriately functionalised probe, allowing selective coupling of the two components. 

 

 

Scheme 1. General scheme of a bioorthogonal chemical reaction for probing biomolecules. The targeted 

biomolecule is equipped with a chemical reporter (A) and reacted with the probe via the installed 

coupling reagent (B). 

 

Although the installation of chemical reporters on targeted biomolecules has become 

relatively straightforward over the years,6 the development of suitable synthetic 

methodologies that enable selective bond formation remains challenging.10 Above all, 

the somewhat restricted conditions presented by the cellular environment are rather 

different from the highly controlled and manipulative conditions in a laboratory. A 

reaction must readily proceed in water (pH 7), at a set temperature (e.g., 37 °C in the 

case of mammalian cells), and under aerobic conditions. When mimicked in the 

laboratory, these conditions are often referred to as biologically relevant. 

Furthermore, a reaction must proceed in the presence of salts, untargeted small organic 

molecules—categorised into four families: sugars, fatty acids, nucleotides, and amino 

acids—and macromolecules: phospholipids, RNA, DNA, proteins, and polysaccharides. 

When the compatibility of a reaction is evaluated in the presence of such biomolecules, 

or in cell culture medium and cell lysates, containing high concentrations of a 

combination of biomolecules, these conditions can be described as biomimetic. Finally, 

when moving to cells and living systems, the diffusion of the reaction components 

through cell walls (prokaryotic cells) or cell membranes (eukaryotic cells) must be 

considered as well. 

 

Apart from compatibility with the above-mentioned boundary conditions, a 

bioorthogonal chemical reaction should meet a set of fitness factors.11 To start with the 

most critical factor; the reaction must have fast kinetics (reactivity). With the reaction 

components typically present at low concentrations due to practical limitations such as 
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solubility, nonspecific toxicity, or the intrinsic metabolism of the biological system,12 

the reaction must proceed at a reasonable rate to ensure product formation (k2 ≥ 10–4 

M–1 s–1).9 Furthermore, the cellular environment’s intrinsic complexity (vide supra) 

demands exquisite (chemo)selectivity of the reaction components against abundant 

biological nucleophiles and electrophiles. Although most attention is devoted to 

reactivity and selectivity, the physicochemical properties of the reaction components 

are equally important when developing bioorthogonal chemical reactions. These 

properties include molecular size, chemical stability, aqueous solubility and 

lipophilicity, and fluorogenicity. Chemical stability is a property that is often 

highlighted. The reaction components must be stable against various chemical 

functionalities that are present in the cell while possessing sufficient reactivity towards 

each other. Finally, additional factors may also be considered depending on the purpose 

of the chemical reaction. Generally, nontoxic, cell-permeable reaction components that 

can be readily and site-specifically incorporated into the targeted biomolecules prove 

most robust for interrogating biological systems. 

 

The Staudinger ligation 

Despite the defined and challenging reaction conditions of the cellular environment and 

various fitness factors that should be met, the field rapidly progressed in the last two 

decades. The Staudinger ligation presents one of the early milestones (Scheme 2).13 It 

was the first reported bioorthogonal chemical reaction entirely relying on nonnatural 

functional groups that found application in living systems.14 This reaction also 

essentially launched the use of azides as bioorthogonal chemical reporters.9 Azides 

present attractive features such as small size, kinetic stability, and absence in Nature. 

In addition, azides behave as soft electrophiles, preferring a reaction with a soft 

nucleophile, which renders a functional group that is selective in the presence of the 

hard nucleophiles commonly found in biological settings. The other reaction 

component in the Staudinger ligation, a phosphine, demonstrated outstanding 

selectivity towards the azide and proved amenable to synthetic modifications of the aryl 

rings to enable application in mice eventually.15  
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Scheme 2. Illustrative examples of bioorthogonal chemical ligations. 

 

Initially, the unmatched capabilities of the Staudinger ligation made it the 

bioorthogonal chemical reaction of choice for numerous bioconjugation applications.6 

However, several shortcomings hampered further application for in vivo labelling and 

imaging purposes. Apart from the nonspecific oxidation of the phosphine compounds 

in biological settings, its slow kinetics (k2 ~0.0020 M–1 s–1) makes the reaction rather 

unsuitable for dynamic tracking of biological processes that proceed at faster rates.16 

Mechanistic investigations revealed that the nucleophilic attack of the phosphine on the 

azide is the rate-determining step.17 Although the rate could be enhanced by increasing 

the electron density on the phosphorous atom, the improved reaction components 

were even more sensitive to oxidation in air. As the azide functionality did prove to be 

an excellent chemical reporter, the focus shifted towards alternative reactions that 

featured this component. 
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Click chemistry 

The azide-alkyne cycloaddition reaction (AAC) presented a promising alternative to the 

Staudinger ligation. However, this reaction naturally proceeds with similar poor 

reaction kinetics. So when Sharpless and Meldal independently reported a dramatic 

rate enhancement of this reaction upon the introduction of a Cu(I) catalyst,18, 19 this 

so-called ‘click chemistry’ sparked the field of bioorthogonal chemistry and got 

recognised with the Nobel Prize in Chemistry of 2022 (Scheme 2).8 With its high rate 

and selectivity, the copper-catalysed azide-alkyne cycloaddition (CuAAC) meets the 

requirements of a bioorthogonal chemical reaction. However, the cytotoxicity and 

redox lability of the copper catalyst20 present limitations for applications in living 

systems, for which metal-free alternatives were pursued. 

 

To avoid the use of transition metal catalysts, the employment of activated alkynes was 

considered as an alternative methodology to enhance the rate of the cycloaddition 

reaction. In the first reported example of such a strain-promoted azide-alkyne 

cycloaddition (SPAAC), cyclooctyne was used as an activated reaction partner for the 

azide (Scheme 2).21 The reaction was successfully performed in cell lysates and on the 

surface of cells, albeit with slow rates (k2 = 0.0024 M–1 s–1). In the following years, 

several cyclooctyne derivatives have been prepared to boost the reaction kinetics and 

improve the physicochemical properties of its components, among which the 

difluorinated cyclooctyne derivative known as DIFO (k2 = 0.076 M–1 s–1).22 The 

application of these DIFO-based probes in combination with azides enabled 

noninvasive in vivo imaging of membrane-associated nonprotein biomolecules, i.e., 

glycans, presenting another milestone in the field.23 

 

Alongside the strain-promoted azide-alkyne cycloaddition, the tetrazine ligation was 

developed to enable copper-free click chemistry. This reaction is also known as the 

inverse electron-demand Diels-Alder (IEDDA) reaction and proceeds between 

1,2,4,5-tetrazine and a strained alkyne or alkene (Scheme 2).24 With second-order rate 

constants up to 22000 M-1 s-1,25 this transformation is the fastest bioorthogonal 

chemical reaction developed to date, which has found application in living systems, 

including mice.26  
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Despite the successful applications of the above-described ligations for labelling and 

imaging studies,27 several factors still hinder a broader use of these transformations in 

vivo. The most important consideration is that these ligations typically rely on 

tailor-made and highly energetic (strained) reaction components. In practice, synthetic 

efforts towards these components can be lengthy and tedious, and problems of side 

reactivity can quickly occur. When relying on strained reaction components, the scope 

of these ligations is also limited, and so are the options for synthetic applications, i.e., 

fluorophore and drug synthesis, and controlling the reactivity externally. In this 

context, scientists set out to explore transition metal catalysis, offering higher 

versatility and transformative potential. 

 

Transition metal catalysis in cells and living systems 

Catalysis 

Catalysis describes the action of a catalyst: a substance that increases the reaction rate 

without modifying the overall standard Gibbs energy change in the reaction.28 In other 

words, the overall thermodynamics of a reaction remain unchanged, for which catalysis 

is thus a kinetic phenomenon. Hence, a catalyst can enable otherwise challenging or 

even impossible reactions. Utilising a catalyst can also favour a reaction to occur via an 

alternative pathway, opening routes towards chemo-, regio-, diasterio-, and 

enantioselective transformations. Hence, catalysis is a powerful tool to achieve 

synthetically challenging transformations with (high) selectivity. 

 

Within the field of catalysis, transition metals make excellent catalysts as they can both 

donate and accept electrons because of their incompletely filled d-orbitals. Their 

properties can be tuned on demand when combined with ligands, supports, or host 

systems (e.g., proteins or cages).29 Over the years, these catalysts have unlocked an 

extensive toolbox of (highly) selective transformations, which can be precisely 

controlled. Hence, there has been an increasing interest in this toolbox to expand the 

scope of bioorthogonal chemical reactions and their applications. 
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Pioneering examples of transition metal catalysis in biological settings 

One of the first reported examples of a transition metal-catalysed reaction in cells 

involves the incorporation of a water-soluble ruthenium-based catalyst inside 

mesophyll protoplasts for the hydrogenation of the double bonds of fatty acids, albeit 

with severe cell damage upon exposure to the reaction components.30 After this 

pioneering work, the field really took off about twenty years later with the discovery of 

the CuAAC (vide supra) and the introduction of the ruthenium-catalysed cleavage of 

N-allylcarbamates to cells.31 In 2006, Meggers and co-workers demonstrated how this 

deallylation reaction could be catalysed by a Ru(II) catalyst (1), and accelerated by 

unnatural thiols, in water and mammalian cells (HeLa) (Scheme 3). The catalyst’s 

reactivity in these settings was confirmed by the formation of a fluorescent product, 

rhodamine, upon cleavage of the allyloxycarbonyl group installed on the fluorophore. 

These seminal discoveries confirmed the potential of transition metal catalysis in 

biological settings. Ever since, a still increasing number of transition metal-based 

catalytic systems compatible with cells and living systems have been reported, 

nowadays recognised as a subfield within bioorthogonal chemistry. 

 

 

Scheme 3. A ruthenium(II)-catalysed deallylation reaction performed in HeLa cells to afford a rhodamine 

fluorophore.31 

 

New-to-nature catalysts and reactions 

While chemists have harnessed transition metal catalysis to access compounds of 

interest, Nature employs enzymes to regulate essential intracellular transformations. 

Enzymes are proteins that are comprised of amino acid sequences generating the 

enzyme’s three-dimensional structure, typically including an active site where 

reactions take place.32 Even in the hostile environment of cells, these catalysts present 

unmatched selectivities and activities with impressive orthogonality. However, 

enzymes only catalyse those reactions necessary to maintain the functioning of cells.33 
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The subfield of bioorthogonal chemistry that employs transition metal catalysis is 

devoted to complementing Nature’s repertoire of (enzyme-catalysed) reactions with 

catalysts that are not naturally present in Nature: new-to-nature catalysts. Thus far, 

three types of transition metal-based new-to-nature catalysts have been employed in 

biological settings:34, 35 1) discrete transition metal complexes, 2) large, composite 

structures, such as nanoparticles (NPs) and nanozymes, and 3) artificial 

metalloenzymes (ArMs), which consist of a nonnatural metallocofactor anchored in a 

protein host (Figure 1). Although these systems operate as catalysts in the sense that 

they facilitate a reaction, it is often unknown if they are still intact after one turnover. 

The in-depth analysis of catalysts and catalytic reactions in biological settings is 

challenging due to the incompatibility of standard solution-phase analytical techniques. 

Furthermore, suitable methodologies that enable monitoring of reaction kinetics under 

these conditions are limited. Monitoring reaction progress, therefore, heavily relies on 

the formation of fluorescent or cytotoxic products that enable fluorescence 

measurements or cell viability assays, respectively. Although product formation can be 

confirmed in this manner, the quantification of parameters that are typically measured 

in the field of catalysis, such as yields, turnover numbers (TONs), and turnover 

frequencies (TOF), may be unreliable due to the unknown uptake efficiencies of the 

different reaction components. Hence, often only qualitative data about the reaction 

progress can be obtained. 

 

 

Figure 1. Overview of transition metal-based new-to-nature catalysts employed in cells and living 

systems and the reaction subclasses they mediate; naturally occurring and new-to-nature reactions. 
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New-to-nature catalysts can complement Nature’s repertoire of reactions in two ways: 

1) by performing those reactions that are naturally occurring in Nature, and 2) by 

enabling reactions that are not naturally occurring in Nature, so-called new-to-nature 

reactions (Figure 1).36 Notably, naturally occurring reactions can be performed with 

natural substrates, as well as with nonnatural substrates. These nonnatural substrates 

are referred to as new-to-nature substrates. New-to-nature reactions are generally 

performed with new-to-nature substrates. Examples of new-to-nature reactions with 

natural substrates are rather limited in our view. For example, in those studies where 

proteins are labelled or reactivated after cleavage of a protecting group (vide infra), the 

chemical reaction typically occurs with a preinstalled chemical reporter, such as an 

alkyne, which is not native to the biomolecule. 

 

The following sections will outline examples of transition metal-catalysed reactions 

from both subgroups in cells and living systems to highlight the diverse scope of 

new-to-nature catalysts and reactions presented to date, revealing the enormous 

potential of transition metal catalysis in these settings. Details on the catalyst and 

reaction will be discussed, as well as the (potential) application of the catalytic system 

in vivo. Please note that this overview is meant to be instructive rather than 

comprehensive, as such overviews can be found elsewhere.34, 35, 37 Also, studies in which 

transition metals are used as activators, i.e., when they are consumed throughout the 

reaction, have been excluded. 

 

Naturally occurring transformations catalysed by new-to-nature catalysts 

Redox reactions 

Maintenance of the intracellular redox balance is crucial for various processes 

occurring in the cell. Endogenous reductants such as glutathione (GSH), and the 

reduced forms of nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine 

dinucleotide phosphate (NADPH), maintain the process of cellular redox homeostasis 

by which oxidation and reduction reactions are kept in balance.38 A significant number 

of new-to-nature transition metal catalysts have been developed to disturb this process 

by performing those redox reactions that are naturally occurring in the cells. With cell 

death as the result, which can be useful for, e.g., cancer treatment, these transition 
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metal-catalysed reactions are, per definition, not bioorthogonal. Hence, the employed 

catalysts are often called catalytic metallodrugs.39 

 

GSH is the primary antioxidant in cells. Decreasing the GSH level increases the level of 

reactive oxygen species (ROS), of which too high concentrations can lead to cell death. 

To target this process, Sadler and co-workers developed two Ru(II) catalysts (2 and 3) 

to catalyse the naturally occurring oxidation of GSH to glutathione disulfide (GSSG) 

(Scheme 4).40 They propose that an anhydrazo intermediate is formed via a 

ligand‑centered reduction of the azo bond by GSH, after which the formation of GSSH 

and regeneration of the azo bond occurs. The anticipated increase in reactive oxygen 

species upon the depletion of GSH was monitored in A549 cancer cells, demonstrating 

a decrease in cell survival upon administration of the catalysts. 

 

 

Scheme 4. A ruthenium(II)-catalysed oxidation of glutathione to its dimer to distort the intracellular 

balance of reactive oxygen species in A549 cells.40 

 

Along this line, the same group developed an Ir(III) photocatalyst (4) to catalyse the 

naturally occurring oxidation of NADH to NAD in cancer cells (A549) for phototherapy 

purposes (Scheme 5).41 On light excitation (λ = 465 nm), the Ir(III) catalyst becomes a 

highly oxidative Ir(III)* complex which oxidises NADH to NAD• radicals. Under regular 

oxygen levels (20% O2, normoxia), subsequent re-oxidation of the resulting Ir(II) 

complex by oxygen affords superoxide radicals to generate NAD+ and hydrogen 

peroxide. Notably, the Ir(III) photocatalyst also demonstrated activity in hypoxic cells 
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(1% O2), where photochemotherapeutic agents in photodynamic therapy are generally 

less effective. Under these conditions, cytochrome c (Cyt cox) re-oxidises the catalyst 

and oxidises NAD• to NAD+. In both processes, the catalysed oxidation of NADH to NAD• 

and NAD+ resulted in an imbalance of the intracellular redox equilibrium and disruption 

of the mitochondrial electron transport chain, which led to cell death eventually. 

 

 

Scheme 5. An iridium(III)-photocatalysed oxidation of NADH to NAD+ performed in A549 cells under 

hypoxic conditions.41 

 

Besides NADH, NADPH is one of the main cellular reductants maintaining the redox 

balance in cells.42 Hence, targeting NADPH presents another route to disrupt the 

intracellular redox equilibrium. To catalyse the naturally occurring oxidation of 

NADPH, Huang and co-workers developed an Ir(III) photocatalyst (5) which was tested 

in cancer cells (HepG2-SR, A549-R), zebrafish embryos and mouse models (Scheme 

6).43 On light irradiation (λ = 465 nm), the Ir(III) catalyst becomes a highly reductive 

Ir(III)* complex, which reduces oxygen to ROS (O2•−). Subsequent reduction of the 

formed Ir(IV) complex to the Ir(III) catalyst by NADPH generates NADP+. After 

treatment of the cells with the catalyst, the combined oxidation of NADPH and 

formation of ROS induced changes in the mitochondrial membrane potential alongside 

the anticipated imbalance of the intracellular redox equilibrium in the cells, leading to 

cell death. 
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Scheme 6. An iridium(III)-photocatalysed oxidation of NADPH to NADP+ performed in cells and living 

systems.43 

 

Transfer hydrogenations 

Hydrogenation reactions are naturally occurring in living systems to maintain the 

intracellular redox and proton balance, and are usually carried out by enzymes.44 For 

example, there are several enzymes that transfer hydrides to NAD(P) from a hydride 

source, or, vice versa, catalyse the oxidation of NAD(P)H to NAD(P) via a transfer 

hydrogenation. In an effort to develop new types of cancer treatments based on the 

disruption of intracellular processes to induce cell death (vide supra), these reactions 

have also been carried out with new-to-nature transition metal catalysts. 

 

Do and co-workers developed an Ir(III) catalyst (6) to induce cancer cell death when 

co-administered with platinum-based drugs such as cisplatin and carboplatin.45 When 

incubated in cancer cells (among others Y79 and A549), the nontoxic Ir(III) complex 

catalyses the oxidation of NADH to NAD+ upon the formation of an iridium-hydride 

complex (Scheme 7). Subsequent oxidative stress, i.e., ROS formation, results from the 

iridium-hydride intermediate that transfers its hydride to protons/organic acceptors 

or gets oxidised by oxygen to regenerate the Ir(III) catalyst. The increased NAD+/NADH 

ratio and oxidative stress, as the result of ROS formation, affect the cellular homeostasis, 

which likely renders the cells more sensitive towards the platinum-based drugs, 

inducing cell death. Interestingly, the catalyst was observed to be less potent in 

combination with the platinum-based drugs in healthy cells, introducing some degree 

of selectivity. 
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Scheme 7. Iridium(III)-catalysed oxidation of NADH to NAD+, via the formation of an iridium-hydride 

complex, to disrupt the NAD+/NADH and ROS ratios in Y79 and A549 cells.45 

 

The catalytic reduction of NAD+ to NADH was also explored with Ru(II) catalyst (7) and 

formate as the hydride source (Scheme 8),46 a reaction that is naturally performed by 

NAD-dependent formate dehydrogenases.47 Prior to in vitro experiments, the formation 

of the ruthenium-hydride intermediate from formate was supported by 1H NMR and 

mass spectrometry.46 The anticipated role of formate as the hydride source was further 

supported by incubation of the catalyst in A2780 cancer cells in the presence and 

absence of formate. A decrease in cell survival was observed for cells incubated with 

the catalyst, dropping from ca. 69% to 1% when the formate concentration was 

increased from 0 to 2 mM. The decrease in cell viability was ascribed to reductive stress 

disrupting the NAD+/NADH balance. 

 

 

Scheme 8. A ruthenium(II)-catalysed reduction of NAD+ to NADH performed in A2780 cells to disrupt 

the NAD+/NADH balance.46 

 

The combination of formate with chiral Os(II) catalysts (8 and 9) enabled the 

asymmetric transfer hydrogenation of natural metabolite pyruvate to afford 

enantioenriched lactate (Scheme 9).48 Although a significant decrease in cell 

proliferation was observed after exposure of A2780 cancer cells to the Os(II) catalysts 
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and formate (85%, independent of the employed catalyst enantiomer), the precise 

reason for cell death remains unclear as the formed lactate enantiomers were not toxic 

to cells up to 2 mM. However, disrupting local lactate concentrations in combination 

with the depletion of pyruvate may affect metabolic pathways. Also, potential side 

reactivity with other unsaturated endogenous substrates was not excluded. 

 

 

Scheme 9. Osmium(II)-catalysed asymmetric transfer hydrogenation of pyruvate in A2780 cells.48 

 

Besides natural substrates, new-to-nature substrates have also been employed in 

transition metal-catalysed transfer hydrogenation reactions performed in vitro and in 

vivo. The transformative potential of this reaction, e.g., reducing alkenes to alkanes or 

aldehydes to alcohols, provides a strategy for the controlled conversion of nonactive 

substrates, such as profluorophores and prodrugs, to their active analogues for reaction 

progress monitoring or treatment-based applications, respectively. Another attractive 

feature of this reaction is that Nature can provide the required hydride source, e.g., 

NADH or formate. However, one could argue that the dependence on such biomolecules 

disqualifies such reactions from being truly bioorthogonal. 

 

Do and co-workers developed an Ir(III) catalyst (10) to reduce aldehydes to alcohols in 

cells (NIH-3T3) (Scheme 10), which likely proceeds through an iridium-hydride 

complex formed by hydride transfer from NADH.49 A BODIPY-based probe was used as 

the substrate to monitor the reaction progress. Incubation of the cells with the probe 

and Ir(III) catalyst afforded a 1.6-fold fluorescence enhancement as a result of the 

aldehyde reduction. In the absence of the catalyst, no fluorescence enhancement was 

observed, confirming the role of the catalyst. The indispensability of NADH as the 

hydride source was studied by decreasing its concentration by the addition of pyruvate, 

a known inhibitor of NADH generation. No fluorescence increase was observed under 

these conditions, supporting the anticipated role of NADH as the hydride source. 
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Furthermore, exposure of the cells to the probes or catalyst did not adversely affect 

them, indicating that the reaction components are biocompatible. 

 

 

Scheme 10. Iridium(III)-catalysed aldehyde to alcohol reduction via hydride transfer from NADH, 

affording a BODIPY-based fluorophore in NIH-373 cells.49 

 

Mascareñas and co-workers reported on the Ru(IV)-catalysed isomerisation of allylic 

alcohols into saturated carbonyl derivates via redox neutral intramolecular hydride 

transfer in cells (HeLa, A549, and Vero) (Scheme 11).50 To monitor intracellular 

reaction progress, a new substrate was designed which becomes highly emissive after 

isomerisation to the ketone product (Scheme 11A). Treatment of the cells with the 

Ru(IV) catalyst (11) and profluorophore resulted in increased fluorescence intensity 

(38-fold), indicative of successful conversion to the fluorescent product. Control 

experiments with untreated cells confirmed that such an increase is a consequence of 

the intracellular formation of the product. The potency of the ruthenium-catalysed 

isomerisation reaction was further explored by the intracellular formation of a 

glutathione-depleting agent from a bis-allyl substrate (Scheme 11B). The substantial 

decrease of the intracellular GSH concentration by 40% was attributed to the formation 

of the α,β-unsaturated ketone, which has Michael-type reactivity towards thiols. 
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Scheme 11. Ruthenium(IV)-catalysed intracellular isomerisation of allylic alcohols into saturated 

carbonyl derivates, i.e., a fluorophore (A) and glutathione-depleting agent (B).50 

 

In an effort to develop a streamlined protocol to optimise the activity of an artificial 

transfer hydrogenase, Ward and co-workers explored the asymmetric transfer 

hydrogenation reaction on a self-immolative quinolinium substrate in the periplasm of 

E. coli whole cells.51 Upon N=C reduction, the quinolinium substrate undergoes 

self-immolation to release an iminoquinone-methide intermediate and the fluorophore 

umbelliferone (Scheme 12). While the electrophilic intermediate likely reacts further 

with nucleophiles in solution, e.g., water or amino acid residues on the protein surface, 

the fluorophore allows monitoring the reaction progress based on fluorescence 

measurements. The iridium-based ArM (12) successfully uncaged umbelliferone in the 

periplasm of E. coli, as apparent from the resulting fluorescence signal, albeit only 

under modified reaction conditions. Initial limited conversions were tentatively 

assigned to the presence of low concentrations of GSH, known as a catalyst poison to 

transition metal catalysts.52, 53 To prevent catalyst poisoning, the cells were treated with 

[Cu(gly)2] to catalyse GSH oxidation prior to the catalytic experiment. 
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Scheme 12. Iridium-catalysed release of the fluorophore umbelliferone from a self-immolative substrate 

in the E. coli periplasm employing artificial metalloenzyme 12.51 

 

Apart from (pro)fluorophores, prodrugs have also been successfully converted via 

catalytic transfer hydrogenation reactions. Qu and co-workers showed that chiral 

mesoporous silica-palladium NPs enable the enantioselective synthesis of ibuprofen in 

vitro (RAW264.7 cells) and in vivo (mice) (Scheme 13).54 These NPs were coated with a 

cytomembrane derived from neutrophils, which are immune cells that, upon activation, 

accumulate at inflammatory sites to enable site-selective targeting. Using formate as 

the hydride source, asymmetric hydrogenation of the C=C bond on the achiral prodrug 

(preIBU) with Pd(0) catalyst 13 afforded the pharmacologically active S-enantiomer of 

ibuprofen (S-IBU) in macrophage cells, effectively relieving lipopolysaccharide-induced 

inflammation. When performed in an inflamed mouse paw as an in vivo model, a 

decrease in inflammation over time was observed, further supporting the targeting 

capability of the catalyst, which preferentially accumulates in inflamed cells. 
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Scheme 13. A palladium(0)-catalysed asymmetric transfer hydrogenation from formate to prodrug 

preIBU performed in cells and living systems, affording the S-enantiomer of inflammatory agent 

ibuprofen (S-IBU).54 

 

New-to-nature reactions catalysed by new-to-nature catalysts 

Deallylation reactions 

After the introduction of the intracellular ruthenium-catalysed deallylation reaction by 

Meggers and co-workers (vide supra),31 many early examples of transition 

metal-catalysed new-to-nature reactions were devoted to so-called deprotection 

reactions. In this subcategory of new-to-nature reactions, the catalyst essentially 

mediates the cleavage of a small protecting group from a ‘deactivated’ substrate. 

Subsequent release of the ‘activated’ product, often a fluorophore or pharmacologically 

active molecule, can enable reaction monitoring or trigger cell death. The deallylation 

reaction, i.e., the cleavage of an allyloxycarbonyl (alloc) protecting group, is among the 

most reported deprotection reactions within the field. 

 

Meggers and co-workers followed up on their initial work, aiming for spatial control 

over the deallylation reaction. They reported a Ru(II) pre-catalyst (14) that can be 

activated with light in cells (HeLa) (Scheme 14).55 Upon light irradiation (λ ≥ 330 nm), 

pyrene is released, affording a Ru(II)+ complex which catalyses the cleavage of the alloc 

group. The reaction was performed with protected rhodamine as the substrate and 

thiophenol as a sacrificial nucleophile. After irradiation of the cells, the substrate was 

successfully deprotected, as suggested by the 70-fold increased fluorescence. Without 

the catalyst, no fluorescence was observed. The observed fluorescence distribution 

within the cellular cytosol further supported the membrane permeability of the 

catalyst. Concerning the bioorthogonality of the catalytic system, 61% of the cells were 

still viable 24 hours after the imaging procedure. 
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Scheme 14. A deallylation reaction of a profluorophore performed with a ruthenium(II) pre-catalyst 

which can be photo-activated in HeLa cells to afford a rhodamine fluorophore with spatial control.55 

 

Further development of the initial Ru(II) catalyst (1) afforded Ru(IV) catalyst 15 

(Scheme 15A).56 This catalyst possessed improved activity for the deallylation reaction 

of a new water-soluble protected fluorophore (TON: 1 = 4, 15 = 270, in aqueous 

medium). Although transition metal catalysts typically suffer from the presence of 

thiols (vide supra), Meggers and co-workers reported that the presence of strong, 

nucleophilic thiols, such as GSH, shifts the rate-determining step of the 

ruthenium-catalysed deallylation reaction from the allylation step (ii) towards the 

deprotection step (i) (Scheme 15B). Consequently, the activity of the catalytic system 

was greatly enhanced. In the same study, they expanded the scope of new-to-nature 

substrates by deprotecting a doxorubicin prodrug in HeLa cells (Scheme 15C). Whereas 

the prodrug has a significantly reduced overall affinity for DNA and does not affect the 

cells, the ruthenium-catalysed deprotection of this substrate (100 M) to the active 

anticancer drug decreased the cell survival to 2%. 
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Scheme 15. Mechanism of the ruthenium(IV)-catalysed deallylation reaction (B) and the deprotection of 

the drug doxorubicin in HeLa cells (C) with ruthenium(IV) catalyst 15 (A).56 

 

The ruthenium-catalysed deallylation reaction also found application in HER2-targeted 

cancer chemotherapy.57 Mao and co-workers reported on an anti-HER2 

affibody-equipped Ru(IV) catalyst (16), which selectively binds to the HER2 receptor 

on cancer cells (Scheme 16). Once installed, the catalyst regenerates active gemcitabine, 

a chemotherapy drug for cancer treatment, via the deprotection of the 

alloc-functionalised prodrug to the free primary amine. Upon release of the drug, which 

subsequently enters the cell, cell death was induced by DNA cleavage in combination 

with blockage of the HER2 signalling pathway by the catalyst. For in vivo experiments, 

zebrafish larvae were injected with modified, fluorescent HER2-positive SKBR-3 cells. 

The treatment of the larvae with the prodrug and catalyst decreased the cell 

fluorescence by 78% as the result of cell death. This observation confirmed the 

formation of the cytotoxic product via the ruthenium-catalysed deallylation reaction.  
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Scheme 16. An anti-HER2 affibody equipped Ru(IV) catalyst mediating the deallylation of a gemcitabine 

prodrug in SKBR-3 cells.57 

 

Apart from fluorophores and drugs, several DNA binders have been successfully 

deprotected via the ruthenium-catalysed deallylation reaction in cells (CEF, A2780) 

(Scheme 17).58 Two DNA binding agents: 4′,6-diamidino-2-phenylindole (DAPI; A) and 

phenyl aza-pentamidine (B) were selected for intracellular experiments because of 

their intrinsic fluorescence. Incubation of cells with the dialloc-protected DAPI 

derivative resulted in blue staining of the whole cells, indicating an even distribution of 

the inactive DNA binder. Upon treatment with Ru(II) catalyst 1, a redistribution of the 

blue stain from the cytoplasm to the cell nucleus was observed, consistent with the 

deprotection of the DNA binder and its subsequent interaction with DNA. The presence 

of sacrificial thiol was required to enable the reaction, in line with previous reports on 

this catalytic system. Based on these intracellular experiments, the authors postulated 

that the protection of crucial functional groups renders significantly less potent DNA 

binding agents. To investigate whether such a decrease in DNA binding also 

accompanies a decreased biological effect, which is important for biomedical 

applications, they evaluated the activity of the dialloc-protected phenyl 

aza-pentamidine binder (Scheme 17B). The dialloc-protected DNA binder indeed 

afforded a 10-fold decreased inhibitory effect compared to the unprotected DNA binder 

in combination with the Ru(II) catalyst. In other words, the protected DNA binder is less 

potent. This result supports the potential of controlled activation of DNA binding agents 

for regulated DNA transcription via the transition metal-catalysed deallylation reaction. 
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Scheme 17. A ruthenium(II)-catalysed deallylation of dialloc-protected DNA binding agents performed 

in CEF and A2780 cells.58 

 

Ward and co-workers employed the deallylation reaction to release the naturally 

occurring thyroid hormone triiodothyronine for regulation of a gene switch in modified 

HEK-293T cells (Scheme 18).59 They prepared a biotinylated Ru(II) complex to catalyse 

the deallylation reaction, and a biotinylated cell-penetrating poly(disulfide) (CPD) 

moiety bearing a TAMRA fluorophore to ensure cell permeability and monitor cellular 

uptake. Incorporation of both cofactors into streptavidin (Sav) afforded ArM 17. To 

ensure the cell permeability of the alloc-protected hormone, the carboxylic group was 

esterified with an acetoxymethyl group. After diffusion of the protected hormone into 

the cytosol, endogenous esterases rapidly hydrolyse the acetoxymethyl group, 

affording the alloc-protected hormone for further reaction with 17. The catalytic 

experiments were performed with cells that were redesigned to produce a 

bioluminescent reporter via upregulation of a gene circuit triggered by the deprotected 

hormone. Hence, increased fluorescence from cells treated with the catalyst and 

substrate confirmed the successful deallylation of the alloc-protected hormone. In 

contrast, treatment of the cells with solely the Ru(II) catalyst did not afford such an 

increase. Moreover, the catalytic system is fully bioorthogonal, as no critical cytotoxicity 

was observed for the intracellular cascade reaction and cell‑penetrating ArM. 
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Scheme 18. A ruthenium-based artificial metalloenzyme for the deallylation reaction of the 

alloc-protected hormone triiodothyronine, which triggers fluorescence of modified HEK-293-T cells.59 

 

Depropargylation reactions 

Other often explored protecting moieties are propargyl and propargyloxycarbonyl 

groups. Depropargylation reactions are generally performed with palladium-based 

catalysts, of which many have been introduced to cells and living systems by now. 

 

Efforts from Bradley and co-workers afforded a library of NHC-palladium catalysts for 

the depropargylation of a protected anticancer drug inside cells (MCF-7).60 

Propargyl-protected 5-fluorouracil was successfully released in the presence of a 

glycine-linked Pd(II) catalyst (18; Scheme 19). The palladium-catalysed deprotection 



 

32 

 

of the drug led to ca. 45% reduced cell viability, a result that is comparable to cells 

treated solely with the drug. The catalyst proved relatively nontoxic (84% cell viability 

at 10 M concentration), so the reaction was also performed in a more representative 

3D cancer model (MCF-7 spheroids). Treatment of the spheroids with prodrug and 

catalyst proved equally destructive as treatment with the unprotected drug, indicating 

successful depropargylation of the substrate. In the absence of the prodrug or catalyst, 

no effect on the viability of the spheroids was observed. 

 

 

Scheme 19. A palladium(II)-catalysed depropargylation of propargyl-protected 5-fluorouracil (5-FU) 

performed in MCF-7 spheroid cells.60 

 

The NHC-palladium-based catalytic system has been further adapted to allow 

monitoring of the reaction progress as well as targeted localisation of the catalyst in 

cancer cells (PC-3) (Scheme 20).61 More specifically, propargyloxycarbonyl-protected 

rhodamine was used as a profluorophore. The NHC ligand of the employed Pd(II) 

catalyst was equipped with tri-lysine, a cell-penetrating peptide. This peptide was 

further functionalised with fluorophore FAM (19) or Cy5 (20). With the aid of the FAM 

fluorophore, 19 was localised inside the cytosol of the cells and the nucleus, supporting 

the anticipated cell-penetrating property of the catalyst. The catalytic depropargylation 

activity was further investigated by treatment of the cells with 20. Fluorescence 

microscopy confirmed the presence of the catalyst and the deprotected fluorophore 

within the cytoplasm. The low cytotoxicity towards the cells supported the 

biocompatibility of the catalyst. 
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Scheme 20. A palladium(II)-catalysed depropargylation reaction performed in PC-3 cells to release 

propargyloxycarbonyl-protected rhodamine. Note that the palladium catalyst is equipped with a 

cell-penetrating peptide functionalised with a fluorophore; FAM or Cy5, for intracellular catalyst 

localisation.61 

 

Huang and co-workers reported a somewhat more advanced application of the 

depropargylation reaction.62 They developed a novel prodrug activation strategy in 

which a Pt(IV) complex is ‘masked’ by O2-propargylated diazeniumdiolate, a new class 

of deprotection reaction-based nitric oxide (NO) prodrugs (Scheme 21). Although this 

catalyst/prodrug hybrid is relatively stable in healthy cells, high concentrations of 

cytoplasmic reductants reduce the Pt(IV) complex to release cisplatin (21) and 

O2-propargylated diazeniumdiolate when introduced to cancer cells. The Pt(II) catalyst 

then deprotects the nitric oxide prodrug, releasing NO. Besides NO release, cisplatin 

induces nuclear DNA platination, presenting an additional mechanism towards cell 

death. The platinum-catalysed prodrug activation strategy was successfully performed 

in cancer cells (A2780), where the pre-catalyst/prodrug hybrid has higher toxicity than 

in healthy cells (IOSE80). 
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Scheme 21. Novel prodrug activation strategy to release nitric oxide via the platinum(II)-catalysed 

depropargylation reaction performed in A2780 cells.62 

 

The depropargylation reaction also proved helpful in regulating the activity of 

intracellular proteins. For example, Chen and co-workers utilised a 

propargyloxycarbonyl protecting group to mask a lysine residue from an intact protein 

in cancer cells (HeLa) (Scheme 22).63 The cells were treated with nontoxic Pd(II) 

catalyst 22 to initiate the depropargylation reaction and reactivate the masked protein. 

To quantify the efficiency of the reaction, a fluorescent azide-Cy3 handle was installed 

to the terminal alkyne moiety of the propargyloxycarbonyl protecting group via a click 

reaction. This reaction was performed before (as a reference) and after the 

palladium-catalysed depropargylation reaction. By comparing the relative 

fluorescence, a moderate efficiency of 31% could be derived. Nonetheless, the authors 

successfully harnessed the palladium-catalysed depropargylation reaction to control 

the activation of a given protein without denaturation. 
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Scheme 22. Activating intracellular proteins via the palladium(II)-catalysed depropargylation reaction 

of propargyloxycarbonyl-protected lysine in HeLa cells. To quantify the efficiency of the reaction, a 

clickable fluorescent azide-Cy3 handle was introduced after catalytic experiments and compared with 

the reference experiment.63 

 

Other deprotection reactions and strategies 

Apart from deallylations and depropargylations, a few other deprotection reactions 

have been performed with new-to-nature transition metal catalysts. Similar to the 

depropargylation reaction, the cleavage of allenyl groups has been employed to rescue 

enzyme activity (Scheme 23).64 Thus far, many deprotection reactions focused on 

liberating the protected side chain of lysine on a given protein. In contrast, Chen and 

co-workers continued their previous work by installing an allene-based protecting 

group on a tyrosine residue to restore its activity upon palladium-catalysed cleavage. 

Several palladium catalysts were explored inside HEK293T cells, but the previously 

reported Pd(II) catalyst 22 proved most active, effectively restoring enzyme activity by 

allenyl group cleavage. The same reaction was successfully performed on other 

deactivated proteins, rescuing protease and phosphorylation activity upon incubating 

the cells with 22 or 23. 



 

36 

 

 

Scheme 23. Activating intracellular proteins via the palladium(II)-catalysed cleavage of an allenyl 

protecting group installed on tyrosine in HEK293T cells.64 

 

It is also worth mentioning that there is an increased interest in the cleavage of internal 

linkers rather than terminal groups. Such linkers can be used to gain spatial control 

over prodrug activation by attaching a prodrug to an antibody, which targets its 

complementary antigen. Such structures are known as antibody-drug conjugates and 

have been explored by Chen and co-workers, among others. They showed that 

doxorubicin can be protected by a propargyl group, installed on its C-3′ amino group, 

that is covalently linked to a small peptide that targets the HER2 receptor on SKBR-3 

cells (Scheme 24).65 They selected a Cu(I) catalyst (24) to release doxorubicin from the 

affibody via a depropargylation reaction, which resulted in toxicity levels comparable 

to the unprotected drug, confirming the anticipated activity of the catalyst. Similarly, 

etoposide, a topoisomerase inhibitor used for cancer treatments, could be released 

from the affibody upon depropargylation of the protected phenol group. The presented 

methodology was also successfully employed for reversible cell surface modification 

and site-specific, reversible mutagenesis to precisely modulate ligand-receptor 

interactions on a cell surface. 
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Scheme 24. Spatially controlled, copper(I)-catalysed release of doxorubicin from the affibody conjugate 

via an internal depropargylation reaction performed in SKBR-3 cells.65 

 

Azide reductions 

Aromatic amines are frequently encountered motifs in drugs and fluorophores. With 

azides as well-established bioorthogonal chemical reporters (vide supra), the catalytic 

reduction of azides to primary amines presents an interesting strategy in which azides 

are employed as catalytically activatable protecting groups. Hence, the azide reduction 

reaction sparked the interest of chemists working on alternative pathways to activate 

profluorophores and prodrugs via functional group modifications. 

 

Among others, Meggers and co-workers explored the potency of this reaction in vitro 

(HeLa cells) and in vivo (nematodes, zebrafish) with use of a Fe(III) catalyst (25) and a 

cellular thiol as the reducing agent (cysteine) (Scheme 25).66 Bis-azide protected 

rhodamine was used as the substrate. After treatment of the cells with this 

profluorophore and the catalyst, the iron-catalysed reduction to the fluorophore 

resulted in an apparent 28-fold enhancement of the fluorescence signal. However, in 

vivo experiments revealed the metabolic reduction of the aromatic azides as a limitation 

of the method. The characteristic fluorescence of the rhodamine fluorophore was 

already detected prior to the introduction of the catalyst, of which subsequent addition 

had no significant effect on the signal. 
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Scheme 25. An iron(III)-catalysed azide reduction of a rhodamine profluorophore performed in cells and 

living systems.66 

 

Nonetheless, the catalytic azide reduction has found various intracellular applications. 

Winssinger and co-workers reported on a photocatalytic azide reduction reaction with 

the use of a ruthenium-based ArM (26) in bacteria (PA01) and cancer cells (MCF-7, 

BT-474) (Scheme 26A).67 They prepared a Ru(II) catalyst with a biotin-functionalised 

phenanthroline ligand and an azide-protected rhodamine profluorophore, also 

covalently linked to biotin. Incorporating both components into acetyl CoA carboxylase 

(ACC), a multi-component protein that utilises biotin as a cofactor, afforded the ArM 

with both components in close proximity. Upon visible light irradiation (455 nm), the 

excited Ru(II)* complex can be quenched reductively by a reducing agent (e.g., sodium 

ascorbate) to generate Ru(I) (Scheme 26B).68 This intermediate likely reduces the azide 

on the profluorophore through single-electron transfer, affording an azide radical anion 

and regeneration of the Ru(II) catalyst. Subsequent release of nitrogen in combination 

with a protonation step affords an aminyl radical, which may undergo a radical addition 

via sodium ascorbate to generate the amine. When performed in bacteria, the 

ruthenium-catalysed photocatalytic azide reduction afforded fluorophore release as 

indicated by the 8-fold increase in fluorescence.67 Notably, no sodium ascorbate was 

needed, as naturally occurring NADH presumably acted as a reducing agent. The 

reaction was also performed in cancer cells with different expression levels of ACC; a 

more apparent fluorescence signal was observed from BT-474 cells than from MCF-7 

cells, where ACC is relatively less abundant. Because of the observed strong 

discrimination between the template and untemplated reaction (over 30-fold), this 

transition metal-catalysed reaction can thus be used to image oligomeric receptors such 

as ACC. 
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Scheme 26. A templated ruthenium(II) catalyst 26 (A) for the ruthenium(II)-photocatalysed azide 

reduction reaction (B) to release a rhodamine fluorophore in cells and living systems.68 

 

The same authors reported on the labelling of proteins with a fluorescent 

ruthenium-based photocatalyst for the direct visualisation and photocatalytic 

reduction of aromatic azides in cells (HEK293T, MCF-7, U2OS) (Scheme 27).69 For this 

study, the phenanthroline ligand of a Ru(II) catalyst (27) was equipped with specific 

moieties to target, among others, membrane- or nucleus-associated proteins. When 

incubated in cells, the catalyst could be localised through luminescence imaging. 

Subsequent irradiation with visible light (450 nm), afforded the photocatalytic 

reduction of a newly designed azide-protected precipitating dye, which generates 

fluorescent crystals at the targeted location that can be observed with the naked eye. 

For example, to target a membrane-associated tyrosine kinase receptor (EGFR), the 

Ru(II) catalyst was equipped with its respective inhibitor. Treatment of modified 

HEK293T cells, expressing EGFR, with the catalyst and profluorophore resulted in a 

clear fluorescent signal around the cell membrane upon irradiation with light. The 

absence of fluorescence in unmodified HEK293T cells suggested that the ruthenium-

catalysed fluorophore release was successful and restricted to protein localisation. 
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Scheme 27. Release of a precipitating dye via a ruthenium(II)-photocatalysed azide reduction reaction.69 

 

Click reactions 

The cycloaddition reaction of azides and alkynes to triazoles (AAC) is celebrated in 

bioorthogonal chemistry (vide supra). The excellent bioorthogonality, selectivity, and 

limited toxicity of the nonnatural alkyne and azide functionalities and the resulting 

triazole product make the reaction highly compatible with the cellular environment. To 

expand the substrate scope of the reaction towards broader applications and improve 

the reaction kinetics, transition metal catalysts have been employed. Most transition 

metal-catalysed click reactions involve Cu(I) catalysts (CuAAC), which are often, but not 

necessarily, generated in situ from a Cu(II) pre-catalyst and a reducing agent such as 

sodium ascorbate. 

 

Mascareñas and co-workers reported the first intracellular CuAAC reaction to 

synthesise a fluorophore from two new-to-nature substrates (Scheme 28).70 With use 

of a discrete Cu(I) catalyst (28), 9-(azidomethyl)anthracene and propargyl alcohol 

were successfully coupled to generate a blue fluorescent triazole probe in different cell 

lines (HeLa and A549), without the need for sodium ascorbate. Cell toxicity studies 

revealed the limited toxicity of the catalyst as over 70% viability was observed after 

treatment of the cells. 
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Scheme 28. A copper(I)-catalysed intermolecular click reaction of two new-to-nature substrates to 

synthesise a fluorophore in HeLa and A549 cells.70 

 

A similar discrete Cu(I) catalyst (29) has been studied by Cai and co-workers.71 They 

performed the CuAAC reaction to label proteins with a coumarin dye and evaluated the 

catalyst’s performance extracellularly (on the cell surface; Scheme 29) and 

intracellularly (HUVEC, OVCAR5 cells). The proteins were metabolically modified with 

homopropargylglycine to generate the alkyne reporter. A biotin-coumarin-azide 

conjugate was used as the second substrate. In this conjugate the coumarin moiety 

serves as a fluorescent probe, which is activated upon triazole product formation with 

the alkyne moiety. The biotin moiety can be used as a handle to attach an additional 

functional moiety via biotin–avidin interactions. The catalyst was equipped with a 

cell-penetrating peptide (Tat), which resulted in increased efficiency and cellular 

uptake with respect to the unfunctionalised catalyst. Treatment of the cells with 29 

resulted in the labelling of the membrane and cytosolic proteins via the CuAAC reaction 

as apparent from the fluorescence, albeit with low yields (18% and 0.8%, respectively). 

Deactivation of the catalyst by thiols in the cytosol was considered the primary reason 

for the low yield. Nonetheless, 75% of the cells remained viable, for which the system 

can be considered as bioorthogonal. 

  



 

42 

 

 

Scheme 29. Labelling of membrane proteins via the copper(I)-catalysed azide-alkyne cycloaddition in 

HUVECs and OVCAR5 cells. Note that the copper catalyst is equipped with cell-penetrating peptide Tat.71 

 

Besides discrete Cu(I) complexes, larger, composite transition metal catalysts have 

been utilised to generate bioactive triazoles in the context of prodrug activation studies. 

For example, Zhang and co-workers described the intracellular synthesis of a 

triazole-containing anticancer agent, a combretastatin-A4 analogue, with a 

nanocopper-doped cross-linked lipoic acid nanoparticle catalyst (30) in cancer cells 

(HeLa) (Scheme 30).72 The copper-based catalyst was constructed from cross-linked 

lipoic acid NPs, which were subsequently treated with copper and a reducing agent to 

generate the copper-doped NP. The authors carefully selected lipoic acid, a coenzyme 

in mitochondria, as a supporting material for good biocompatibility. Notably, the rugby 

ball-like morphology of the NPs was observed to improve the cellular uptake, boosting 

the intracellular catalytic performance. Treatment of the cells with the biocompatible 

catalyst and azide- and alkyne-bearing substrates resulted in significant cell growth 

inhibition, suggesting the copper-catalysed formation of the desired anticancer agent. 
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Scheme 30. A copper(I)-catalysed intermolecular click reaction of two new-to-nature substrates to 

synthesise a combretastatin-A4 analogue in HeLa cells.72 

 

Along this line, localised drug synthesis in mitochondria was achieved through a 

site-specific CuAAC reaction catalysed by copper NPs trapped in a MOF (Scheme 31).73 

The Cu(0) catalyst (31) was equipped with a well-known mitochondria-targeting 

group: 3-carboxypropyltriphenylphosphonium bromide (TPP) to enable localised drug 

synthesis in subcellular organelles. Resveratrol, a pharmacologically active molecule 

that causes mitochondrial damage and can be used for cancer treatment, was selected 

as the targeting product. Two substrates containing an azide and alkyne moiety were 

prepared, showing negligible cell toxicity (MCF-7). After incubation of the cells with the 

catalyst and these substrates, a considerable ~3-fold decrease in cell viability was 

observed with respect to the cells that were not treated with the catalyst but only the 

substrates. Localisation of the catalyst in the mitochondria and mitochondrial damage 

were confirmed, indicative of the copper-catalysed localised drug formation. Notably, 

the performance of the reaction in mice tumour models suggested that the localised 

synthesis of the anticancer drug resulted in enhanced antitumour efficacy with less side 

effects. 
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Scheme 31. A copper-catalysed intermolecular click reaction of two new-to-nature substrates to 

synthesise a Resveratrol analogue in MCF-7 cells. The copper nanoparticles are hosted by a MOF, 

equipped with a mitochondria-targeting group.73 

 

Zimmerman and co-workers developed copper-containing metal-organic nanoparticles 

(MONPs) for the synthesis of an antimicrobial agent via an intracellular CuAAC reaction 

(NCI-H460 and MDA-MB-231 cells).74 The Cu(I) catalyst (32; Scheme 32) was 

synthesised via copper(II)-mediated cross-linking of aspartate-containing polyolefins 

and subsequent in situ reduction with sodium ascorbate. Initially, coumarin-based 

fluorophores were assembled via the CuAAC reaction to monitor the reaction progress 

based on the resulting fluorescence. Treatment of the cells with the substrates, Cu(II) 

pre-catalyst, and sodium ascorbate resulted in a ~8-fold fluorescence increase 

compared to cells not treated with the catalyst. The generated Cu(I) catalyst 

demonstrated limited toxicity. Motivated by this result, the potency of the catalyst to 

assemble an antimicrobial agent was further explored in E. coli (Scheme 32). Incubation 

of the bacteria with the catalyst, sodium ascorbate, azide, and alkyne substrates, 

resulted in strong inhibition of cell growth, suggesting the formation of the product. 

Control experiments in which one or more components were left out resulted in 

minimal inhibitory effects. 
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Scheme 32. A copper-catalysed intermolecular click reaction of two new-to-nature substrates to 

synthesise an antimicrobial agent in cells and living systems.74 

 

Other cycloadditions 

Transition metal-catalysed new-to-nature cycloadditions are not limited to 

copper-catalysed click reactions. For example, Mahy and co-workers performed a [4+2] 

cycloaddition between pentadiene and azachalcone around the surface of HEK-293 

cells (Scheme 33).75 This Diels-Alder reaction was used as a model reaction to evaluate 

the potential of the receptor-based ArM developed in this study. The ArM (33) was 

constructed from an interaction between the wild-type human A2A adenosine receptor 

that can be found in the cytoplasmic membrane of cells and its strong antagonists 

covalently linked to a Cu(II) catalyst. The antagonist-catalyst hybrids were incubated in 

modified and unmodified HEK-293 cells to confirm the assembly of the receptor-based 

ArM prior to catalysis experiments. The Diels-Alder reaction was successfully 

performed in modified cells (HEK-A2A) whereby the ArM (42% yield, 14% ee) 

outperformed the system in which the antagonist-catalyst hybrid was not incorporated, 

as justified from experiments with unmodified HEK-293 cells (16% yield, no ee). After 

reaction completion, 85% of the cells were still viable and could be cultured to new cell 

batches that maintained A2A expression, indicating high biocompatibility of the ArM. 
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Scheme 33. A copper(I)-catalysed [4+2] cycloaddition between pentadiene and azachalcone as a model 

reaction to monitor the performance of receptor-based ArM 33 in modified HEK-293 cells.75 

 

Mascareñas and co-workers further expanded the scope to ruthenium-catalysed intra- 

and intermolecular [2+2+2] cycloadditions to synthesise fluorophores and secondary 

metabolites in cells (HeLa).76 Initial efforts focused on the formation of a fluorescent 

probe via the intramolecular cycloaddition of triyne with two biocompatible 

ruthenium-based complexes: 1 and Ru(IV) catalyst 34 (Scheme 34A). After incubation 

of the cells with the substrate and catalysts, the apparent fluorescence suggested the 

formation of the pentacyclic product. Notably, treatment of the cells with cationic 

Ru(IV) complex 34 resulted in 3-fold higher fluorescence intensity than those treated 

with 1. The better intracellular performance of the Ru(IV) catalyst, which is likely 

reduced to an active Ru(II) complex in situ, was explained by improved cellular uptake 

and tolerance. Next, anthraquinones were targeted via an intermolecular [2+2+2] 

cycloaddition of bis-propargylic ketones and alkynes (Scheme 34B). Anthraquinone 

skeletons form the core of many secondary metabolites that are not naturally produced 

by mammalian cells. Incubation of the cells with the substrates and catalyst resulted in 

an intense intracellular fluorescent red staining, resulting from the 

aggregation-induced emission properties of the anthraquinone product. Hence, the 

ruthenium-catalysed intermolecular cycloaddition was successfully achieved without 

compromising cell viability by the substrates or formed product. 
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Scheme 34. Ruthenium(IV)-catalysed intra- and intermolecular [2+2+2] cycloadditions of 

new-to-nature substrates performed in HeLa cells to synthesise a fluorophore (A) and secondary 

metabolite analogue (B).76 

 

Intramolecular hydroarylations and hydroaminations 

New-to-nature intramolecular cyclisation reactions in cells have been mainly explored 

with gold-based catalysts. The ability of gold to react with unsaturated functional 

groups such as alkynes77 presents an exciting opportunity to target these bioorthogonal 

and nonnatural functionalities for reactions other than the CuAAC. Specifically, 

alkyne-involving cyclisation reactions, such as intramolecular hydroarylations and 

hydroaminations, can be useful to activate fluorophores and drugs via the formation of 

a bond rather than the cleavage of a bond, presenting an alternative route to generate 

such compounds. Despite the cytotoxicity of gold salts and their potential deactivation 

by native thiols, gold-catalysed cyclisations have found several intracellular 

applications. 

 

Zhou and co-workers reported on a new bioorthogonal activation approach of an Au(I) 

catalyst to generate a highly emissive fluorophore in vitro (A549) and in vivo (zebrafish) 

via a transmetallation/hydroarylation sequence (Scheme 35).78 In this study, the 

authors selected a NHC-gold-alkyne complex which displays high stability against thiols 

and is nontoxic to cells. This inactive Au(I) pre-catalyst can be activated via a 

palladium-catalysed transmetallation reaction in which the phenylacetylene ligand is 

transferred to a Pd(II) complex, releasing the Au(I) catalyst (35). The resulting 

Pd(II)-alkyne complex further undergoes reductive elimination, affording a Pd(0) 
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species and 1,4-diphenylbuta-1,3-diyne. More importantly, the released Au(I) catalyst 

(35) can now catalyse the hydroarylation of a coumarin profluorophore to its 

fluorescent product, which was explored in vitro and in vivo. Treatment of cells and 

zebrafish with the substrate, pre-catalyst, and palladium complex resulted in an 

increased fluorescence compared to cells and zebrafish treated with an incomplete set 

of reaction components, e.g., without the pre-catalyst. As apparent from the intact cell 

morphology, the treatment was nontoxic to cells. However, longer incubation of the 

Au(I) catalyst did induce cytotoxicity and angiogenesis perturbation in the zebrafish, 

for which the intrinsic activity of the catalyst was further explored. 

 

 

Scheme 35. Synthesis of a fluorophore in A549 cells and zebrafish via a transmetallation/hydroarylation 

sequence generating Au(I) catalyst 35.78 

 

Tanaka and co-workers explored the gold-catalysed hydroarylation reaction for the 

release of anticancer drug doxorubicin in cancer cells (HeLa, A549, and PC3) (Scheme 

36).79 They modified the drug with an 2-alkynylbenzamide protecting group, which 

could be removed upon a cyclisation reaction catalysed by coumarin-modified, nontoxic 

Au(I) catalyst 36. The resulting secondary amine undergoes a spontaneous 

1,6-elimination, eventually releasing the drug. In cells, the addition of the catalyst to the 

doxorubicin prodrug resulted in decreased cell viability, suggesting the successful 

release of the drug. Interestingly, the gold-catalysed deprotection reaction could take 

place in parallel to the ruthenium-catalysed deallylation and palladium-catalysed 

depropargylation reaction, which could be interesting for combination treatment. This 

reaction orthogonality was however not yet demonstrated in cells.  
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Scheme 36. Release of doxorubicin via a gold(I)-catalysed hydroarylation reaction followed by a 

spontaneous 1,6-elimination.79 

 

In addition to gold-catalysed intramolecular hydroarylations, intramolecular 

hydroaminations have also been performed intracellularly. Tanaka and co-workers 

reported on the conversion of a prodrug to an anticancer drug mimic via a 

hydroamination reaction catalysed by a gold-based ArM (37) in A549 cells (Scheme 

37).80 They selected a phenanthridinium-based anticancer drug as a target compound 

for which they synthesised a representative prodrug. Incubation of the cells with the 

prodrug and the ArM reduced cell growth in a concentration-dependent manner. 

Notably, the ArM was nontoxic, whereas the nonencapsulated Au(I) catalyst displayed 

apparent cytotoxicity. The ArM also outperformed the Au(I) cofactor concerning 

potency. Namely, to reach a decrease in cell growth of 50%, 0.63 M of the ArM was 

required versus 2.5 M of the Au(I) catalyst. These results highlight the hypothesised 

protective function of the protein scaffold, maintaining the reactivity of the Au(I) 

catalyst, which is sensitive to cell metabolites such as GSH. 
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Scheme 37. A gold(I)-catalysed intramolecular hydroamination reaction performed with artificial 

metalloenzyme 37 to afford a of phenanthridinium-based anticancer drug in A549 cells.80 

 

Cross-coupling reactions 

In organic laboratories, transition metal-catalysed cross-coupling reactions are 

typically employed to generate carbon-carbon bonds in a controlled and efficient 

manner.81 As these reactions present interesting opportunities for labelling purposes 

or the intracellular synthesis of drugs and fluorophores, it was only a matter of time 

before this new-to-nature reaction class was explored in biological settings. 

 

Lin and co-workers performed a palladium-catalysed copper-free Sonogashira 

cross-coupling reaction for selective protein functionalisation in E. coli cells (M15A) 

(Scheme 38).82 Ubiquitin (Ub) was chosen as a protein model because of its small size 

and robust fold. The protein was expressed with one homopropargylglycine (HPG) at 

its C-terminus, serving as a coupling reagent. A fluorescein iodide was used as the other 

coupling reagent to monitor the reaction progress by fluorescence. Based on screening 

several pyrimidine-based ligands in aqueous medium, palladium(II) complex 38 was 

selected as the best candidate for in vivo experiments. Incubation of 

HPG-Ub-overexpressing cells with the substrate and Pd(II) catalyst resulted in 

apparent green fluorescence upon excitation (λ = 365 nm). Cells not treated with the 

catalyst showed no fluorescence, suggesting that the cross-coupling of the fluorescein 

iodide to the modified protein is mediated by 38. Nonetheless, some toxicity of the 

catalyst and catalyst/iodine mixture to the E. coli cells was observed. This toxicity could 

be reduced by preactivation of the catalyst/iodine mixture with sodium ascorbate prior 

to treatment of the cells. 
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Scheme 38. A palladium(II)-catalysed copper-free Sonogashira cross-coupling reaction for selective 

protein functionalisation in E. coli cells.82 

 

Rappsilber and co-workers developed a palladium-based metallopeptide to perform a 

Suzuki-Miyaura cross-coupling for the synthesis of an anticancer drug, alongside a 

depropargylation reaction of another anticancer prodrug, to achieve combination 

therapy in A549 cancer cells (Scheme 39).83 To generate the catalyst, a small peptide 

was equipped with methyl salicylate because of its well-known palladium chelating 

properties. Hence, incubating the functionalised peptide with a palladium salt afforded 

palladium-based metallopeptide 39. The anticancer drug linifanib was selected as one 

of the targeted products. This drug inhibits the receptor of tyrosine kinases and can be 

synthesised via a Suzuki-Miyaura cross-coupling between the respective aryl halide- 

and aryl boronic ester-equipped reaction components. The depropargylation reaction 

was performed on a propargylated paclitaxel prodrug, of which the activated analogue 

is a highly potent microtubule inhibitor recommended for treating the most common 

cancers. The efficiency of the dual drug synthesis/prodrug activation strategy was 

evaluated by incubating the cells with several combinations of reaction components. 

Treatment of the cells with the catalyst and prodrug resulted in a cell viability decrease 

to 67%, and treatment of the cells with the catalyst and cross-coupling reagents 

resulted in a decrease to 61%. The incubation of the cells with solely the catalyst, 

prodrug, or cross-coupling substrates did not induce any cell death, which confirms that 

the palladium-catalysed Suzuki-Miyaura cross-coupling and depropargylation 

reactions afforded the respective anticancer drugs. Notably, simultaneous treatment of 
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the cells with the catalyst, prodrug, and cross-coupling substrates caused cell viability 

to decrease to 28%, pointing towards a synergic effect when combining deprotection 

and cross-coupling chemistry. 

 

 

Scheme 39. A palladium-based metallopeptide (39) mediating combination therapy in A549 cells, which 

involves the synthesis of anticancer drug linifanib via a Suzuki-Miyaura cross-coupling reaction alongside 

the depropargylation reaction of a protected paclitaxel anticancer drug.83 

 

The scope of cross-coupling reactions was further expanded by Weissleder and 

co-workers who reported on the intracellular synthesis of a coumarin-based 

fluorophore, 7-diethylaminocoumarin, via a palladium-catalysed intramolecular Heck 

reaction (Scheme 40).84 They encapsulated a Pd(II) pre-catalyst in a bioorthogonal 

polymeric nanoformulation via a single-step nanoprecipitation method to afford the 

Pd(0) catalyst employed in this studies (40). The profluorophore of the fluorescent 

coumarin-based product was incubated in HT1080 cells with the catalyst. The apparent 

increase in intracellular coumarin fluorescence, which remains absent when cells are 

treated with only one of the two components, supported the palladium-catalysed 

intramolecular Heck reaction to have occurred. 
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Scheme 40. A palladium(0)-catalysed Heck reaction preformed in HT1080 cells to synthesise a 

coumarin-based fluorophore.84 

 

Olefin metathesis 

Besides cross-coupling reactions, ruthenium-catalysed olefin metathesis is an 

often-applied tool for achieving carbon-carbon bonds in an inter- or intramolecular 

fashion.85 Ring-closing metathesis presents an alternative strategy to synthesise a drug 

from the respective prodrug, but also cross-metathesis could be interesting for 

targeting and monitoring natural substrates bearing alkenes. Hence, there is great 

interest in further developing transition metal catalysts that enable these 

new-to-nature reactions in cells and living systems. It should however be mentioned 

that only a handful of catalytic systems have been presented to date, all relying on ArMs. 

 

Ward and co-workers developed a ruthenium-based ArM to perform ring-closing 

metathesis in vivo (E. coli) (Scheme 41).86 The second-generation Hoveyda–Grubbs 

catalyst was selected and functionalised with biotin to enable incorporation into Sav, 

via the well-developed biotin–streptavidin technology, affording 41. With the Ru(II) 

catalyst sensitive to deactivation by native thiols, such as GSH, the authors designed a 

strain to express Sav (Savperi) in the E. coli periplasm. Within the periplasm, GSH is 

mainly oxidised, presenting a more suitable environment for catalytic experiments. To 

monitor the ruthenium-catalysed olefin metathesis reaction, a nonfluorescent 

profluorophore of umbelliferone was synthesised. Without the ArM, no E. coli-derived 

background metathesis activity was observed, whereas incubation of the E. coli cells 

bearing the ArM with substrate afforded a fluorescent signal revealing detectable 

metathesis activity. Notably, in the absence of Sav, the free Ru(II) catalyst is largely 
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inhibited, not presenting any metathesis activity in vivo. This result highlights the 

protective function of the protein host against thiols. 

 

 

Scheme 41. A ruthenium-based artificial metalloenzyme that enables a ring-closing metathesis reaction 

in E. coli, generating a umbelliferone fluorophore.86 

 

Tanaka and co-workers explored the olefin metathesis reaction to synthesise an 

anticancer drug via a metathesis/aromatisation sequence, both in vitro (HeLa cells) and 

in vivo (mice) (Scheme 42).87 Combretastatin-A4 was selected as a target drug, given 

that it is known to disrupt tumour growth. The authors synthesised a 

naphthylcombretastatin-based prodrug, which forms a highly active chemotherapeutic 

agent, i.e., a synthetic analogue of combretastatin-A4, via sequential 

ruthenium-catalysed ring-closing metathesis and aromatisation. They employed a 

glutathione-resistant and cancer cell-targeting glycosylated albumin-based ArM (42) 

composed of a Hoveyda–Grubbs catalyst anchored into the protein's hydrophobic 

binding pocket. For in vitro studies, first, the chemotherapeutic activity of the target 

drug and prodrug were investigated against various cancer cell lines. Excellent 

chemotherapeutic activity was observed for the drug in the nanomolar range, whereas 

the prodrug was relatively less toxic with activities in the micromolar range. Among the 

different cell lines, the drug was most potent towards HeLa cells, which were therefore 

used in further studies. Treatment with varying concentrations of the ArM and the 

prodrug resulted in significant reductions in cell growth (~50% with 4 μM prodrug and 

130 nM ArM). The prodrug and catalyst were also introduced via intravenous 

administration to investigate the potency of the catalytic system for the treatment of 
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subcutaneous xenograft tumours in mice. Over 20 days, a clear decrease in the tumour 

growth rate was observed for the treatment group compared to the controls, consistent 

with the in vivo synthesis of the drug via the ruthenium-catalysed olefin metathesis 

reaction. 

 

 

Scheme 42. A ruthenium-based artificial metalloenzyme developed to synthesise an analogue of 

combretastatin-A4 via sequential ruthenium-catalysed ring-closing metathesis and aromatisation in cells 

and living systems.87 

 

The same authors employed the above-mentioned catalytic system as a biosensor to 

detect the biological metabolite ethylene naturally produced by plants (Scheme 43).88 

More specifically, functionalisation of the second generation Hoveyda–Grubbs catalyst 

with fluorescent 7-diethylaminocoumarin allows incorporation of the catalyst into the 

hydrophobic pocket of albumin, resulting in a fluorescent ArM. The fluorescence of the 

ArM can be quenched upon the coordination of a DABCYL quencher (43), which is a 

FRET donor pair with 7-diethylaminocoumarin. Upon reaction of the Ru(II) catalyst 

with biosynthesised ethylene, the DABCYL quencher is replaced, which subsequently 

reactivates the intrinsic fluorescence of the ArM. It was hypothesised that the reversible 

reactivity of the DABCYL quencher would be minimal because of the competition with 

the more reactive ethylene substrate, which may also be more readily encapsulated 

than the relatively larger quencher. Based on the ruthenium-catalysed olefin 
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cross-metathesis reaction, the ArM could be utilised to identify ethylene biosynthesis 

alterations, caused by both external and internal factors, in fruits and leaves. Notably, 

this study presents one of the few examples of a new-to-nature reaction performed with 

a natural substrate. 

 

 

Scheme 43. Detection of biological metabolite ethylene via an olefin cross-metathesis reaction in plants 

catalysed by ruthenium-based artificial metalloenzyme 43.88 

 

Metal–carbene-mediated transformations 

Carbenes are highly reactive intermediates. When stabilised on a transition metal 

complex, they can promote several transformations, such as cyclopropanations or C–H 

insertions. The respective reaction products, such as cyclopropanes, are often found in 

drugs.89 Hence, exporting metal–carbene-mediated transformations could be helpful 

for the intracellular synthesis of drugs which can enhance their potency. 

Ward and co-workers developed a rhodium-based ArM to carry out an intermolecular 

cyclopropanation reaction between styrene as the substrate and ethyl diazoacetate as 

the carbene source in the periplasm of E. coli (Scheme 44).90 To catalyse the carbene 

transfer reaction, a dirhodium tetracarboxylate complex that tolerates cellular 
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components was selected and modified with a biotin moiety to facilitate incorporation 

in Sav. Upon expression of the protein in the E. coli periplasm, Savperi, the 

cyclopropanation activity of the rhodium-based ArM (44) could be examined in whole 

cells. GC-analysis after a workup confirmed that the cyclopropanation reaction was 

successfully catalysed in the cells, whereby the ArM outperformed the nonincorporated 

dirhodium cofactor concerning activity. They also observed that mutations of the 

protein scaffold with a cysteine residue improved the activity of the ArM. 

 

 

Scheme 44. A rhodium-catalysed cyclopropanation reaction between styrene and ethyl diazoacetate 

performed in the periplasm of E. coli with artificial metalloenzyme 44.90 

 

The first example of a transition metal-catalysed carbene transfer reaction carried out 

in living mammalian cells (HeLa) was presented by Mascareñas and co-workers.91 With 

the use of a Cu(II) complex, they set out to catalyse the annulation of 

2,3-diaminonaphthalene with alpha-keto diazocarbenes, via a N–H carbene insertion, 

to synthesise a fluorophore and potent drug derivative (Scheme 45). The respective 

benzoquinoxaline products are fluorescent, which allows the reaction to be monitored. 

Cu(II) catalyst 45 was selected after a thorough screening procedure and combined 

with a diazocarbonyl carbene source (Scheme 45; R = CO2Et) for initial experiments. 

Incubation of the cells with the catalyst and substrates resulted in apparent green 

fluorescence coming from the cytosol, supporting the formation of product given that 

solely the substrates afford minimal fluorescence. Motivated by this result, the potential 

biochemical application of the copper-catalysed carbene transfer reaction was 

investigated. For this purpose, tyrphostin AG1385 was selected as a target product as it 

can be readily made from the substrate and a slightly different diazocarbonyl carbene 

source (Scheme 45; R = H). Incubation of the cells with solely this product resulted in a 
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decrease of 40% in cell viability, resulting from mitochondrial depolarisation. Cells 

treated with the catalyst and substrates led to even lower cell viability (30%), 

suggesting a positive effect of the in situ generation of the product over administration. 

Without the catalyst, no alteration of the mitochondria potential was observed, 

supporting the intermediacy of the catalyst in the carbene transfer reaction towards the 

toxic product. 

 

 

Scheme 45. A copper(II)-catalysed annulation of 2,3-diaminonaphthalene with alpha-keto 

diazocarbenes, via a N–H carbene insertion, performed in HeLa cells to synthesise fluorophores and 

cytotoxins.91 

 

MacMillan and co-workers explored the application of ‘naked’ carbene intermediates, 

employing photocatalytic carbene generation for the selective identification of 

protein-protein interactions on cell membranes with the use of an iridium-based 

photocatalyst and a diazirine probe (Scheme 46).92 In this approach, visible light (λ = 

450 nm) is used to excite an Ir(III) photocatalyst to its triplet excited state: Ir(III)*. The 

catalyst returns to its ground state via short-range Dexter energy transfer. In this 

process, the diazirine probe is promoted to its triplet state and subsequently releases 

N2, generating a triplet carbene intermediate that rapidly equilibrates to its singlet spin 

state. Given that they can only diffuse as far as 4 nm due to quenching by water, such 

carbene intermediates easily cross-link with C–H bonds prevalent in biomolecules. 

Hence, the generated carbenes will cross-link with nearby proteins, which allows 

high-precision microenvironment mapping. The authors developed a secondary 

antibody-photocatalyst conjugate (46) to enable this methodology on cell surfaces 

(Jurkat and JY cells). The antibody was modified with an azide group to install the 

alkyne-bearing iridium catalyst via a click reaction. With the use of a model system, the 

docking of this antibody-photocatalyst into its respective receptor was confirmed, after 

which the catalyst could be employed to selectively label nearby proteins using a 

biotinylated diaziridine probe. The method was further extended to protein labelling 

on B cell surfaces, among others. It led to the successful mapping of the 
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programmed-death ligand 1 (PDL1) protein environment, which is of considerable 

interest in cancer immunotherapy. 

 

 

Scheme 46. Photocatalytic carbene generation for the selective identification of protein-protein 

interactions on cell membranes of Jurkat, JY and B cells with the use of an iridium-based photocatalyst 

and a diazirine probe.92 

 

Other explored new-to-nature reactions 

Apart from the above-described (major) new-to-nature reaction classes, some other 

reaction types have been explored in living systems. The propargyl ester amidation and 

the Friedel Crafts alkylation of indoles are worth mentioning and hence described 

below. 

 

Tanaka and co-workers explored amide bond formation between surface-protein 

amines and fluorescent propargyl ester probes for local visualisation of targeted organs 

in vivo (mice) (Scheme 47).93 To couple the ester with the amine, they prepared a 
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gold-based ArM (47) from a Au(III) catalyst equipped with a 7-diethylaminocoumarin 

moiety that resides in the hydrophobic pocket of two N-glycosylated albumin proteins: 

α(2-6)-disialoglycoalbumin and galactosylglycoalbumin. Such Glyco-Au ArMs are 

known to selectively accumulate in organs: the liver or intestines, respectively. Hence, 

for selective organ labelling, mice were injected with the ArMs followed by the 

fluorescent propargyl ester probes. The apparent fluorescence from the respective 

organs confirmed the gold-catalysed propargyl ester amidation to have taken place in 

vivo. It should however be mentioned that this study falls relatively short on control 

and cytotoxicity experiments. 

 

 

Scheme 47. A gold(III)-catalysed amide bond formation between surface-protein amines and fluorescent 

propargyl ester probes to enable local visualisation of targeted organs in vivo.93 

 

Roelfes and co-workers employed an in vivo assembled ArM to further expand the scope 

of transition metal-catalysed new-to-nature reactions with a copper-catalysed 

enantioselective Friedel-Crafts alkylation of indoles (Scheme 48).94 The ArM employed 

in this study is generated from the lactococcal multidrug resistance regulator (LmrR) 

protein which is known to bind many small planar compounds. Hence, the incubation 

of LmrR-expressing E. coli cells with a Cu(II) 1,10-phenanthroline catalyst affords ArM 

48 by self-assembly. For the Friedel-Crafts alkylation, two substrates were selected: 

α,β-unsaturated 2-acyl-1-methylimidazole and 2-methylindole. In the presence of the 

ArM, incubation of the substrates led to increased and enantioselective product 

formation: 24% yield with 69% ee versus 11% yield and <5% ee in the absence of the 

ArM. No product formation was observed without the Cu(II) cofactor or protein, 

confirming that a combination of the protein and Cu(II) catalyst is required to catalyse 
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the new-to-nature Friedel-Crafts alkylation of indoles in vivo. Notably, additional tests 

verified that the cellular membrane's structural integrity was preserved throughout the 

studies and that the ArM was stable in the presence of detrimental cellular metabolites 

like GSH. 

 

 

Scheme 48. A copper-based artificial metalloenzyme assembled in E. coli, catalysing the Friedel-Crafts 

alkylation of indoles.94 
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Conclusion and outlook 

The subfield of bioorthogonal chemistry devoted to the use of transition 

metal-catalysed reactions in cells and living systems has rapidly grown in the last two 

decades. The transformative potential of transition metal catalysis has equipped 

scientists with a toolbox to complement Nature’s repertoire of reactions. A variety of 

new-to-nature catalysts have been employed to mimic those reactions that are 

naturally occurring in Nature, e.g., redox reactions and transfer hydrogenations, with 

both natural and new-to-nature substrates. Next to this subclass of catalysts, 

new-to-nature catalysts have been developed to perform new-to-nature reactions like 

functional group modifications, deprotection, cycloaddition, cyclisation, and 

cross-coupling reactions with new-to-nature substrates. These intracellular transition 

metal-catalysed reactions have led to various applications ranging from induced cell 

death by disrupting cellular equilibria to the controlled release and synthesis of 

fluorophores, drugs, and other biologically active compounds. When further developed, 

such applications may become useful in biological and medicinal chemistries as they 

present alternative routes for, e.g., chemical labelling of biomolecules and cancer 

treatment. Although a diverse scope of new-to-nature catalysts and reaction classes has 

been presented to date, this scope is still limited compared to the breadth of transition 

metal catalysis that has been unlocked for synthetic applications. Numerous 

new-to-nature catalysts and reactions have yet to be explored for future in vivo 

application, while several hurdles concerning biocompatibility, such as nonspecific 

toxicity and biomolecule-induced catalyst deactivation, must be overcome. 

Nonetheless, the noticeable achievements made thus far will set the stage for future 

progress and tackling the accompanying challenges. 

  



 

63 

 

Motivation, aim, and outline of this dissertation 

The application of transition metal catalysis in cells and living systems has 

complemented Nature’s repertoire of reactions to a great extent. Nonetheless, the field 

is still in its infancy, motivating chemists to further explore new-to-nature catalysts and 

reaction classes while addressing its associated challenges. Most transition 

metal-catalysed reactions in cells and living systems rely on second- and third-row 

transition metals. Alternatively, first-row transition metals can be employed to further 

broaden the scope of new-to-nature reactions. For example, the first successful 

performance of a carbene transfer reaction in mammalian cells has been achieved with 

a copper-based catalyst.91 

 

Complementary to carbene transfer reactions are nitrene and oxo transfer reactions. 

When performed with first-row transition metals in combination with (redox-active) 

ligands, these transformations present a powerful tool for the direct functionalisation 

of relatively unreactive substrates under mild reaction conditions.95 The resulting 

products are frequently encountered motifs in pharmaceuticals. For example, 

aziridines96 and epoxides97 resulting from nitrene or oxo transfer to C=C double bonds, 

respectively, are often present in anticancer drugs, increasing their potency. Sulfimide 

moieties,98, 99 often generated via nitrene transfer to thioethers, can also be installed to 

enhance the potency of drugs. Hence, performing such transformations in biological 

settings can be useful in the context of intracellular drug synthesis applications.87 This 

concept involves the activation of prodrugs via the generation of their pharmacophore 

or pharmacological active moieties via bond-forming reactions (vide supra). 

 

Whereas transition metal-catalysed carbene transfer has been successfully performed 

in biological settings, the potential of nitrene and oxo transfer catalysis for future 

application in cells and living systems has to be further explored. However, the 

development of catalytic systems for such applications proceeds through many steps, 

starting with evaluating their reactivity, selectivity, and stability in water and under 

biologically relevant and biomimetic conditions.9 This dissertation therefore aims to 

explore first-row transition metal-catalysed reactions, such as nitrene and oxo 

transfers, in aqueous media for future in vivo applications. 
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In Chapter 2 we set out to perform styrene aziridination in water and under 

biologically relevant conditions using a water-soluble Li[CoIII(TAMLred)] catalyst. Under 

these conditions, such reactions can be challenging to perform as they typically suffer 

from the formation of oxygen-containing side products. Although the role of water 

herein has been acknowledged, no in-depth studies have been performed thus far. In a 

combined experimental and theoretical approach, we investigate the hypothesised 

hydrolysis of the nitrene radical intermediates and whether this off-cycle pathway can 

be circumvented to achieve selective aziridine formation in water. 

 

Given that most drugs often bear (multiple) stereogenic centres, we investigate in 

Chapter 3 how Co(TAML)-catalysed radical-type oxygen atom transfer can be 

performed asymmetrically. To complement enantiopure ligand design strategies, we 

set out to incorporate a biotinylated Co(TAML) complex into streptavidin, employing 

the well-known biotin–streptavidin technology to generate an artificial metalloenzyme. 

With the use of X-ray structures from two different Co(TAML) · Sav artificial 

metalloenzymes, we reveal the role of noncovalent interactions in the formation of 

enantioenriched oxiranes. 

 

In Chapter 4, we further explore the potential of nitrene transfer catalysis for future in 

vivo applications and address some of the associated challenges. More specifically, we 

set out to evaluate the reactivity, chemoselectivity, and biomolecule compatibility of 

Cu(I)Tpx catalysts for the sulfidation reaction of thioanisole derivatives under 

biologically relevant and biomimetic conditions. We also touch upon the potency of 

nitrene transfer catalysis for intracellular drug synthesis applications and whether 

liposomes can enhance the solubility and biomolecule compatibility of a catalyst under 

biomimetic conditions. 

 

Finally, Chapter 5 describes the development of a new protocol to study reaction 

kinetics under biomimetic conditions. Obtaining kinetic data under biomimetic 

conditions is rather challenging due to substantial concentrations of salts and 

biomolecules, hampering the use of standard solution-phase analytical techniques. 

Since many bioorthogonal chemical reactions that have been developed thus far evolve 
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one or more equivalent(s) of gas per successful turnover, we set out to investigate 

whether gas evolution can be used as a tool to monitor reaction conditions in complex 

reaction media comparable to the cellular environment. 
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Abstract 

Enabling (radical-type) nitrene transfer reactions in water can open up a wide range of 

(novel) applications, such as the in vivo synthesis of medicines. However, these 

reactions typically suffer from oxygen-containing side product formation, the origin of 

which is not fully understood. Therefore, we investigated aqueous styrene aziridination 

by using a water-soluble [CoIII(TAMLred)]– catalyst known to be active in radical-type 

nitrene transfer in organic solvents. The cobalt-catalysed aziridination of styrene in 

water (pH = 7) yielded styrene oxide as the major product, next to minor amounts of 

aziridine product. On the basis of 18O-labeling studies, catalysis, and mass spectrometry 

experiments, we show that styrene oxide formation proceeds via hydrolysis of the 

formed nitrene radical complexes. Computational studies support that this process is 

facile and yields oxyl radical complexes active in oxygen atom transfer to styrene. On 

the basis of these mechanistic insights, we adjusted the pH to afford selective 

aziridination in water. 
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Introduction 

Transition metal-catalysed (radical-type) oxygen atom, carbene, and nitrene transfer 

reactions enable the direct functionalisation of C–H and C=C double bonds, affording 

valuable products.1-7 For instance, biologically active molecules often contain fragments 

with carbon-nitrogen bonds at specific positions,8 with aziridines among the 

representative examples.9, 10 Although the formation of such bonds typically requires 

multiple steps and harsh reaction conditions, nitrene transfer reactivity allows direct 

functionalisation under mild conditions.11, 12, 13 Base metal-catalysed (radical-type) 

nitrene transfer reactions have, therefore, received considerable attention in this field. 

However, these reactions are typically performed in organic solvents and mostly under 

inert and anhydrous conditions,14, 15, 16 because of the air- and water-sensitive nature 

of the reactive intermediates involved.11 

 

Water presents an interesting reaction medium for radical-type transformations 

because of the relatively high bond dissociation energy17 (BDE) of the HO–H bond (119 

kcal mol−1). A high BDE can prevent direct hydrogen-atom transfer (HAT) from the 

solvent, which is commonly observed for organic solvents with weak C–H bonds, such 

as tetrahydrofuran (THF), toluene, or acetonitrile (C(sp3)–H BDE of 90, 91, and 97 kcal 

mol−1 respectively).18-21 Enabling (radical-type) nitrene transfer in water could also 

open up a wider range of (novel) applications. For example, the Mascareñas group 

recently introduced the application of carbene transfer in the fast-growing field of in 

vivo catalysis.22 They studied how mitochondrial functions can be altered by the 

intracellular synthesis of benzoquinoxalines, which is enabled by N–H carbene 

insertions. 

 

To date, aqueous nitrene transfer reactions remain challenging. Examples of base 

metal-catalysed radical-type nitrene transfer reactions in water are therefore limited 

and have only been successfully performed in the presence of micelles.23, 24 

Interestingly, the few studies that do perform these transformations “purely” in water 

(without the use of, for example, micelles or phase-transfer catalysts), all report the 

formation of oxygen-containing side products.25-28 For example, catalytic olefin 

aziridination with iron and manganese complexes, using hypervalent iodine reagents 
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(iminoiodinanes) as nitrene precursors, yielded epoxides next to the desired aziridine 

products. Although this work acknowledges the potential role of water,29 no in-depth 

studies on the formation of such side products have been reported. Therefore, the 

overall reactivity of (radical-type) metal-nitrene complexes in water remains rather 

poorly understood (Scheme 1A). 

 

 

Scheme 1. The potential role of water in (radical-type) nitrene transfer catalysis. 

(A) (Radical-type) nitrene transfer in water can yield oxygen-containing side products.25-28 (B) Previous 

study reporting on the formation of an oxo complex from a nitrene complex when dissolved in wet 

organic solvent under anaerobic conditions.30 

 

Broadening the application of (radical-type) nitrene transfer catalysis in water requires 

a better understanding of the reactivity of nitrene (radical) complexes, as this enables 

rational approaches toward selective catalysis protocols in this medium.31 It is thereby 

crucial to investigate how these transformations yield the undesired oxygen-containing 

side products when carried out in water. In this context, the Che group recently 

reported the formation of a Ru(VI)-(oxo)(alkylimido) complex via a Ru(VI)-

bis(alkylimido) complex when dissolved in wet organic solvent under anaerobic 

conditions.30 The formed oxo complex subsequently enabled oxygen atom transfer 

(OAT) yielding styrene oxide (Scheme 1B). On the basis of this study, it can thus be 

hypothesised that base metal nitrene radical complexes could likewise suffer from 

hydrolysis, which perhaps affords oxo/oxyl radical complexes active in OAT. Therefore, 
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this study aims to investigate the potential role of water in forming oxygen-containing 

side products during radical-type nitrene transfer catalysis, and it explores the 

mechanism of this process to circumvent this issue in cobalt-catalysed nitrene transfer 

in water. 

 

In previous studies, we explored the formation and reactivity of nitrene radical adducts 

of a Co(TAML) complex, PPh4[CoIII(TAMLred)] (TAML = tetra-amido macrocyclic 

ligand), in organic media.32 Interestingly, the TAML scaffold proved to be redox active 

when coordinated to cobalt, and we also showed that the [CoIII(TAMLred)]– complex is 

selectively converted to a bis-nitrene radical complex [CoIII(TAMLq)(N•R)2]– (red = 

fully reduced tetra-anion, q = doubly oxidised di-anionic ligand, R = tosyl or nosyl) upon 

reaction with an excess of iminoiodinane. Using iminoiodinane as the limiting reagent 

under catalytic conditions affords a mono-nitrene radical complex: 

[CoIII(TAMLsq)(N•R)]– (sq = mono-oxidised tri-anionic ligand-centered radical) 

(Scheme 2A). Both nitrene radical complexes are best described as electrophilic 

one-electron-reduced Fischer-type nitrene radicals. Notably, the mono-nitrene radical 

complex is considered the catalytically active intermediate in both sulfimidation33 and 

olefin aziridination34 reactions under aerobic conditions (Scheme 2A). The productive 

C–N bond formation during the aziridination reactions was reported to proceed via an 

unusual electronically asynchronous transition state.34 Specifically, C–N bond 

formation occurs via nucleophilic attack of the nitrene lone-pair onto a (partially) 

formed styrene radical cation resulting from initial substrate-to-ligand single-electron 

transfer, and not via the expected pathway involving nitrene radical addition to the C=C 

double bond. Altogether, the reactivity of nitrene radicals on PPh4[CoIII(TAMLred)] is 

well understood in organic solvents. 
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Scheme 2. Previous work on Co(TAML) complexes and the outline of this work. 

(A) Previous work on the formation and reactivity of Co(TAML) nitrene radical and oxo complexes in 

organic solvent.34, 35 (B) Epoxide formation in aqueous styrene aziridination proceeds via competitive 

hydrolysis of nitrene radical complexes, yielding oxyl radical complexes active in OAT. 
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The Co(TAML) complex has also been investigated for its reactivity in OAT to 

thioanisole in organic media by the group of Nam (Scheme 2A).35 A Lewis 

acid-stabilised cobalt-oxo complex was reported, and the characterisation was 

interpreted as the TAML scaffold being innocent (TAMLred) and the cobalt center being 

oxidised (Co(IV)). Interestingly, this interpretation contrasts previous findings with 

nitrene precursors (without Lewis acids, vide supra).32 Based on 18O-labeling 

experiments, it was shown that the oxygen source affording the sulfoxide product is the 

cobalt-oxo complex [CoIV(TAMLred)(O)(Sc)]+. 

 

Given the well-understood behaviour of Co(TAML) complexes in (radical-type) nitrene 

and oxygen atom transfer in organic media, we employed the water-soluble 

Li[CoIII(TAMLred)] complex36 to investigate the role of water in oxygen-containing side 

product formation during aqueous radical-type nitrene transfer. The following key 

findings are reported in this work (see also Scheme 2B). 

 

1) In the presence of water, the nitrene radical complexes [CoIII(TAML)(N•Ts)n]– 

(n = 1, 2) can undergo hydrolysis, yielding cobalt-oxo/oxyl radical complexes. 

2) In contrast to earlier interpretations, N-electron valence state perturbation 

theory (NEVPT2)-corrected complete active space self-consistent field (CASSCF) 

calculations show that the electronic structure of the “mono-oxo” complex 

[Co(TAML)(O)]– is best described as a triplet spin (S = 1) Co(III)-oxyl radical 

complex, [CoIII(TAMLsq)(O•)]–, with one unpaired electron located mainly on 

the redox-active TAML scaffold and the other unpaired electron in the Co–O π∗ 

antibonding orbital. 

3) The formation of styrene oxide during styrene aziridination is the result of OAT 

from such in situ formed cobalt-oxyl radical complexes. 

4) Hydrolysis of the nitrene radical complexes can be prevented or stimulated by 

changing the pH, yielding either the desired aziridine product (pH = 4) or 

styrene oxide (pH between 7 and 10) selectively. 
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Results and Discussion 

Aqueous styrene aziridination with Li[CoIII(TAMLred)] 

To investigate the competence of the Li[CoIII(TAMLred)] catalyst in water, we initially 

performed the aziridination reaction of styrene with PhINTs34 (Ts = tosyl) in Milli-Q 

water and D2O (to directly analyse the water layer by 1H NMR spectroscopy) under 

aerobic conditions at 37 °C (Table S1).37 Under these conditions, with 10 mol % 

Li[CoIII(TAMLred)], styrene was converted into mostly the epoxide product (1) (35% 

yield with respect to PhINTs) after 2 h. In contrast, the desired aziridine product (2) 

was formed in minor amounts (3%) (Table 1, entry 1).38 In the presence of 10 mol % 

LiCl, or without any catalyst present, no product formation was observed (entry 2). 

Without iminoiodinane present, no epoxide product was formed either (entry 3). 

Moreover, a control reaction with p-toluenesulfonamide (TsNH2) as the nitrogen source 

(i.e., the decomposition product of PhINTs) did not yield any product (entry 4). 

Performing the reaction at room temperature (instead of 37 °C) gave comparable yields 

(entry 5), indicating a marginal effect of the reaction temperature on the product 

selectivity. Most important, under anaerobic conditions, epoxide product 1 was still the 

major product formed (entry 6), pointing to water rather than oxygen playing a role in 

the formation of styrene oxide. This hypothesis is strengthened by previous work on 

this catalytic system,34 where no epoxide formation was observed in the absence of 

water under aerobic conditions in organic media. 
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Table 1. Catalytic reactivity of Li[CoIII(TAMLred)] in water and relevant control experiments. 

 

Entry Catalyst loading (mol %) NR-source Yield 1 (%)a Yield 2 (%)a 

1 10 PhINTs 35 3 

2 (b) PhINTs 0 0 

3 10 (c) 0 0 

4 10 TsNH2 0 0 

5d 10 PhINTs 40 4 

6e 10 PhINTs 30 3 

7 10 PhINNs 25 13 

8 (f) PhINTs 31 4 

9g 10 PhINTs 0 traces 

Ratio NR-source : substrate = 1 : 5. Conditions: 11.5 mM NR-source. [a] Yields are quantified by 1H NMR 

integration with 1,3,5-tritertbutylbenzene as an external standard and are versus the NR-source. 

Reactions (blanks excepted) were at least performed in duplicate, and yields are averaged. [b] 10 mol % 

LiCl or no catalyst was used. [c] No iminoiodinane was used. [d] Experiment was performed at room 

temperature (23 °C). [e] Experiment was performed under argon. [f] 10 mol % of a substituted Co(TAML) 

complex (TAMLCl2) was used. [g] Experiment was performed in the presence of a radical trap (DMPO) in 

D2O. 

 

PhINNs (Ns = nosyl) was also explored as an alternative nitrene precursor for PhINTs 

in the aqueous styrene aziridination reaction.34 Notably, this relatively more electron 

withdrawing iminoiodinane increased the yield of the aziridine product 2 (13%) and 

reduced the amount of epoxide product 1 formed (25%) (Table 1, entry 7) in 

comparison with reactions carried out with PhINTs (relatively electron donating; entry 

1). Furthermore, a slightly different Li[CoIII(TAMLred)] complex32, 34, 39 with two 

chloride substituents on the TAML scaffold (Scheme 2A, top) was used. The product 

ratios achieved with this catalyst were similar to those of the standard catalyst (entry 

8 versus entry 1), which implies that substitutions on the TAML scaffold do not 

significantly influence the formation of styrene oxide. The fact that different nitrogen 

sources do afford other product ratios but that substitutions on the TAML scaffold do 
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not affect the reaction outcome strongly suggests that the nitrene radical complex(es) 

formed under catalytic conditions are involved in styrene oxide formation. 

 

To address the involvement of the nitrene radical complexes, we performed the 

Li[CoIII(TAMLred)]-catalysed aziridination reaction of styrene in the presence of the 

water-soluble radical trap 5,5-dimethyl-1-pyrroline N-oxide34-42 (DMPO) under 

anaerobic conditions in D2O. The addition of 5 equiv of DMPO with respect to PhINTs 

(Table 1, entry 9) completely inhibited styrene oxide formation, and only traces of 

aziridine product 2 were observed. Given the known reactivity of DMPO as a radical 

scavenger, the absence of product indicates that radical-type intermediates are 

generated and subsequently trapped. This hypothesis was validated by electrospray 

ionisation high resolution mass spectrometry (ESI-HRMS) analysis of the reaction 

mixture, which afforded a signal at the m/z value corresponding to [DMPO – H + NTs]– 

(calcd. m/z for C13H17N2O3S: 281.0960; found m/z: 281.0965), i.e., a NTs-containing 

DMPO-derivative similar to DMPOX (Figure S2). A recorded X-band EPR spectrum of 

the reaction mixture further supports the formation of a DMPO-trapped radical (giso = 

2.0058, ANiso = 41.12 MHz, AHiso = 8.24 MHz), albeit unidentified (Figure S3). 

Nevertheless, the observation of a NTs-containing DMPO derivative with ESI-HRMS, in 

combination with the absence of product formation and the results from the catalytic 

control experiments described below, indicates that nitrene radical formation on the 

Co(TAML) complex a crucial in both aziridine and epoxide formation. Overall, these 

experiments thus support the hypothesis that the [CoIII(TAML)(N•Ts)n]– complexes are 

formed, but subsequently react with water to form other reactive intermediates. The 

latter are most likely cobalt-oxo/oxyl radical complexes responsible for the formation 

of styrene oxide.35 

 

Li[CoIII(TAMLred)]-catalysed epoxide formation 

To investigate the anticipated role of water in epoxide formation further, we 

reproduced the Li[CoIII(TAMLred)]-catalysed aziridination reaction of styrene with 

PhINTs in 18O-labeled water and compared it with the reaction performed in Milli-Q 

water. The formation of styrene oxide in Milli-Q water was confirmed by HRMS coupled 

to gas chromatography (GC) (calcd. m/z for C8H8O: 120.0575; found m/z: 120.0581; 
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Figure S1). The reaction performed in 18O-labeled water yielded styrene oxide with a 

m/z of 122.0619, which accurately matches styrene oxide with 18O incorporated 

(Figure S1). This result clearly indicates that water is the oxygen source for styrene 

oxide formation. 

 

Besides the reaction of water with the nitrene radical complex—affording oxo or oxyl 

radical complexes—two other potential pathways that enable the formation of styrene 

oxide were considered: 1) hydrolysis of the formed aziridine product and 2) hydrolysis 

of the iminoiodinane to iodosylbenzene (PhIO) as a potential oxygen source for styrene 

oxide formation.29 To evaluate the first route, we synthesised 2-(4-bromophenyl)-1-

tosylaziridine (Br-2). The aziridination reaction of styrene with PhINTs and 

Li[CoIII(TAMLred)] was performed in the presence of this product under the standard 

conditions in Milli-Q water and D2O (Table S8). If the aziridine product is hydrolysed to 

styrene oxide under the catalytic conditions, the formation of 4-bromostyrene oxide is 

expected. However, no conversion of Br-2 was observed, and epoxide product 1 and 

aziridine product 2 were found in the expected ratios. As such, we can conclude that 

hydrolysis of the aziridine to the epoxide product does not take place under the applied 

catalytic conditions. 

 

Previous work on the Li[CoIII(TAMLred)] complex in organic medium revealed its 

activity in the sulfoxidation reaction of thioanisole with PhIO as the oxygen source, 

which proceeds via cobalt-oxo intermediates.35 Hence, hydrolysis of PhINTs to PhIO 

could in principle be a route to the formation of styrene oxide. To explore this 

possibility, we first determined the activity of the Li[CoIII(TAMLred)] catalyst in the 

aqueous styrene epoxidation reaction with PhIO under both aerobic and anaerobic 

conditions (Table S1, entries 10–13). The obtained styrene oxide yields with PhIO 

(26%) were lower than those with PhINTs (35%; Table 1, entry 1). The hypothetical 

hydrolysis of PhINTs to PhIO, under the applied reaction conditions, can thus not fully 

explain the formation of styrene oxide when PhINTs is used as the oxidant, if it plays 

any role at all. To investigate this further, we explored whether any significant 

hydrolysis of iminoiodinane occurs at 37 °C (see the Experimental Section for more 

details; Table S9). These experiments show that the hydrolysis of PhINTs is only minor 
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and that the small quantities of PhIO formed under these conditions cannot afford any 

significant amounts of styrene oxide (at most 1% styrene oxide would be expected 

based on entry 10 in Table S1). Styrene oxide formation via hydrolysis of the 

iminoiodinane to iodosylbenzene is therefore improbable. Altogether, the alternative 

routes toward styrene oxide formation have been excluded, which leaves hydrolysis of 

the nitrene radical complexes—to form oxo or oxyl radical complexes involved in 

styrene epoxidation—as the most probable reaction mechanism for the observed 

formation of styrene oxide. 

 

To validate the above-mentioned hypothesis further, we monitored the formation and 

reactivity of the [CoIII(TAML)(N•Ts)n]– complexes in solution by using a flow chemistry 

system coupled to online (ESI) mass spectrometric detection43 (see the Experimental 

Section for more details). The reaction of Li[CoIII(TAMLred)] with up-to 8.7 equiv of 

PhINTs in acetonitrile44, 45 was carried out in a first reactor (in the absence of other 

substrates; Scheme S4 and Figure S5), leading to the formation of the anticipated mono- 

and bis-nitrene radical complexes. In line with previous work, the relative 

concentration of the [CoIII(TAMLq)(N•Ts)2]– complex increased with respect to 

[CoIII(TAMLsq)(N•Ts)]– when the mass spectrometry experiment was carried out in the 

presence of an excess of iminoiodinane and in the absence of other substrates.32. 34 In 

the next experiment, the formed nitrene radical complexes were subjected to a reaction 

with water in a second reactor (Scheme S5 and Figure S10), which resulted in their 

depletion due to the formation of the oxygenated species [Co(TAML)(NTs)(O)]– and 

[Co(TAML)(O)2] (Figure S12-Figure S14). Reproduction of these experiments in 

18O-labeled water afforded the same oxygenated species with consistent isotopic shifts 

(Δm/z +2 or 4, respectively; Figure S15), supporting the formation of these species from 

a reaction between the nitrene radical complexes and water. The absence of oxygenated 

species when Li[CoIII(TAMLred)] was combined with only water (i.e., in the absence of 

PhINTs) indicates that hydrolysis of the nitrene radical complexes must take place 

(Figure S11). 

 

If we account for previous work on analogous (Fe)TAML complexes, the observed 

oxygenated species could be identified as either cobalt-oxo/oxyl radical complexes or 
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the products of intra- or intermolecular ligand oxidation, i.e., complexes of which the 

methyl groups of the TAML scaffold are hydroxylated.46, 47, 48 The latter products can be 

formed via the intermediacy of oxo/oxyl radical intermediates, as was described in 

previous studies from the Collins group.46, 47, 48 

 

In the presence of D2O, all hydroxyl groups are expected to undergo rapid H/D 

exchange—which can obviously be detected with ESI-MS—whereas such an exchange 

cannot take place for oxo/oxyl radical moieties. To show that cobalt-oxo/oxyl radical 

complexes are formed prior to ligand oxidation, we reproduced the above-mentioned 

experiments with D2O (Figures 1A and 1B). Analysis of the obtained kinetic profiles 

(Figure 1C, left) suggests that hydrolysis starts predominantly from the “bis-nitrene” 

[CoIII(TAMLq)(N•Ts)2]– complex. This complex can be protonated with the loss of 

TsNH2 and/or is involved in nitrene-oxo exchange reactions, thus affording the 

[Co(TAML)(NTs)(O)]– and [Co(TAML)(O)2]– species detected with ESI-MS (Figure 1C, 

right). For the [Co(TAML)(O)2]– species, only a slow and gradual H/D exchange was 

observed. This observation strongly suggests that this species is a bis-oxo/oxyl radical 

complex that slowly converts to another complex, such that only the latter contains 

hydroxylated methyl groups on the TAML scaffold. Accelerating the conversion by 

usage of a larger D2O concentration led to a steady and gradual increase in ESI-MS 

signals pointing to H/D exchange at one or two hydroxide moieties. These experiments 

confirm that the formed oxo/oxyl radical complexes are not stable and convert to 

Co(TAML) complexes with oxygenated ligands. In contrast, the [Co(TAML)(NTs)(O)]– 

species does not undergo H/D exchange. Instead, it most likely reacts faster with a 

second D2O molecule rather than undergoing intra- or intermolecular ligand oxidation. 
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Figure 1. Online ESI-MS detection within a modular flow reactor. 

(A) Schematic diagram of the flow setup. (B) Flow profiles of the syringe pumps containing the reactants 

and the percentage of D2O over time (blue, secondary axis). (C) Normalised abundances of the detected 

cobalt-based complexes. See the reaction scheme on the right for the colour coding. 

 

The above-discussed results clearly show the formation of oxo/oxyl radical complexes 

resulting from a reaction between the nitrene radical complexes and water. These 

species gradually convert to different, more stable species containing a mono- or 

bis-oxygenated TAML scaffold. We further substantiated these observations with 

supporting density functional theory (DFT) calculations (see the Experimental Section 

for more details; Scheme S8). However, it is important to mention here that it is 

unknown to what extent oxidation of the TAML scaffold occurs under the applied 

reaction conditions for catalysis experiments. This reaction could well be effectively 

suppressed in the presence of suitable oxygen-accepting substrates. 

  



83 

 

Computational mechanistic studies 

The above-described experimental results support the hypothesis that the formation of 

styrene oxide during styrene aziridination with Li[CoIII(TAMLred)] might proceed via 

OAT from oxo or oxyl radical complexes, which result from a reaction of the nitrene 

radical complexes with water. Concerning the participation of these nitrene radical 

complexes under the applied reaction conditions for catalysis experiments, i.e., in the 

presence of excess styrene, we assume that predominantly mono-nitrene 

[CoIII(TAMLsq)(N•Ts)]– complexes are present. Under these conditions, this complex is 

expected to react more rapidly with styrene than with another equivalent of 

iminoiodinane (the latter of which is the limiting reagent).33, 34 Hence, the supporting 

computational mechanistic studies and electronic structure calculations described 

below were all performed with the mono-nitrene radical complex as the anticipated 

reactive intermediate. 

 

Given the redox activity of the TAML scaffold and the elusive nature of the 

cobalt(IV)-oxo complex (vide supra), which might be better described as a 

cobalt(III)-oxyl radical complex, the electronic structure of the putative 

[Co(TAML)(O)]– oxo/oxyl radical complex is far from trivial.32, 35 Therefore, we decided 

to first perform an in-depth study on the electronic structure of this complex by using 

multireference NEVPT2-CASSCF calculations (see the Experimental Section for more 

details). To investigate the mechanism of nitrene hydrolysis and styrene oxide (versus 

aziridine) formation, we performed DFT calculations, building on the results obtained 

with the NEVPT2-CASSCF calculations. 

 

According to previous studies,32, 33, 34 the electronic ground-state wavefunctions of 

Co(TAML)-type complexes can be multiconfigurational. Therefore, we initiated 

NEVPT2-CASSCF calculations to first shine light on the electronic structure of the 

[CoIII(TAMLred)]– complex. For this complex, the electronic structure of cobalt is best 

described with the d-electron configuration (dz2)2(dxy)2(dyz)1α(dxz)1α(dx2‒y2)0 according 

to the NEVPT2-CASSCF(12,11) calculations. The [CoIII(TAMLred)]– complex is therefore 

consistent with an intermediate spin Co(III) center with a triplet electronic ground state 

(S = 1), leaving the TAML scaffold in the fully reduced form (Figure S18, Figure S19). 
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NEVPT2-CASSCF(14,12) calculations on the [Co(TAML)(O)]– complex revealed an 

intricate electronic structure with clear multireference character of the wavefunction. 

More specifically, the ground-state wavefunction is best described as a triplet spin state 

where the singlet (+14.1 kcal mol−1) and quintet (+30.3 kcal mol−1) spin states are 

substantially less stable. To account for possible solvation effects, we included implicit 

water solvation via the CPCM model and recalculated the ground-state wavefunction in 

a NEVPT2-CASSCF(14,12) calculation at the triplet spin state. The resulting 

ground-state wavefunction comprised two main microstates (33.4% and 31.0%) and 

several other microstates, each contributing <5%. A Co(III) oxidation state was 

assigned according to the predominantly cobalt-localised and doubly filled dxy, dyz+Opy, 

and dxz+Opx orbitals (occupancies of 2.00, 1.89, and 1.89, respectively; see Figure 2) and 

empty dz2–Oσ and dx2‒y2–Lσ orbitals (occupancies 0.18 and 0.09, respectively; with L 

being the TAML scaffold). The dxy orbital was found to be uncorrelated and was 

therefore rotated into the inactive space. In both main microstates, one of the two 

unpaired electrons was localised in the nearly covalent Opy‒dyz antibonding orbital (red 

label, occupancy 1.20) and had 46% O and 39% Co character. The other unpaired 

electron was more delocalised over the TAML scaffold (L), cobalt, and O donor as a 

result of the multiconfigurational filling of three electrons in the two Opx–dxz–Lπ (green 

label in Figure 2) and Lπ‒dxz‒Opx (blue label in Figure 2) orbitals. The former was evenly 

distributed over L (26%), Co (25%), and O (29%), whereas the latter was mainly L 

(42%) localised with smaller Co (22%) and O (21%) contributions. This led to a three-

electrons-in-two-orbitals filling with an electron occupation of 1.51 (Opx–dxz–Lπ) and 

1.54 (Lπ‒dxz‒Opx) and the most significant localisation on the TAML scaffold (Lπ). 
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Figure 2. Active space, orbital assignment, and graphical representation of a selection of active orbitals 

and occupancies in parentheses from a NEVPT2-CASSCF(14,12) calculation with implicit (CPCM) water 

solvation on [CoIII(TAMLsq)(O•)]‒ in the triplet state. The grey orbital (dxy) was found to be uncorrelated 

and consequently located in the inactive space. The green, red, and blue orbitals correlate with the colour 

indications describing the two major microstates contributing to the ground state wavefunction. 

 

Overall, the electronic structure of the [Co(TAML)(O)]‒ complex is best described as 

[CoIII(TAMLsq)(O•)]‒, with a triplet spin state (S = 1) where one unpaired electron is 

mainly localised on the TAML scaffold (TAMLsq), and the other unpaired electron is 

delocalised over a Co–O π∗ antibonding orbital. This orbital has a high bond covalency 

but is somewhat more O localised; the complex has significant oxyl radical character. 

Notably, the TAML scaffold is clearly redox active according to the 

NEVPT2-CASSCF(14,12) calculations. This result contrasts with previous DFT-based 

studies devoted to this complex, wherein this multireference character might have 

remained hidden in the single-reference DFT calculations (vide infra).35 However, from 

the NEVPT2-CASSCF calculations, it is evident that the ground-state wavefunction of 
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the [CoIII(TAMLsq)(O•)]– complex is multiconfigurational. A comprehensive 

understanding of the exact electronic structure thus requires post-Hartree-Fock 

calculations (e.g., NEVPT2-CASSCF calculations) as opposed to single-reference 

methods, such as DFT. 

 

Because the relatively high computational costs of multireference calculations do not 

allow extensive mechanistic studies, we also calculated the [CoIII(TAMLsq)(O•)]‒ 

complex with DFT (BP86/def2-TZVP/disp3/m4 level of theory; see the Experimental 

Section for more details). According to a close inspection of the spin density and charge 

distributions, the intricate electronic structure of this complex is captured in a partially 

correct manner by the single-reference DFT wavefunction. The relative spin-state 

energies (S = 0 [open-shell singlet], 1 [triplet], and 2 [quintet]; Table S20) are correctly 

predicted: the [CoIII(TAMLsq)(O•)]‒ complex is described as having a triplet spin state 

such that the (open-shell) singlet (+12.1 kcal mol−1) and quintet (+20.6 kcal mol−1) spin 

states are substantially less stable in accordance with the NEVPT2-CASSCF results (vide 

supra). However, the DFT electronic structure is best described as a cobalt(IV)-oxyl 

radical complex (structure AE1; Table S19), and hence DFT is slightly off in predicting 

the relative energies of the nearly degenerate TAML scaffold and cobalt molecular 

orbitals (MOs). As a result, DFT predicts metal oxidation instead of oxidation of the 

TAML scaffold for this complex, which is reversed in the NEVPT2-CASSCF calculations. 

Although the redox activity of the TAML scaffold in this specific complex thus remains 

hidden in the DFT calculations, the obtained oxyl radical character is in accordance with 

the NEVPT2-CASSCF results. It is worth mentioning that next to the relative spin state 

energies, DFT also predicts the relative energies of the TAML scaffold and metal MOs 

correctly for the analogous [CoIII(TAMLsq)(N•Ns)]– and [CoIII(TAMLq)(N•Ns)2]– 

complexes, and the electronic structures obtained with DFT are very similar to those 

obtained with the NEVPT2-CASSCF calculations for these compounds (except for the 

multireference character in the metal-ligand π-orbitals).32, 34 As such, the applied DFT 

method gives overall acceptable results for the relative formation energies and overall 

spin states of the Co(TAML) complexes. Therefore, all follow-up computational 

mechanistic studies were performed with DFT (which would not be accessible with 

NEVPT2-CASSCF calculations anyway). 
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With the electronic structure of [CoIII(TAMLred)]– and [CoIII(TAMLsq)(O•)]‒ at hand, we 

first studied the reaction of water with the nitrene radical complex with DFT at the 

BP86/def2-TZVP/disp3/m4 level of theory (see the Experimental Section for more 

details). Based on previous work,32, 33, 34 and the NEVPT2-CASSCF and DFT calculations 

discussed above, we derived that both the [CoIII(TAMLsq)(N•Ts)]– and 

[CoIII(TAMLsq)(O•)]‒ complexes have triplet (S = 1) ground states. The energy profile 

was therefore calculated at the triplet spin surface. A close inspection of the spin 

densities and charge distributions provided information about the oxidation states of 

the TAML scaffolds of the relevant reaction intermediates. Furthermore, we used 

explicitly added water clusters to stabilise the charged reaction intermediates, e.g., OH−. 

For the same reason, we applied COSMO implicit solvent corrections for water in the 

final energy evaluation. 

 

We considered three potential pathways for the hydrolysis of the nitrene radical 

complex (Scheme S9). The most plausible pathway calculated, in which protonation of 

the nitrene radical complex and coordination of OH− are the least uphill, is depicted in 

Scheme 3 (cycle I). First, the reaction of PhINTs with the anionic [CoIII(TAMLred)]– 

complex (A, reference point) affords adduct A0 with ΔG°298 K = +3.2 kcal mol−1. The 

barrierless ligand-to-substrate single-electron transfer affords the anionic 

mono-nitrene [CoIII(TAMLsq)(N•Ts)]– complex (A1, ΔG°298 K = −19.2 kcal mol−1) after 

PhI extrusion, in accordance with a previously published DFT study on this system.34 

Protonation of [CoIII(TAMLsq)(N•Ts)]– by water affords A2 with ΔG°298 K = −13.4 kcal 

mol−1, leaving the TAML scaffold in its fully oxidised form as a result of TAML-to-amido 

single-electron transfer. The subsequent coordination of the formed hydroxy group 

affords A3 (ΔG°298 K = −12.4 kcal mol−1). This step is followed by a second protonation 

of the amido ligand (A4, ΔG°298 K = −6.5 kcal mol−1) and subsequent deprotonation of 

the hydroxy group, forming A5 (ΔG°298 K = −16.9 kcal mol−1). Lastly, the release of TsNH2 

results in the proposed [CoIII(TAMLsq)(O•)]‒ complex (AE1, ΔG°298 K = −19.5 kcal 

mol−1). Despite considerable efforts, we could not locate transition states for these 

steps, which is typical for (de)protonation reactions. However, because the overall 

reaction is exergonic and takes place in water as the solvent, it seems reasonable to 

assume that the (de)protonation and OH− coordination elementary steps are (almost) 
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barrierless. Overall, the calculated reaction pathway provides a feasible mechanism for 

the formation of [CoIII(TAMLsq)(O•)]‒ by hydrolysis of [CoIII(TAMLsq)(N•Ts)]–. 

 

 

Scheme 3. Proposed mechanism for (I) the hydrolysis of the [CoIII(TAMLsq)(N•Ts)]– complex, (II) the 

epoxidation of styrene via [CoIII(TAMLsq)(O•)]–, and (III) the Li[CoIII(TAMLred)]–-catalysed styrene 

aziridination reaction. Free energies (ΔG°298 K in kcal mol−1) were calculated with DFT at the 

BP86/def2-TZVP/disp3/m4 level of theory with implicit solvent corrections (COSMO model) at the 

triplet (S = 1) spin surface. Note that the TAML scaffold can have the following oxidation states: “red” 

(fully reduced tetra-anion in green), “sq” (mono-oxidised tri-anionic ligand-centered radical in red), and 

“q” (fully oxidised dianion in blue); see van Leest et al.32 for more details. 

 

Guided by a previously reported mechanism on a biuret-amide-modified iron-TAML,49 

we next postulated a mechanism for the epoxidation of styrene on cobalt (Scheme 3, 

cycle II). On the basis of the above-described NEVPT2-CASSCF(14,12) calculations on 

[CoIII(TAMLsq)(O•)]‒, we studied styrene oxide formation on the triplet spin surface. In 

addition, we also considered the quintet (S = 2) spin surface given that we observed 
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high multireference character of the oxyl radical complex. These calculations 

demonstrate that on this spin surface, the complexes are far less stable and the barriers 

are significantly higher than those on the triplet surface (Table S25). Therefore, the 

pathway on the quintet spin surface will not be discussed further. 

 

The computed mechanism for the epoxidation reaction catalysed by the 

[CoIII(TAMLsq)(O•)]‒ complex (AE1) at the triplet surface is depicted in Scheme 3 (cycle 

II; all free energies are reported with respect to reference point A). OAT to styrene 

proceeds via TS-AE-1 (ΔG°298 K = −7.1 kcal mol−1, ΔΔG°298 K = +12.4 kcal mol−1) to afford 

the benzylic radical AE2 (ΔG°298 K = −19.2 kcal mol−1) in an exergonic reaction. This step 

proceeds via a typical radical addition accompanied by an electronic reorganisation of 

the cobalt center from low spin to intermediate spin. The subsequent “barrierless” 

radical rebound step via TS-AE-2 (ΔG°298 K = −19.1 kcal mol−1, ΔΔG°298 K = +0.1 kcal 

mol−1), where the TAML scaffold is not yet fully reduced, affords styrene oxide in AE3 

(ΔG°298 K = −36.4 kcal mol−1). Simultaneous with product formation, substrate-to-ligand 

single-electron transfer leads to the reduction of the ligand to regenerate the 

[CoIII(TAMLred)]– complex upon product dissociation (ΔG°298 K = −39.5 kcal mol−1). 

 

To compare the performance of the catalyst in oxygen atom and nitrene transfer, and 

to understand the ratio of product formation, we also calculated the mechanism for 

styrene aziridination34 with the Li[CoIII(TAMLred)] catalyst (Scheme 3, cycle III). Given 

that Co(TAML)-catalysed aziridination operates via electronically asynchronous 

transition states, we thoroughly inspected the spin densities and charge distributions 

for this mechanism. The computed mechanism at the triplet (S = 1) spin surface for the 

aziridination reaction, catalysed by the [CoIII(TAMLred)]– complex, is depicted in 

Scheme 3 (cycle III; all free energies are reported with respect to reference point A). 

After the formation of the anionic mono-nitrene radical complex (A1), nitrene transfer 

to styrene proceeds via electronically asynchronous TS-AN-1 (ΔG°298 K = −5.4 kcal 

mol−1, ΔΔG°298 K = +13.8 kcal mol−1). This step affords benzylic radical AN1 (ΔG°298 K = 

−19.6 kcal mol−1) in an exergonic reaction. The subsequent radical rebound step via 

TS-AN-2 (ΔG°298 K = −18.1 kcal mol−1, ΔΔG°298 K = +1.5 kcal mol−1) leads to aziridine 

formation and is accompanied by substrate-to-ligand single-electron transfer. This step 
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subsequently affords the coordinated cis-aziridine product in AN2 (ΔG°298 K = −31.2 kcal 

mol−1) and regenerates the [CoIII(TAMLred)]– complex after product dissociation 

(ΔG°298 K = −35.1 kcal mol−1). N-pyramidal inversion eventually yields the 

trans-aziridine product (ΔG°298 K = −37.9 kcal mol−1). 

 

The calculated barriers for the reaction pathways for styrene epoxidation (Scheme 3, 

cycle II) and styrene aziridination (Scheme 3, cycle III) are comparable and relatively 

low. The addition of the oxyl radical to styrene (TS-AE-1, ΔΔG°298 K = +12.4 kcal mol−1) 

and the nucleophilic attack of the nitrene radical to styrene (TS-AN-1, ΔΔG°298 K = +13.8 

kcal mol−1) are both rate-determining and fairly similar in energy according to the 

calculations. Therefore, the product ratio does not depend on the relative rates of these 

reactions but rather on the relative concentrations of the nitrene and oxyl radical 

intermediates. Since our results suggest that the hydrolysis of the 

[CoIII(TAMLsq)(N•Ts)]– complex affords the [CoIII(TAMLsq)(O•)]‒ complex, the product 

selectivity might be determined by the relative rates of the nitrene hydrolysis and 

aziridination reaction. Consequently, styrene and water most likely compete for a 

reaction with the nitrene radical complex. To support this hypothesis further, we 

performed additional catalysis experiments. The standard 

Li[CoIII(TAMLred)]-catalysed aziridination reaction was performed under aerobic 

conditions in D2O in the presence of different equivalents of styrene (Table S6). As the 

styrene concentration increased, significantly more aziridine formation was observed. 

Using 5 equiv of styrene yielded epoxide product 1 and aziridine product 2 in a 7:1 

ratio, whereas using 20 equiv of styrene afforded these products in a 4:1 ratio (Table 

S6, entries 1 and 3). On the basis of these combined experimental and theoretical 

results, we propose that the experimentally observed product ratios result from 

competing rates for aziridination and nitrene hydrolysis. 
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pH-controlled aziridine formation 

With the proposed mechanism at hand, we explored whether the reaction conditions 

could be modified such that the desired aziridine product could be formed selectively. 

According to the DFT calculations, the hydrolysis reaction proceeds via protonation of 

the nitrene radical complex followed by coordination of the formed hydroxy species to 

the cobalt center (Scheme 3, cycle I). Therefore, we hypothesise that this reaction could 

be pH sensitive and that changing the pH could be a way to control the selectivity of the 

overall reaction. 

 

Initially, reactions were performed under the standard conditions with PhINTs at 

different pH values in a phosphate-buffered medium50 (Table S11, Figure S4). As a 

control, the standard reaction was also performed in phosphate buffer at pH 7. This 

procedure afforded a similar epoxide product 1 : aziridine product 2 ratio (Table S11, 

entry 6) with respect to the reaction performed in Milli-Q water, which excludes any 

effect of the buffer salts. We further adjusted the reaction conditions by increasing the 

catalyst, styrene, and iminoiodinane concentrations (Table S12–Table S14). Finally, 

reactions were performed with PhINNs as well.51 These results are presented in Table 

2. 
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Table 2. Catalytic reactivity of Li[CoIII(TAMLred)]‒ in buffered medium, including control reactions. 

 

Entry pH Yield 1 (%)a Yield 3 (%)a 

1 7 31 4 

2 10 35 2 

3b 10 30 2 

4c 10 0 0 

5 4 0 31 

6b 4 2 33 

7c 4 0 0 

Ratio NR-source : substrate = 1 : 5. Conditions: 23.0 mM NR-source. All experiments were performed in 

phosphate-buffered Milli-Q water (0.1 M). [a] Yields are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINNs. Reactions (blanks excepted) 

were at least performed in duplicate, and yields are averaged. [b] Experiment was performed under 

argon. [c] No catalyst was used. 

 

The Li[CoIII(TAMLred)]-catalysed aziridination reaction of styrene with PhINNs at pH 7 

yielded epoxide product 1 as the major product under aerobic conditions (Table 2, 

entry 1). Performing the reaction under basic conditions (pH 10; entries 2 and 3) 

afforded the same product selectivity. Note that no product formation was observed in 

the absence of catalyst (entry 4). Under acidic conditions (pH 4; entries 5 and 6), 

aziridine product 3 was formed selectively, and no product was formed in the absence 

of catalyst (entry 7). Given that coordination of a hydroxide and its subsequent 

deprotonation are crucial steps in the formation of the cobalt-oxo/oxyl radical 

complexes, these reaction steps are expected to be easier under basic conditions where 

high concentrations of OH− are present. Hence, styrene oxide is the major product 

observed under neutral and basic conditions, whereas performance of the reaction 

under acidic conditions (with low concentration of OH−) leads to the preferred 

formation of aziridine product 3. Overall, we observed that changing the pH of the 

reaction medium can control product formation. These results provide additional and 

direct experimental evidence for the proposed mechanism for nitrene hydrolysis, 

affording cobalt-oxo/oxyl radical complexes as the catalytically active species involved 
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in styrene oxide formation (Scheme 4A). Under acidic conditions, we tentatively 

propose the intermediacy of a cationic cobalt nitrene complex in aziridine formation 

(Scheme 4A). Given the cationic charge of this species, further protonolysis of the 

second imido moiety is unlikely. 

 

 

Scheme 4. Styrene aziridination in buffered media. 

(A) Proposed catalytic species under the acidic and basic conditions yielding styrene oxide and the 

desired aziridine product, respectively. (B) Selective aqueous aziridination of styrene derivatives under 

acidic conditions.  
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Using pH as a tool to achieve selective aziridine formation in water, we further 

optimised the reaction conditions to increase product formation (Table S15). As a 

result, the cobalt-catalysed aqueous styrene aziridination was most efficient with 15 

mol % of Li[CoIII(TAMLred)] and 20 equiv of styrene at room temperature (Scheme 4B). 

Although radical-type nitrene transfer is typically performed in anhydrous organic 

media under inert conditions, styrene was successfully converted to the desired 

aziridine product with respectable yields in water under aerobic conditions. Further 

optimisation of the pH afforded product formation with >99% selectivity, i.e., no 

epoxide formation was observed. The selective aziridination of multiple styrene 

derivatives supports the application of the procedure. 

 

Despite considerable efforts, no further improvements were made, which marks the 

limits of this specific system. We consider catalyst stability as the bottleneck, possibly 

related to the observation that the ligand oxidation process (hydroxylation of the TAML 

scaffold from the oxyl radical and/or amination from the nitrene radical) rendered 

catalytically inactive intermediates (vide supra). Ongoing work in our lab is therefore 

devoted to tackling these challenges. 
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Conclusions 

In this work, we have investigated the role of water in side product formation during 

(radical-type) nitrene transfer catalysis in water. More specifically, the catalytic 

aziridination of styrene with Li[CoIII(TAMLred)] and PhINTs in a non-buffered solution 

under mild conditions (37 °C, aerobic) yields undesired styrene oxide as the major 

product. In a combined experimental and theoretical approach, we present a 

mechanism that explains the crucial role of water herein. Namely, hydrolysis of the 

formed nitrene radical complexes yields oxyl radical complexes active in OAT catalysis. 

The involvement of the nitrene radical complexes is supported by the absence of 

product formation when the radical trap DMPO is present in the reaction mixture. 

Furthermore, the use of H218O as the reaction solvent affords 18O-labeled styrene oxide, 

unambiguously demonstrating the role of water as the oxygen source. The intermediacy 

of water in styrene oxide formation was further supported by mass spectrometry 

experiments in flow. The obtained dynamic flow profiles clearly show the depletion of 

the [CoIII(TAML)(N•Ts)n]– complexes when water is introduced, pointing to hydrolysis 

of these complexes, which affords reactive oxo/oxyl radical complexes. The consecutive 

detection of oxygenated species is the result of oxidation of the TAML scaffold (in the 

absence of suitable oxygen-accepting substrates) via the intermediacy of these 

oxo/oxyl radical complexes, providing further support for the hypothesis mentioned 

above. On the basis of NEVPT2-CASSCF(14,12) calculations, the electronic structure of 

the “mono-oxo” [CoIII(TAMLsq)(O•)]– complex was elucidated. This cobalt-oxyl radical 

complex is best described as having a multireference triplet ground state such that one 

unpaired electron is delocalised over a nearly covalent Co–O π∗ antibonding orbital and 

the other unpaired electron is mainly localised on the TAML scaffold, with 

delocalisation over cobalt and the oxyl group. Styrene oxide formation during aqueous 

styrene aziridination most likely results from OAT via such in situ formed 

cobalt-oxo/oxyl radical complexes, which we supported with additional DFT studies. 

These studies showed that epoxidation of styrene via [CoIII(TAMLsq)(O•)]–—formed by 

hydrolysis of [CoIII(TAMLsq)(N•Ts)]–—is feasible under the experimental conditions. 

The product selectivity of the nitrene transfer reaction is therefore dependent on the 

relative rates of the hydrolysis and aziridination reactions. On the basis of this 

mechanistic insight, catalysis experiments at different pH values were performed. 
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These experiments provide direct evidence for the proposed mechanism because they 

show that the desired aziridine product is formed selectively and with respectable 

yields under acidic conditions. Overall, we show that understanding the reactivity of 

nitrene (radical) complexes in water is fundamental to controlling and improving 

aqueous (radical-type) nitrene transfer catalysis. 
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Experimental Section 

General considerations 

Chemicals and solvents 

All reagents were of commercial grade and used without further purification, unless noted otherwise. 

Reactions under aerobic conditions were performed in disposable, 4 mL glass vials closed with a screw 

cap. Reactions under inert conditions were performed using standard Schlenk techniques (under Ar or 

N2) and solvents were degassed prior to use. Styrene was filtered over basic alumina prior to use. 

Phosphate buffers (0.1 M) were prepared according to the following recipes: pH 1.2: 11.53 g H3PO4 (85% 

in H2O) per 1 L Milli-Q water; pH 7: 13.80 g NaH2PO4•H2O per 1 L Milli-Q water; pH 9: 14.20 g Na2HPO4 

per 1 L Milli-Q water; pH 11: 16.39 g Na3PO4 per 1 L Milli-Q water. All stock solutions were left stirring 

overnight after which the pH was determined. Prior to all experiments, the pH of the buffers was checked 

using a Corning pH meter 240, equipped with a Ionode pH electrode; model IJ44C, serial no. 1403 – 

124436, pH 0–14, 0–60 ͦC. Solutions of different pH were prepared by mixing the stock solutions. 

 

NMR spectroscopy 

1H NMR spectra were recorded on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300, or Varian 

Mercury 300 spectrometer at room temperature. The reported ppm values are relative to SiMe4, by 

referencing the residual solvent peak to SiMe4.52 

 

Mass spectrometry 

ESI-HRMS: Mass spectra were collected on an AccuTOF LC, JMS-T100LP Mass spectrometer (JEOL, Japan). 

Typical measurement conditions are as follows: negative-ion mode; needle voltage 2500V; orifice 1 

voltage 120V; orifice 2 voltage 9V; ring lens voltage 22V; orifice 1 80 °C; desolvating chamber 250 °C. 

Flow injection with a flow rate of 180 µL h-1. All mass spectra were recorded with an average duration of 

0.5 min. 

 

GC-HRMS: Mass spectra were collected on an AccuTOF GC v 4g, JMS-T100GCV mass spectrometer (JEOL, 

Japan). Typical measurement conditions are as follows: positive-ion mode; filament ionising voltage 70V; 

FI probe equipped with FI Emitter, Carbotec (Germany), FI 10 μm; flashing current of 40 mA on every 

spectrum of 20 ms; counter electrode -10kV; ion source 37V. 

 

Flow chemistry (ESI) mass spectrometry 

Stock solutions of PPh4[CoIII(TAMLred)] (1.5 mM) and PhINTs (3.0 mM) in dry acetonitrile were 

sonicated for 5 min after which they were charged to disposable syringes (Mediware). These syringes 

were placed in labm8’s syringe pumps (M8003.1) and controlled by a labm8 mini-control platform 

(M8001.1).43 Flow profiles were generated and executed using the labm8 web control. For the transient 

flow profiles, the flow rates of the pumps were changed in 10 s intervals. The reactor outlet was always 

split into two lines, one towards the ESI source and one towards the waste. While modifying flow rates 
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in the reactors, a constant flow to the ion source was maintained using a back pressure regulator (5-75 

psi). All flow experiments were performed at room temperature unless noted otherwise. 

 

The kinetic ramp experiments were monitored with a triple quadrupole mass spectrometer (TSQ Classic) 

equipped with an ESI-source. The complexes were transferred from the solution to the gas phase at soft 

ionisation conditions. The typical electrospray conditions were: spray voltage 4 kV; capillary 

temperature 200 °C; capillary voltage 0 V; tube lens voltage 40 V, 40 psi of N2 sheath gas; scan time of 5 

s. The instrument was calibrated in negative mode using a NaI solution. 

 

The HRMS spectra were monitored with a time-of-flight mass spectrometer equipped with a trapped ion 

mobility separation module (timsTOF Pro, Bruker Daltonics, Bremen, Germany). The complexes were 

transferred from the solution to the gas phase using soft electrospray ionisation conditions (source 

voltage of +4.5 kV; drying gas flow of 0.4 L.min-1), using the imeX Detect mode by scanning ion mobility 

from 0.3 Vs cm−2 to 1.98 Vs cm−2. The instrument was calibrated using the Agilent ESI LC/MS tuning mix. 

 

EPR spectrometry 

X-band EPR spectra were acquired on a Bruker EMX X-band spectrometer, and further analysed and 

simulated using EasySpin53 coupled to cwEPR.54 

 

DFT calculations 

DFT geometry optimisations were performed on full atomic models (no simplifications) using 

TURBOMOLE 7.5.055 coupled to the PQS Baker optimizer56, 57 via the BOpt package.58 All calculations were 

performed in the gas phase at the BP8659-61/def2-TZVP62, 63 level of theory (unless stated otherwise) with 

strict convergence criteria (scfconv = 7) on a m4 grid. The final energy evaluation was performed by a 

single-point calculation at the BP86/def2-TZVP/m4 level of theory with implicit solvent corrections 

(COSMO model64) for water. In addition, Grimme’s version 3 (disp3, “zero damping”) dispersion 

corrections were applied to include dispersion influenced metal-ligand and ligand-substrate 

interactions.65 All minima (no imaginary frequencies) were characterised by numerically calculating the 

Hessian matrix. The energy output was reported in Hartree and converted to kcal mol-1 by multiplication 

with 627.509. Graphical representations of orbitals were generated using IboView66-68 and visualisation 

of spin densities using IQMol.69 Coordinates (xyz) are reported in the publication that accompanies this 

chapter (Meeus et al., Chem Catal. 2023, 3, 100700.) 

 

Where applicable, corrected broken symmetry energies (ƐBS) of the open-shell singlets (S = 0) were 

estimated from the energy (ƐS) of the optimised single-determinant broken symmetry solution and the 

energy (ƐS+1) from a separate unrestricted triplet state single-point calculation at the same level, using 

the approximate correction equation (i).58 

(i) ε ≈
𝑆𝑆+1
2 ×ε𝑆−𝑆𝑆

2×ε𝑆+1

𝑆𝑆+1
2 −𝑆𝑆

2  
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NEVPT2-CASSCF calculations 

N-electron valence state perturbation theory (NEVPT2)-corrected complete active space self-consistent 

field (CASSCF) calculations were performed with the ORCA 4.170 software package on geometries 

optimised in TURBOMOLE at the triplet spin surface. The def2-TZVP62, 63  basis set was used together with 

the RIJCOSX71 approximation in conjunction with the def2-TZVP/C fitting basis set to reduce 

computational cost. The single root spin states (singlet, triplet and quintet) were calculated with an active 

space employing 14 electrons in 12 orbitals that describe the (anti)bonding interactions of the cobalt 

d-orbitals with the ligand π-framework and “O” ligand for [CoIII(TAMLsq)(O•)]‒, and an active space 

employing 12 electrons in 11 orbitals that describe the (anti)bonding interactions of the cobalt d-orbitals 

with the ligand π-framework for [CoIII(TAMLred)]‒. Implicit solvation for [CoIII(TAMLsq)(O•)]‒ in the 

triplet state was included via the CPCM(water) keyword72 in the CASSCF(14,12) and 

NEVPT-CASSCF(14,12) calculations. For refined energy values, NEVPT273-75 calculations using the RI 

approximation were carried out on converged CASSCF wavefunctions. Canonical orbitals were generated 

for visualisation using IboView.66, 67, 68 Energy output was reported in Hartree and was converted to kcal 

mol-1 by multiplication with 627.509. A general flow-scheme for these calculations has previously been 

reported.32 Coordinates (xyz) are reported in the publication that accompanies this chapter (Meeus et al., 

Chem Catal. 2023, 3, 100700.) 

 

Synthesis and characterisation of complexes, reagents, and products 

Complexes: Li[CoIII(TAMLred)]76, 77, 78 and Li[CoIII(TAMLred-Cl2)],32 and reagents: PhINTs,34 PhINNs,34 

PhIO,79, 80 and 2-(4-bromophenyl)-1-tosylaziridine (Br-2)23, 81 were prepared according to literature 

procedures and the spectroscopic data matched those previously reported. Characterisation of known 

products: 2-phenyloxirane82 (1), 2-phenyl-1-tosylaziridine83 (2), 1-((4-nitrophenyl)sulfonyl)-2-

phenylaziridine84 (3), 1-((4-nitrophenyl)sulfonyl)-2-(p-tolyl)aziridine84 (4), 2-(4-(tert-butyl)phenyl)-1-

((4-nitrophenyl)sulfonyl)aziridine84 (5), 2-(4-fluorophenyl)-1-((4-nitrophenyl)sulfonyl)aziridine84 (6), 

2-(4-chlorophenyl)-1-((4-nitrophenyl)sulfonyl)aziridine84 (7), 1-((4-nitrophenyl)sulfonyl)-2-(4-

acetoxyphenyl)aziridine85 (8), 1-((4-nitrophenyl)sulfonyl)-2-(4-(trifluoromethyl)phenyl)aziridine84 (9) 

from the epoxidation/aziridination reactions was performed by 1H NMR spectroscopy. Detailed synthetic 

procedures and 1H NMR spectra are reported in the publication that accompanies this chapter (Meeus et 

al., Chem Catal. 2023, 3, 100700.). 

 

Catalytic reactions and mechanistic studies 

Standard procedure for catalytic reactions with Li[CoIII(TAMLred)] 

The standard procedure was adapted from previous work:34 a transparent vial (4 mL) was charged with 

the NR- or O-source (11.5 µmol, 1.0 equiv), styrene (57.5 µmol, 5.0 equiv) and Li[CoIII(TAMLred)] (0.50 

mg, 1.15 µmol, 10 mol %; 1 mL of a 1.15 mM stock solution in Milli-Q water or D2O) and closed with a 

screw cap. The reaction mixture was stirred under aerobic conditions at 37 °C for 2 h. 1,3,5-

tritertbutylbenzene (100 µL of a stock solution in CDCl3) was added as an external standard. After 

addition of 650 µL of CDCl3, the reaction mixture was extracted and filtered (syringe filter, PTFE, 0.45 
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mm) to remove unreacted iminoiodinane. The CDCl3 layer was analysed by 1H NMR spectroscopy to 

confirm product formation and monitor the formation of side products. For reactions performed in D2O, 

the water layer was also analysed by 1H NMR spectroscopy. Careful inspection of the D2O layer revealed 

only residual TsNH2 and unreacted PhINTs, supporting the efficiency of the CDCl3 extraction work-up. 

 

Catalytic reactivity of Li[CoIII(TAMLred)] in styrene aziridination in water 

Catalytic reactions performed with PhINTs, PhINNs or PhIO (11.5 mM), styrene (57.5 mM) and 

Li[CoIII(TAMLred)] (1.15 mM) in Milli-Q water or D2O can be found in Table S1. Additionally, chloramine-

T has been explored as a nitrogen source, albeit unsuccessful (entry 9). With respect to the hypervalent 

iodine reagents, chloramine-T may not be oxidative enough to afford the formation of the nitrene radical 

intermediate. Importantly, no significant differences can be observed between reactions performed in 

Milli-Q water or D2O. Also, comparable results were obtained under aerobic and anaerobic conditions. In 

line with previous reports on this system,34 oxidation of the reactive intermediates by O2 is, apparently, 

(much) slower than aziridine or epoxide formation. Please note that the catalyst is bench (O2) stable, and 

the nitrene and oxyl radicals have a higher oxidation state and are therefore less likely to facilitate 

single-electron transfer towards oxygen. Radical-radical reactions with oxygen can occur, but according 

to our data these are not competing with the epoxidation or aziridination reactions. Catalytic reactions 

performed with PhINTs (11.5 mM), styrene (57.5 mM) and Li[CoIII(TAMLred-Cl2)] (1.15 mM) can be 

found in Table S2. All relevant control reactions can be found in Table S3. Furthermore, the standard 

reaction was monitored over time, of which the results can be found in Table S4. The results of the 

deactivation study for Li[CoIII(TAMLred)] in the formation of 1 under aerobic conditions can be found in 

Table S5 and the results of the effect of the styrene concentration on the catalytic reactivity of 

Li[CoIII(TAMLred)] can be found in Table S6. 

  



101 

 

Table S1: Catalytic reactivity of Li[CoIII(TAMLred)] in water. 

 

Entry Solvent Atmosphere NR- or O-source Yield 1[a] Yield 2[a] Yield 3[a] 

1 D2O Aerobic PhINTs 36% 5% - 

2[b] D2O Aerobic PhINTs 37% 5% - 

3 D2O Anaerobic PhINTs 30% 7% - 

4 Milli Q Aerobic PhINTs 35% 3% - 

5[b] Milli Q Aerobic PhINTs 40% 4% - 

6 Milli Q Anaerobic PhINTs 30% 3% - 

7 D2O Aerobic PhINNs 23% - 11% 

8 Milli Q Aerobic PhINNs 25% - 13% 

9 Milli Q Aerobic Chloramine-T 0 0 - 

10 D2O Aerobic PhIO 30% - - 

11 D2O Anaerobic PhIO 33% - - 

12 Milli Q Aerobic PhIO 26% - - 

13 Milli Q Anaerobic PhIO 27% - - 

Conditions: 11.5 mM NR- or O-source. Order of addition: NR- or O-source and styrene were charged to a 

4 mL vial, catalyst was added as a stock solution in water. [a] Yields are quantified by 1H NMR integration 

with 1,3,5-tritertbutylbenzene as an external standard and are versus the NR- or O-source. Reactions 

were at least performed in duplicate, yields are averaged. [b] Reaction performed at room temperature 

(23 °C). 

 

Table S2: Catalytic reactivity of Li[CoIII(TAMLred-Cl2)] in water. 

 

Entry Solvent Atmosphere Yield 1[a] Yield 2[a] 

1 D2O Aerobic 32% 6% 

2 Milli Q Aerobic 31% 4% 

Conditions: 11.5 mM NR-source. Order of addition: NR-source and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in water. [a] Yields are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. Reactions were performed in 

duplicate, average of two yields. 
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Table S3: Relevant control experiments in water. 

 

Entry Catalyst Solvent Atmosphere NR- or O-source Yield 1[a] Yield 2[a] 

1 - D2O Aerobic PhINTs 0% 0% 

2 - Milli Q Aerobic PhINTs 0% 0% 

3 - D2O Aerobic PhIO 0% - 

4 - Milli Q Aerobic PhIO 0% - 

5 - D2O Aerobic TsNH2 0% 0% 

6 [b] D2O Aerobic PhINTs 0% 0% 

7 [b] D2O Anaerobic PhINTs 0% 0% 

8[c] 10 mol % 
Li[CoIII(TAMLred)] D2O Aerobic - 0% - 

Conditions: 11.5 mM NR- or O-source. Order of addition: NR- or O-source and styrene were charged to a 

4 mL vial, catalyst was added as a stock solution in water. [a] Yields are quantified by 1H NMR integration 

with 1,3,5-tritertbutylbenzene as an external standard and are versus the NR- or O-source. [b] LiCl was 

used. [c] Catalyst and styrene were combined, but no NR- or O-source was added. 

 

The olefin aziridination of styrene with Li[CoIII(TAMLred)] was followed over time to monitor product 

formation. The characterisation of the reaction products requires extraction in CDCl3 (see the general 

procedure for the catalytic reactions, vide supra). Therefore, eight separate vials were charged with 

PhINTs (11.5 mM), styrene (57.5 mM) and Li[CoIII(TAMLred)] (1.15 mM) in D2O. The reactions were 

individually quenched by addition of 1,3,5-tritertbutylbenzene (100 µL of a stock solution in CDCl3) and 

CDCl3 (650 µL). Product formation was analysed by 1H NMR spectroscopy. The results can be found in 

Table S4. Based on the yields of product 1 and 2, the reaction seems completed after 20 min. 

  



103 

 

Table S4: Catalytic reactivity of Li[CoIII(TAMLred)] in water, monitored over time. 

 

Entry Reaction time 
(min) 

Yield 1[a] Yield 2[a] 

1 1 8% 3% 

2 2 8% 3% 

3 5 22% 4% 

4 10 22% 6% 

5 20 37% 8% 

6 40 41% 6% 

7 60 37% 4% 

8 120 38% 6% 

Conditions: 11.5 mM NR-source. Order of addition: PhINTs and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in D2O. [a] Yields are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. 

 

The aziridination reaction of styrene with PhINTs and Li[CoIII(TAMLred)] generally affords no more than 

35-40% epoxide product 1 in water (~4 turnovers). To investigate potential catalyst deactivation, 

aliquots of PhINTs (11.5 µmol, 1 equiv) were added after 30 and 60 min to 5 equiv of styrene under the 

standard conditions with 10 mol % Li[CoIII(TAMLred)] under an aerobic atmosphere. After 90 min, 

another 10 mol % catalyst was added. The characterisation of the reaction products requires extraction 

in CDCl3 (see the general procedure for the catalytic reactions, vide supra). Therefore, four separate vials 

were charged with PhINTs (11.5 mM), styrene (57.5 mM) and Li[CoIII(TAMLred)] (1.15 mM) in Milli-Q 

water, and the aliquots of PhINTs and/or catalyst were added to each vial separately as listed in Table 

S5. All reactions were quenched after 2 h and product formation was analysed by 1H NMR spectroscopy 

with use of 1,3,5-tritertbutylbenzene as an external standard. 

 

Addition of PhINTs after 30 min (entry 2) affords another 4.1 µmol product with respect to the standard 

reaction without additional PhINTs (entry 1). This indicates that the catalyst is still catalytically active. 

Nevertheless, still no more than 4 additional turnovers were achieved. Addition of a second aliquot of 

PhINTs after 60 min affords no more product (entry 3), indicating that catalyst deactivation is occurring 

under these conditions. Introduction of another 10 mol % catalyst only affords an additional 1.6 µmol 

product with respect to entry 2 and 3. In other words, under these reaction conditions, i.e., high PhINTs 

concentration and lower styrene concentration, catalyst deactivation occurs. 
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Table S5: Deactivation study for Li[CoIII(TAMLred)] in the formation of 1 under aerobic conditions in 

water. 

 

Entry Addition 1 (µmol)[a] 

1 - 4.1 

2 30 min: + PhINTs 8.2 

3 
30 min: + PhINTs 
60 min: + PhINTs 

8.2 

4 
30 min: + PhINTs 
60 min: + PhINTs 
90 min: + Li[CoIII(TAMLred)] 

9.8 

Conditions: 11.5 mM NR-source. Order of addition: PhINTs and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in D2O. Aliquots of PhINTs or catalyst were added after 30, 60 or 

90 min. [a] Yields are quantified by 1H NMR integration with 1,3,5-tritertbutylbenzene as an external 

standard and are versus PhINTs. Reactions were performed in duplicate, average of two yields. 

 

As a follow up from the deactivation study for Li[CoIII(TAMLred)] in the formation of 1 under aerobic 

conditions, the styrene concentration was increased. In addition, this experiment provides experimental 

evidence for the hypothesis that styrene and water most likely compete for a reaction with the formed 

nitrene radical complex. The results can be found in Table S6. Interestingly, increasing the styrene 

concentration by use of ten or 20 equiv, with respect to the standard conditions (entry 1), affords a higher 

overall yield. This result indicates that less catalyst deactivation occurs in the presence of more styrene. 

In other words, when the styrene concentration is increased, the reactive nitrene radical complex may 

be more likely to react with the substrate before reacting with water. This is highlighted by the product 

ratios, which change from 7 : 1 to 4 : 1 for product 1 versus product 2, respectively. 
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Table S6: Effect of the styrene concentration on the catalytic reactivity of Li[CoIII(TAMLred)] in water. 

 

Entry Styrene 
equiv 

Yield 1[a] Yield 2[a] Product ratio  
1 : 2 

1 5 36% 5% 7 : 1 

2 10 39% 6% 7 : 1 

3 20 40% 9% 4 : 1 

Conditions: 11.5 mM NR-source. Order of addition: PhINTs and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in D2O. [a] Yields are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. Reactions were performed in 

duplicate, average of two yields. 

 

Epoxide formation with Li[CoIII(TAMLred)] in water 

To understand the potential role of water in the formation of epoxide product 1, the standard reaction 

was performed in labelled H218O and the results are reported in Table S7 and Figure S1. The role of the 

nitrene radical complex was investigated by performance of the standard reaction in the presence of a 

spin trap. The results can be found in Scheme S1, and Figure S2 and Figure S3. Furthermore, two control 

experiments were performed to exclude the formation of product 1 as the result of hydrolysis of the 

aziridine product 2 or the iminoiodinane. The results can be found in Table S8 and Table S9, respectively. 

 

To investigate the role of water as the potential oxygen source in the formation of product 1, the standard 

reaction, as described in the general procedure for the catalytic reactions (vide supra), was performed in 

labelled water (H218O – 98%) under aerobic conditions. Note that vials were not flame-dried to remove 

residual water. Product formation was analysed by 1H spectroscopy and GC-HRMS, the results are 

reported in Table S7 and Figure S1. In presence of H218O, 18O containing styrene oxide is formed. This 

result clearly indicates that water is the oxygen source for product 1 formation. 
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Table S7: Epoxide formation with Li[CoIII(TAMLred)] in labelled water. 

 

Entry Solvent Product 1 
Observed m/z[a] 

Product 1 
Calculated m/z[a] 

Yield 1[b] 

1 Milli-Q 120.0581 120.0575 35% 

2 H218O 122.0618 122.0618 32% 

Conditions: 11.5 mM NR-source. Order of addition: PhINTs and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in water. [a] GC-HRMS analysis (FI). [b] Yields are quantified by 1H 

NMR integration with 1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. 

 

 
Figure S1: HRMS-FI spectra of product 1 prepared with Li[CoIII(TAMLred)] at 37 °C in Milli-Q water (top, 

experimental and simulated spectra) and H218O (bottom, experimental and simulated spectra). 
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To support the formation of radical-type intermediates, the Li[CoIII(TAMLred)]-catalysed aziridination 

reaction of styrene was performed in the presence of 5 equiv of DMPO34 (with respect to PhINTs) under 

anaerobic conditions in D2O. The result is summarised in Scheme S1. The addition of 5 equiv of DMPO 

inhibits the formation of product 1 and 2. Given the known reactivity of DMPO as a radical scavenger, 

this result indicates that radical-type intermediates are generated and subsequently trapped by the spin 

trapping reagent. 

 

 

Scheme S1: Spin trapping experiment for the Li[CoIII(TAMLred)]-catalysed formation of 1 and 2. Order of 

addition: DMPO and PhINTs were charged to a 5 mL Schlenk, styrene was added and lastly catalyst was 

added as a stock solution in D2O. 

 

To investigate the formation of trapped radical adducts in more detail, the Li[CoIII(TAMLred)]-catalysed 

aziridination reaction of styrene in presence of 5 equiv of DMPO was repeated. After 2 h, a sample of the 

aqueous reaction mixture was collected for ESI-HRMS analysis. Thereafter, the reaction mixture was 

extracted with toluene under argon and this layer was analysed by ESI-HRMS and X-Band EPR 

measurements. The ESI-HRMS spectra recorded from the water layer (top) and the toluene layer 

(middle), and the simulated spectrum (bottom) are shown in Figure S2. The observed species at m/z 

281.0965 can be assigned to [DMPO + NTs - H]– (calcd. m/z for C13H17N2O3S: 281.0960), i.e., a NTs-

containing DMPO-derivative similar to DMPOX. The trapping experiment also led to the detection of an 

unidentified DMPO-centered radical in X-Band EPR (Figure S3) with giso = 2.0058 and hyperfine coupling 

interactions with 14N (ANiso = 41.12 MHz) and 1H (AHiso = 8.24 MHz). Unfortunately, NTs, O and styrene 

radical adducts with DMPO are unknown, and therefore we are unable to conclusively assign the 

observed EPR signals to a specific DMPO adduct. Nevertheless, the observation of a NTs-containing 

DMPO-derivative with ESI-HRMS, in combination with the absence of product formation and the results 

from the catalytic control experiments described below, supports nitrene radical formation on the cobalt 

complex. This intermediate is therefore crucial in both aziridine and epoxide formation. 
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Figure S2: ESI-HRMS spectrum of the Li[CoIII(TAMLred)]-catalysed aziridination reaction of styrene in 

presence of 5 equiv of DMPO in the water layer (top) and toluene layer (middle), and the simulated 

spectrum (bottom). 

 

Figure S3: Experimental (black) and simulated (red) X-band EPR spectrum of the reaction mixture 

extracted in toluene at room temperature. Experimental parameters: microwave freq. 9.64394 GHz, 

power 20.00 mW, mod. amp. 1.000 G. Simulation parameters: giso = 2.0058, ANiso = 41.12 MHz, AHiso = 8.24 

MHz, lwpp = 0.13. 
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To exclude the alternative pathway for the formation of product 1—via hydrolysis of the formed aziridine 

product 2 or via hydrolysis of the iminoiodinane—two control experiments were designed. 

 

Control experiment 1: 

2-(4-bromophenyl)-1-tosylaziridine (Br-2) was prepared according to a literature procedure and the 

spectroscopic data matched those previously reported.23, 81 The standard reaction, as described in the 

general procedure for the catalytic reactions (vide supra), was performed in presence of Br-2. We 

introduced 0.3 equiv with respect to PhINTs as the reaction typically affords around 30% yield under 

these conditions. The results can be found in Table S8. If the aziridine product is hydrolysed to styrene 

oxide under catalytic conditions, the formation of 4-bromostyrene oxide (Br-1) is expected. However, no 

conversion of Br-2 was observed, and the epoxide product 1 and aziridine product 2 were found in the 

expected ratios (Table S1, entry 1 and entry 4). 

 

Table S8: Control experiment to monitor potential aziridine product hydrolysis. 

 

Entry Solvent Conversion Br-2 Yield Br-1 [a] Yield 1[a] Yield 2[a] 

1 D2O 0% 0% 39% 10% 

2 Milli Q 0% 0% 39% 5% 

Conditions: 11.5 mM NR-source. Order of addition: PhINTs, Br-2 and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in water. [a] Yields are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. 

 

Control experiment 2: 

A suspension of PhINTs (11.5 mM) in Milli-Q water was stirred for 2 h at 37 °C according to the standard 

reaction conditions. The precipitate was isolated by vacuum filtration and left to dry. The collected 

PhINTs was dissolved in DMSO-d6 (degassed, on molecular sieves) and analysed by 1H spectroscopy. 

Another ‘unreacted’ batch of PhINTs (fresh from the jar) was dissolved in DMSO-d6 (degassed, on 

molecular sieves) and analysed as well. This was done as a control since residual water still present in 

DMSO-d6 may hydrolyse PhINTs in solution. The results can be found in Table S9. With respect to the 

control reaction, only 6% (0.6 µmol) PhIO was formed from suspending PhINTs in water. Furthermore, 

the reaction was reproduced in D2O to analyze the water layer. Only negligible traces of PhINTs and PhIO 

were observed in the D2O layer, excluding an incomplete mass balance. 
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Table S9: Control experiment to monitor potential PhINTs hydrolysis. 

 

Entry [µmol] PhIO[a] Yield PhIO[a] 

1 1.4 17% 

2[b] 0.8 11% 

Order of addition: PhINTs was charged to a 4 mL vial, Milli-Q water was added. [a] Yields are quantified 

by 1H NMR integration with triethyl ammonia chloride as an external standard in DMSO-d6, and are versus 

PhINTs. [b] Control reaction: PhINTs was dissolved in DMSO-d6 (degassed, on molecular sieves). 

 

Reversibility of nitrene hydrolysis 

To address the reversibility of the hydrolysis of the nitrene radical complexes to the cobalt-oxo/oxyl 

radical complexes, two sets of experiments were performed. Specifically, Li[CoIII(TAMLred)] was 

subjected to a reaction with styrene using 1) PhIO as the O-source (Table S10, entry 1-3), or 2) PhINTs 

as the NR-source (Table S10, entry 4-6), in the presence of increasing amounts of TsNH2. TsNH2 was used 

as an additional NR-source given that it is present in the reaction mixture as a byproduct from nitrene 

hydrolysis whilst not affording nitrene radical complexes by itself when introduced to the catalyst (Table 

S10, entry 7 and 8). Hence, it is an ideal reagent to test the reversibility of the reaction. 

 

In the reaction with PhIO as the O-source, a significant increase in the formation of aziridine product 

(from 1% to 9%) was observed upon increasing amounts (1 to 10 equiv) of TsNH2 in solution. Given that 

no aziridine product is formed with PhIO in the absence of TsNH2, or with TsNH2 in the absence of an NR- 

or O-source, we postulate that aziridine formation most likely results from a reaction between the 

oxo/oxyl-radical complexes with TsNH2, which likely affords nitrene (radical) complexes that enable 

nitrene transfer to styrene. 

 

When subjecting the catalyst to a reaction with styrene in the presence of PhINTs and increasing amounts 

(1 to 10 equiv) of TsNH2, a similar increase in aziridine product (from 3% to 14%) was observed. Based 

on this observation, and the above-described results, we propose that the formation of oxo/oxyl radical 

complexes from the hydrolysis of the nitrene (radical) complexes is somewhat reversible in the presence 

of TsNH2 as an additional nitrogen source. 

 

Despite considerable efforts, the equilibrium could not be shifted fully towards the nitrene (radical) 

complexes in the presence of TsNH2. Further investigations into selective aziridine formation were 

therefore performed (vide infra). 
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Table S10: Mechanistic experiments into the reversibility of nitrene hydrolysis. 

 

Entry NR- or O-source TsNH2 (equiv) Yield 2[a] Yield 1[a] 

1 PhIO 1 1% 23% 

2 PhIO 5 4% 18% 

3 PhIO 10 9% 21% 

4 PhINTs 1 4% 37% 

5 PhINTs 5 7% 37% 

6 PhINTs 10 14% 35% 

7[b] PhINTs 10 0% 0% 

8[c] - 10 0% 0% 

Conditions: 23 mM NR-source. Order of addition: the NR- or O-sources and styrene were charged to a 4 

mL vial, catalyst was added as a stock solution in Milli-Q water. [a] Yields are quantified by 1H NMR 

integration with 1,3,5-tritertbutylbenzene as internal standard and are versus the NR- or O-source. [b] In 

the absence of catalyst. [c] In presence of catalyst but in the absence of PhINTs or PhIO. 

 

pH-controlled aziridine formation 

Catalytic reactivity of Li[CoIII(TAMLred)]  in styrene aziridination at different pH is reported in Table S11 

and Figure S4. The related control experiments are presented in Scheme S2 and Scheme S3. Reaction 

conditions were screened and adjusted (Table S12 and Table S13) affording the desired products 1 and 

2 or 3 selectively as reported in Table S14. 

 

Motivated by the proposed mechanism for the hydrolysis of the nitrene radical complex (vide infra), the 

standard reaction, as described in the general procedure for the catalytic reactions (vide supra), was 

performed in phosphate buffered medium (0.1 M) with different pH. The results can be found in Table 

S11 and are visualised in Figure S4. 
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Table S11: Catalytic reactivity of Li[CoIII(TAMLred)] in phosphate buffered medium (0.1 M). 

 

Entry pH Yield 1[a] Yield 2[a] 

1 2 0% 0% 

2 4 0% 11% 

3 5 0% 11% 

4[b] 5 3% 19% 

5 6 24% 6% 

6 7 35% 3% 

7 8 33% 1% 

8 9 26% 0% 

9[b] 9 26% 0% 

10 10 25% 0% 

11 11 18% 0% 

12 13 2% 0% 

13[c] 5 0% 0% 

14[c] 10 0% 0% 

Conditions: 11.5 mM NR-source. Order of addition: PhINTs and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in phosphate buffer (0.1 M). [a] Yields are quantified by 1H NMR 

integration with 1,3,5-tritertbutylbenzene as an external standard  and are versus PhINTs. [b] Experiment 

performed under argon. [c] No catalyst used. 

 

 

Figure S4: Graphical representation of the catalytic reactivity of Li[CoIII(TAMLred)] in phosphate buffered 

medium (0.1 M). 
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To ensure no conversion of the aziridine product 2 to epoxide product 1 under basic conditions, or 

epoxide product 1 to aziridine product 2 under acidic conditions, two control experiments were 

performed. 

 

Control experiment 1: 

Br-2 (0.2 equiv with respect to PhINTs) was combined with PhINTs (11.5 mM), styrene (57.5 mM) and 

Li[CoIII(TAMLred)], as described in the general procedure for the catalytic reactions (vide supra), in 

phosphate buffer (0.1 M, pH 11). The result is summarised in Scheme S2. If the aziridine product reacts 

to styrene oxide under basic conditions, the formation of 4-bromostyrene oxide (Br-1) is expected. 

However, no conversion of Br-2 was observed, and the epoxide product 1 and aziridine product 2 were 

found in the expected ratios (Table S11, entry 11). 

 

 

Scheme S2: Control experiment for the Li[CoIII(TAMLred)]-catalysed formation of 1 under basic 

conditions. Order of addition: PhINTs, Br-2 and styrene were charged to a 4 mL vial, catalyst was added 

as a stock solution in phosphate buffer (0.1 M, pH 11). 

 

Control experiment 2: 

2-(4-chlorophenyl)oxirane) (Cl-1) (0.2 equiv with respect to PhINTs) was combined with PhINTs (11.5 

mM), styrene (57.5 mM) and Li[CoIII(TAMLred)], as described in the general procedure for the catalytic 

reactions (vide supra), in phosphate buffer (0.1 M, pH 5). The result is summarised in Scheme S3. If the 

epoxide product reacts to the aziridine product under acidic conditions, the formation of 

2-(4-chlorophenyl)-1-tosylaziridine (Cl-2) is expected. However, no conversion of Cl-1 was observed, 

and the epoxide product 1 and aziridine product 2 were found in the expected ratios (Table S11, entry 

3). 

 

 

Scheme S3: Control experiment for the Li[CoIII(TAMLred)]-catalysed formation of 2 under acidic 

conditions. Order of addition: PhINTs, Cl-1 and styrene were charged to a 4 mL vial, catalyst was added 

as a stock solution in phosphate buffer (0.1 M, pH 5). 
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Under acidic conditions, the catalyst loading (Table S12), the concentration of reagents (Table S13), and 

the pH (Table S14) were varied to achieve the desired product selectivity. Note that reactions performed 

under argon afford similar product ratios and that all controls are negative. 

 

Table S12: Optimisation of the catalyst loading and concentration for the formation of 2, catalysed by 

Li[CoIII(TAMLred)]. 

 

Entry Catalyst loading 
(mol %) 

Catalyst 
concentration (mM) 

Yield 1[a] Yield 2[a] 

1 10 1.15 0% 11% 

2 5 0.58 1% 3% 

3 2.5 0.29 0% 0% 

Conditions: 11.5 mM NR-source. Order of addition: PhINTs and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in phosphate buffer (0.1 M, pH 5). [a] Yields are quantified by 1H 

NMR integration with 1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. 

 

Table S13: Optimisation of the concentration of reagents for the formation of 2, catalysed by 

Li[CoIII(TAMLred)]. 

 

Entry Catalyst 
concentration 
(mM) 

PhINTs 
concentration (mM) 

Yield 1[a] Yield 2[a] 

1 0.58 5.8 0% 11% 

2 1.15 11.5 0% 11% 

3 2.30 23.0 4% 18% 

Order of addition: PhINTs and styrene were charged to a 4 mL vial, catalyst was added as a stock solution 

in phosphate buffer (0.1 M, pH 5). [a] Yields are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard  and are versus PhINTs. 
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Table S14: Optimisation of the pH for the formation of 2 and 3, catalysed by Li[CoIII(TAMLred)]. 

 

Entry pH NR-source Yield 1[a] Yield 2[a] Yield 3[a] 

1 5 PhINTs 4% 18% - 

2 4.5 PhINTs 2% 18% - 

3[b] 4.5 PhINTs 5% 15% - 

4 4 PhINTs 0% 15% - 

5 8 PhINTs 31% 3% - 

6 9 PhINTs 27% 2% - 

7 10 PhINTs 26% 0% - 

8 10 PhINTs 28% 0% - 

9[c] 10 PhINTs 0% 0% - 

10 5 PhINNs 11% - 21% 

11 4.5 PhINNs 4% - 26% 

12 4 PhINNs 0% - 31% 

13[b] 4 PhINNs 2% - 33% 

14 7 PhINNs 32% - 4% 

15 10 PhINNs 35% - 2% 

16[b] 10 PhINNs 30% - 2% 

17[c] 4 PhINNs 0% - 0% 

18[c] 10 PhINNs 0% - 0% 

Conditions: 23 mM NR-source. Order of addition: NR-source and styrene were charged to a 4 mL vial, 

catalyst was added as a stock solution in phosphate buffer (0.1 M). [a] Yields are quantified by 1H NMR 

integration with 1,3,5-tritertbutylbenzene as an external standard and are versus the NR-source. [b] 

Experiment performed under argon. [c] No catalyst was used. 

 

The reaction conditions were further optimised by changing the reaction temperature, catalyst loading, 

and styrene concentration (Table S15). Addition of iminoiodinane in batches, longer reaction times, 

styrene as the limiting reagent and dilution of the reaction mixture did not lead to any improvements of 

the yield. Note that the control reaction affords no epoxide or aziridine product. 

 

Since we increased the styrene concentration rather significantly, we performed two additional control 

experiments (Table S15, entry 7 and 8) to provide evidence for the reaction occurring in water and not 

in styrene as previously reported.24 In the first control experiment (entry 7), the order of addition was 

changed, i.e., the catalyst was first dissolved in water after which styrene and PhINNs were added, which 
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resulted in similar yields. In the second control experiment (entry 8), the reaction was performed at pH 

7, which afforded the expected mixture of 1 and 3. The latter result clearly indicates the importance of 

water as the reaction mixture with respect to selective product formation. 

 

Table S15: Optimisation of the reaction temperature, catalyst loading and styrene concentration for the 

formation of R-3, catalysed by Li[CoIII(TAMLred)]. 

 

Entry R pH Catalyst loading 
(mol %) 

T (°C) Styrene 
equiv 

Yield R-1[a] Yield R-3[a] 

1 H 4 10 r.t. 5 7% 32% 

2 H 4 15 r.t. 5 Traces 43% 

3 H 4 15 r.t. 10 4% 39% 

4 H 4 15 r.t. 15 4% 41% 

5[b] H 4 15 r.t. 20 2% 47% 

6 H 4 - r.t. 20 0% 0% 

7[c] H 4 15 r.t. 20 4% 44% 

8[d] H 7 15 r.t. 20 25% 16% 

9 H 4 15 10 20 0% 38% 

10 H 4 20 r.t. 20 1% 41% 

11 H 4 25 r.t. 20 0% 42% 

12 H 4 30 r.t. 20 0% 45% 

13[b, e] H 3 15 r.t. 20 0% 44% 

14[b] H 3 15 r.t. 20 0% 51% 

15[b] Me 4 15 r.t. 20 0% 56% 

16[b] t-Bu 4 15 r.t. 20 0% 24% 

17[b] F 3 15 r.t. 20 0% 52% 

18[b] Cl 3 15 r.t. 20 0% 55% 

19[b] OAc 4 15 r.t. 20 0% 35% 

20[b] CF3 3 15 r.t. 20 4% 20% 

Conditions: 23 mM NR-source. Order of addition: Catalyst was charged to a 4 mL vial, styrene and 

phosphate buffer (0.1 M, pH 4) were added. Finally, PhINNs was added as a solid. [a] Yields are quantified 

by 1H NMR integration with 1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. [b] 

Experiment performed in duplicate. [c] Order of addition: Catalyst was charged to a 4 mL vial and 

dissolved in phosphate buffer (pH 5), styrene was added. Finally, PhINNs was added as a solid. [d] 

Experiment performed in Milli-Q water. [e] Experiment performed with PhINTs. 
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Formation and reactivity of the nitrene radical complexes monitored by ESI-MS in a modular flow 

reactor 

Formation of the nitrene radical complexes in solution 

The formation of the [CoIII(TAMLsq)(N•Ts)]– and [CoIII(TAMLq)(N•Ts)2]– complexes in solution was 

studied using the experimental setup depicted in Scheme S4. A typical experiment consisted of a 

pre-calibration phase at the starting conditions (i.e., 3.3 µL/min for PPh4[CoIII(TAMLred)], 0 µL/min for 

PhINTs and 16.7 µL/min for acetonitrile) after which the PhINTs concentration is increased from zero to 

10 equiv at a set reaction time. The final concentration of this ramp is maintained for 5 min after which 

the system is flushed with acetonitrile, followed by five steady state conditions (Figure S5, Table S16). 

This experimental methodology was repeated for different reaction times by changing the reactor 

volume, which allows for a consistent flowrate while minimising variation in the spray conditions. 

Herein, we used a three-pump system to vary the molar excess ratio while keeping the initial 

concentration of the complex and the reaction time constant. Acetonitrile was used as the solvent to 

achieve and confirm the formation of the mono- and bis-nitrene complexes in solution and to enable 

easier detection of these complexes. 

 

 

Scheme S4: Schematic diagram of the experimental setup and program used to probe the formation of 

the [CoIII(TAMLsq)(N•Ts)]– and [CoIII(TAMLq)(N•Ts)2]– complexes from a reaction of 

PPh4[CoIII(TAMLred)] with PhINTs in acetonitrile. Starting conditions: 3.3 µL/min for 

PPh4[CoIII(TAMLred)], 0 µL/min for PhINTs and 16.7 µL/min for acetonitrile. 

 

 

Figure S5: Data output of the ramp and sequential steady state experiments with in black: the total ion 

count, in blue: [CoIII(TAMLred)]–, in yellow: [CoIII(TAMLsq)(N•Ts)]–, and in red: [CoIII(TAMLq)(N•Ts)2]–. 



118 

 

Table S16: Results and experimental design used to study [CoIII(TAMLsq)(N•Ts)]– formation. The ratio 

was obtained by normalising the ions by the ion count and sequentially dividing them. 

Molar excess ratio 
PhINTs / [CoIII(TAMLred)]– 

Flowrate 
(µL/min) 

Reaction 
time (min) 

Ratio  
[CoIII(TAMLsq)(N•Ts)]– / [CoIII(TAMLred)]– 

0 20 0.25 0.000 

1 20 0.25 0.297 

2 20 0.25 0.603 

4 20 0.25 0.965 

8 20 0.25 2.079 

0 20 1 0.000 

1 20 1 0.156 

2 20 1 0.459 

4 20 1 1.041 

8 20 1 3.262 

0 20 2 0.000 

1 20 2 0.219 

2 20 2 0.808 

4 20 2 2.011 

0 20 4 0.000 

1 20 4 0.352 

2 20 4 0.836 

4 20 4 2.084 

8 20 4 6.292 

0 40 1 0.000 

1 40 1 0.357 

2 40 1 0.776 

4 40 1 1.585 

8 40 1 4.717 

 

The data extracted from the above-described ramp experiment (Figure S5, Table S16) was fitted in a 

multivariate analysis (Figure S6, Table S17, Figure S7), which demonstrates that the reaction time, molar 

excess ratio and their interaction effect are significant factors that play a role during the formation of the 

[CoIII(TAMLsq)(N•Ts)]– complex. Within the experimental scope, the effect of the molar excess ratio was 

examined and observed to contribute more significantly to the formation of this complex than the 

reaction time. This indicates that the reaction is either slow, or is reaching an equilibrium fast. As both 

factors, the molar excess ratio and the reaction time, contribute significantly, the observed speciation is 

suggested to occur in solution rather than in the droplets during the ionisation process. 
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Figure S6: Actual by predicted plot, obtained by the multivariate analysis. 

 

Table S17: Effect summary of the multivariate analysis. 

Source LogWorth PValue 

Molar excess ratio 11.356 0.00000 

Molar excess ratio*reaction time 6.423 0.00000 

Reaction time 4.414 0.00004 

 

 

Figure S7: Leverage plots of the studied factors: molar excess ratio (left), reaction time (middle) and 

molar excess ratio*reaction rate (right). 

 

Besides the formation of the [CoIII(TAMLsq)(N•Ts)]– complex, also the [CoIII(TAMLq)(N•Ts)2]– complex 

was observed. Within the examined experimental scope, the abundance of this complex was observed to 

increase only with an increasing molar ratio of PhINTs. In Figure S8-Figure S9, this change in speciation 

is visualised for the reaction with 1 min reaction time. 

 

Figure S8: Source spectrum of [CoIIITAMLred]– (0.25 mM, m/z 429). 
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Figure S9: Reaction mixture speciation for 1 min reaction time and 8 equiv of PhINTs. Species observed: 

[CoIIITAMLred]– (m/z 429), [CoIII(TAMLsq)(N•Ts)]– (m/z 598) and [CoIII(TAMLq)(N•Ts)2]– (m/z 767). 

 

Reactivity experiments of the nitrene radical complexes with water 

To study the nitrene radical complexes in the presence of water, two more pumps were installed (Scheme 

S5). One to introduce a solvent mixture of 10% water in acetonitrile and one with only acetonitrile to 

counterbalance the increase in flowrate and to maintain a steady reaction time. The experiments started 

with 4 min of equilibration at 2.3 µL/min for [CoIII(TAMLred)]–, 0 or 10 µL/min for PhINTs and 1.5 µL/min 

for acetonitrile, to fill both reactors before the water ramp starts. After 4 min, the flowrate for the syringe 

with acetonitrile containing 10% H2O was steadily increased from 0 to 25 µL/min while the flowrate of 

an opposing syringe containing acetonitrile was slowly decreased from 25 to 0 µL/min. 

 

Increasing the concentration of water over time in reactor 2, with a reaction time of 1 min, initially 

resulted in the depletion of the [CoIII(TAMLred)]– starting complex by the formation of the 

[CoIII(TAMLsq)(N•Ts)]– and [CoIII(TAMLq)(N•Ts)2]– complexes (blue, red and yellow lines, respectively, 

in Figure S10). These nitrene radical complexes were then observed to react and form the following 

species subsequently: [Co(TAML)(NTs)(O)]–, [Co(TAML)(NTs)(O)2]–, and finally [Co(TAML)(O)2]– 

(purple, grey and yellow lines, respectively, in Figure S10; see also Figure S11 C and D). In addition, a 

[Co(TAML)(NTs)-H]– complex is formed by a hydrogen atom loss (green line in Figure S10). Performing 

the same experiment without the presence of starting complex or PhINTs does not yield the 

above-mentioned complexes (Figure S11 A and B). These results provide additional support that the 

observed speciation results from an interaction between the nitrene radical complexes and water. 

Finally, the chemical composition of the formed species was confirmed by high resolution mass 

spectrometry (Figure S12-Figure S14). 
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Scheme S5: Schematic diagram of the experimental setup used to monitor the reactivity of the nitrene 

radical complexes with water (reactor 1 had a volume of 40 µL, while reactor 2 had a volume of 55 µL). 

Ramp experiments started with a 5 min delay to equilibrate the reactors with the correct starting 

solution. Starting conditions: 2.3 µL/min for PPh4[CoIII(TAMLred)], 0 µL/min for PhINTs and 1.5 µL/min 

for acetonitrile. 

 

 

Figure S10: Kinetic profiles obtained by the dynamic flow experiments in which the amount of water in 

the second reactor was increased over time with 8.7 equiv of PhINTs present. The presented data is 

normalised by the total ion count. 
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Figure S11: Speciation of the control experiments (A and B) and the water ramp (C and D). Species 

observed: (A) n.d., (B) [CoIII(TAMLred)]– (m/z 429), (C) [CoIII(TAMLred)]– (m/z 429), 

[CoIII(TAMLsq)(N•Ts)]– (m/z 598) and [CoIII(TAMLq)(N•Ts)2]– (m/z 767), and (D) [CoIII(TAMLred)]– 

(m/z 429), [CoIII(TAMLsq)(N•Ts)]– (m/z 598), [Co(TAML)(NTs)(O)]– (m/z 614), 

[Co(TAML)(NTs)(O)2]– (m/z 630) and [Co(TAML)(O)2]– (m/z 461). 
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Figure S12: Isotopic pattern evaluation and high resolution mass spectrum of [Co(TAML)(O)2]– (calcd. 

m/z for C19H22CoN4O6: 461.0866, found m/z: 461.0865). 

 

 

Figure S13: Isotopic pattern evaluation and high resolution mass spectrum of [Co(TAML)(NTs)(O)]– 

(calcd. m/z for C26H29CoN5O7S: 614.1114, found m/z: 614.1097) and [[Co(TAML)(NTs)(O)]– -2H] (calcd. 

m/z for C26H27CoN5O7S: 612.0958, found m/z: 612.0960). 

 

 

Figure S14: Isotopic pattern evaluation and high resolution mass spectrum of [Co(TAML)(NTs)(O)2]– 

(calcd. m/z for C26H29CoN5O8S: 630.1063, found m/z: 630.1065). 

 

Reactivity experiments of the nitrene radical complexes with 18O-labeled water 

Reproduction of the above-described experiments with 18O-labelled water leads to an isotopic shift of the 

originally detected [Co(TAML)(16O16O)]– species (m/z 461) to the [Co(TAML)(16O18O)]– (m/z 463) and 

dominant [Co(TAML)(18O18O)]– (m/z 465) species as expected (Figure S15, top and middle). The 

isotopic shifts confirm the identification of the [Co(TAML)(O)2]– species and support that the oxygen 

atoms in this complex originates from water. Also the [Co(TAML)(NTs)(O)]– and 



124 

 

[Co(TAML)(NTs)(O)2]– species (m/z 614 and 630, respectively) displayed consistent isotopic shifts as 

expected in the presence of 18O-labelled water (m/z +2 and 4, respectively) (Figure S15, bottom). This 

result further supports the anticipated reaction of the nitrene radical complexes with water. 

 

 

Figure S15: Results from the experiments with 18O-labelled water. Species observed: 

[Co(TAML)(16O18O)]– (m/z 463) and [Co(TAML)(18O18O)]– (m/z 465) (top and middle), and 

[Co(TAML)(NTs)(O)]– (m/z 614), [Co(TAML)(NTs)(18O)]– (m/z 616), and [Co(TAML)(NTs)(18O18O)]– 

(m/z 634) (bottom). 

 

Reactivity experiments of the nitrene radical complexes with D2O 

Reproduction of the above-described experiments with D2O (Scheme S6) leads to the evolution of 

[Co(TAML)(O)2)]– (m/z 461), [Co(TAML)(O)2-H+D]–, i.e., [Co(TAML-OD)(O)]– (m/z 462) and 

[Co(TAML)(O)2-2H+2D]–, i.e., [Co(TAML-(OD)2)]– (m/z 463) species (Figure S16, Figure S17). This 

observed speciation indicates that the reaction mixture consists of both the oxo/oxyl species as a species 

which have undergone ligand oxidation once or twice. 
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During the MS-experiments performed in the flow reactor, Co(TAML) complexes with oxygenated ligands 

are formed in the presence of an excess (4.3 equiv) of PhINTs, via the intermediacy of the cobalt-oxo/oxyl 

radical complexes. Namely, the [CoIII(TAMLq)(N•Ts)2]– complex reacts with H2O/D2O to form 

[Co(TAML)(NTs)(O)]–. This complex then reacts further with H2O/D2O to form [Co(TAML)(O)2]–. 

Furthermore, [Co(TAML)(O)2]– undergoes self-oxidation, in which the TAML scaffold is oxygenated, as 

is evidenced by the sequential H/D exchange (see blue traces in Figure 1). The observed nitrene 

hydrolysis is faster than the self-oxidation of [Co(TAML)(NTs)(O)]–, as evidenced by the absence of 

signals of deuterated ions for the initially formed hydrolysed species [Co(TAML)(NTs)(O)]–. 

Furthermore, we detect the formation of [Co(TAML-(OD)2)(NTs)]– with the very same onset as the 

detection of [Co(TAML-OD)(O)]– (Figure S17). This observation indicates that once the 

[Co(TAML)(O)2]– species undergoes self-oxidation, it can also react with another equivalent of PhINTs 

in solution to form the respective nitrene (radical) complex: [Co(TAML-(OD)2)(NTs)]– (Figure S17). 

 

 

Scheme S6: Schematic diagram of the experimental setup used to monitor the reactivity of the nitrene 

radical complexes with D2O. 

 

 

Figure S16: Speciation of the control experiment with 5% D2O in reactor 2. 
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Figure S17: Kinetic profiles obtained in the experiments employing D2O, normalised by intensity (A) and 

relative abundance (B). The intensity of the [CoIII(TAMLred)]– starting complex is plotted on the 

secondary axis in (B). 

 

Complete active space self-consistent field calculations 

The NEVPT2-corrected CASSCF calculations were performed according to the methods described in the 

section ‘General Considerations.’ 

 

NEVPT2-CASSCF(12,11) results for [CoIII(TAMLred)]‒ 

The triplet state was found to be significantly favoured over the open-shell singlet (+31.2 kcal mol-1) and 

quintet (+95.9 kcal mol-1) states. The triplet state does not have significant multireference character, with 

a single configuration of 84% and all other states contributing less than 2.2% to the total wavefunction. 
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Singlet: CAS-SCF STATES FOR BLOCK 1 MULT = 1 NROOTS= 1 

ROOT 0: CASSCF: E = ‒2631.5601269586 Eh. NEVPT2-CASSCF: E = ‒2636.850312703940 Eh

0.44088 : 22222200000 

0.34634 : 22222020000 

0.03593 : 22212120000 

0.01645 : 22221210000 

0.01485 : 12222020100 

0.01408 : 12222200100 

0.01345 : 22221120000 

0.00802 : 22022200002 

0.00681 : 20222200200 

0.00643 : 22222110000 

0.00618 : 22022020002 

0.00524 : 20222020200 

0.00476 : 22211201010 

0.00431 : 22220202000 

0.00417 : 22211021010 

0.00320 : 22202020020 

0.00313 : 22220022000 

0.00303 : 22202200020 

0.00302 : 22202202000 

0.00288 : 22202022000 

 

Triplet: CAS-SCF STATES FOR BLOCK 1 MULT = 3 NROOTS= 1 

ROOT 0: CASSCF: E= ‒2631.6271866195 Eh. NEVPT2-CASSCF: E = ‒2636.900095891306 Eh

0.84265 : 22222110000 
0.02193 : 22221120000 
0.01667 : 20222110200 
0.01529 : 22022110002 
0.01304 : 21222110100 
0.00977 : 22211111010 
0.00755 : 22202112000 
0.00711 : 22220112000 

0.00630 : 22212120000 
0.00605 : 22220110020 
0.00580 : 22202110020 
0.00488 : 22212210000 
0.00384 : 22202111010 
0.00359 : 02222110200 
0.00354 : 22211110020 
0.00283 : 22220111010 

 

Quintet: CAS-SCF STATES FOR BLOCK 1 MULT= 5 NROOTS= 1 

ROOT 0: CASSCF: E = ‒2631.4607293182 Eh. NEVPT2-CASSCF: E = ‒2636.747192740924 Eh

0.38557 : 22221110100 
0.29773 : 22212111000 
0.11175 : 22211121000 
0.03784 : 22221111000 
0.03110 : 22212110100 
0.02378 : 22211210100 
0.01502 : 22201112100 
0.00919 : 22210111200 
0.00784 : 20221110120 

0.00726 : 22021110102 
0.00546 : 21221110110 
0.00538 : 22012111002 
0.00534 : 22211101200 
0.00531 : 20212111020 
0.00470 : 22211120100 
0.00373 : 21212111010 
0.00302 : 20211121020 
0.00300 : 21211121010 

 

The complete active space of the [CoIII(TAMLred)]‒ complex can be found in Figure S18, and an orbital 

interpretation of the active space can be found in Figure S19. The dxy orbital was included in the initial 

guess of the active space but was found to be uncorrelated and consequently rotated to the inactive space. 

The electronic structure on cobalt is best described as being (dz²)2(dxy)2(dyz)1α(dxz)1α(dx²‒y²)0, and is 

therefore consistent with an intermediate spin Co(III) center, leaving the TAML scaffold in the fully 

reduced form. 
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Figure S18: Active space and graphical representation of active orbitals and occupancies in parenthesis 

from a NEVPT2-CASSCF(12,11) calculation on [CoIII(TAMLred)]‒ in the triplet state. Isosurface set at 80. 

 

 

Figure S19: Active space, orbital assignment, and graphical representation of a selection of active orbitals 

and occupancies in parenthesis from a NEVPT2-CASSCF(12,11) calculation on [CoIII(TAMLred)]‒ in the 

triplet state. Isosurface set at 80. The cyan orbital is uncorrelated and was consequently found in the 

inactive space. 

 

NEVPT2-CASSCF(14,12) results for [CoIII(TAMLsq)(O•)]‒ 

The triplet state is located well below the singlet (+14.1 kcal mol-1) and quintet (+30.3 kcal mol-1) spin 

states. The triplet ground state wavefunction has clear multireference character, with three main 

contributors (27%, 26% and 12%) and multiple small (<5%) states.  
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Singlet: CAS-SCF STATES FOR BLOCK 1 MULT = 1 NROOTS= 1 

ROOT 0: CASSCF: E= ‒2706.3920953448 Eh. NEVPT2-CASSCF: E = ‒2711.91160485127 Eh

0.67191 : 222222200000 
0.08919 : 222202220000 
0.03379 : 212212211000 
0.02112 : 202222202000 
0.01662 : 212222201000 
0.01209 : 222212210000 
0.01124 : 220222200200 
0.01082 : 202202222000 
0.01058 : 222221100011 

0.00943 : 222220200020 
0.00794 : 222222000002 
0.00716 : 221222200100 
0.00595 : 221212210100 
0.00509 : 221122201100 
0.00282 : 220222200101 
0.00270 : 211202221100 
0.00264 : 211222201100 
0.00260 : 221222101100 

 

Triplet: CAS-SCF STATES FOR BLOCK 1 MULT = 3 NROOTS= 1 

ROOT 0: CASSCF: E= ‒2706.4067431579 Eh. NEVPT2-CASSCF: E = ‒2711.93406571844 Eh

0.27149 : 222222110000 
0.26135 : 222221120000 
0.12337 : 222212120000 
0.04166 : 222211220000 
0.03094 : 112222220000 
0.02883 : 211222121000 
0.01991 : 222221210000 
0.01408 : 121222211000 
0.01252 : 222212210000 
0.01215 : 121221221000 
0.01090 : 110222222000 
0.00702 : 220222112000 
0.00670 : 121212221000 
0.00656 : 220221122000 
0.00646 : 222211110011 

0.00590 : 222021120200 
0.00576 : 222022110200 
0.00537 : 212122120100 
0.00440 : 111122221100 
0.00351 : 221222111000 
0.00341 : 222221100002 
0.00334 : 222201120020 
0.00330 : 222121120100 
0.00308 : 220212122000 
0.00286 : 222122110100 
0.00282 : 222012120200 
0.00265 : 222212100002 
0.00260 : 221221121000 
0.00256 : 222220110020 
0.00256 : 122122210100 

 

Quintet: CAS-SCF STATES FOR BLOCK 1 MULT = 5 NROOTS= 1 

ROOT 0: CASSCF: E= ‒2706.3572466267 Eh. NEVPT2-CASSCF: E = ‒2711.885773416 Eh

0.72453 : 222221111000 
0.03256 : 221122211000 
0.01833 : 222121211000 
0.01295 : 122121212000 
0.01268 : 222201111200 
0.01263 : 221121221000 
0.00931 : 221221121000 
0.00906 : 121222112000 
0.00896 : 121122212000 
0.00771 : 121121222000 
0.00670 : 222221011001 
0.00613 : 221222111000 

0.00590 : 122221112000 
0.00536 : 222121111001 
0.00493 : 221222011001 
0.00489 : 121221122000 
0.00363 : 222221011010 
0.00338 : 212221111001 
0.00326 : 221122111001 
0.00324 : 121122221000 
0.00312 : 211221121001 
0.00310 : 222021211001 
0.00251 : 202221111011 

 

The complete active space of the [CoIII(TAMLsq)(O•)]‒ complex can be found in Figure S20 and an orbital 

interpretation of the active space can be found in Figure S21. The dxy orbital was included in the initial 

guess of the active space but was found to be uncorrelated and consequently rotated to the inactive space. 

A Co(III) oxidation state was assigned on basis of the predominantly cobalt-localised and doubly filled 

dxy, dyz+Opy and dxz+Opx orbitals (occupancies of 2.00, 1.89 and 1.89, respectively), and empty dz²‒Oσ and 

dx²‒y² orbitals (occupancies 0.18 and 0.10, respectively. See Figure S21). The ground state wavefunction 
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is comprised of three main states (27, 26 and 12%) and several microstates (<5%). In all three main 

contributors, one of the two unpaired electrons is localised in the nearly covalent Opy‒dyz antibonding 

orbital (occupancy 1.19) and has 44% O and 41% Co character. The other unpaired electron is more 

delocalised over the TAML scaffold (L), cobalt and O-donor, as a result of multiconfigurational filling of 

the singly-occupied Lπ‒dxz‒Opx orbital from the doubly-filled Lπ‒(Opx+Opy)‒(dxz+dyz) and Lπ‒ (Opy+Opx)‒

(dyz+dxz) orbitals, with all three molecular orbitals having the largest coefficient on the TAML scaffold 

(43, 60 and 44%, respectively). This leads to a five-electrons in three-orbitals filling, with an electron 

occupation of 1.59 (Lπ‒dxz‒Opx), 1.74 (Lπ‒(Opx+Opy)‒(dxz+dyz)), and 1.57 (Lπ‒(Opy+Opx)‒(dyz+dxz)). Overall, 

the electronic structure of [CoIII(TAMLsq(O•)]‒ is thus best described as having a triplet spin state, with 

one unpaired electron mainly localised on the TAML scaffold (TAMLsq), and the other unpaired electron 

delocalised over a Co–O π*-symmetric antibonding orbital with high bond covalency, albeit slightly more 

O localised (oxyl radical). 

 

 

Figure S20: Active space and graphical representation of active orbitals and occupancies in parenthesis 

from a NEVPT2-CASSCF(14,12) calculation on [CoIII(TAMLsq)(O•)]‒ in the triplet state. Isosurface set at 

80. 
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Figure S21: Active space, orbital assignment, and graphical representation of a selection of active orbitals 

and occupancies in parenthesis from a NEVPT2-CASSCF(14,12) calculation on [CoIII(TAMLsq)(O•)]‒ in 

the triplet state. Isosurface set at 80. The cyan orbital is uncorrelated and was consequently found in the 

inactive space. 

 

NEVPT2-CASSCF(14,12) calculations with implicit water solvation for [CoIII(TAMLsq)(O•)]‒ in the triplet spin 

state 

The CASSCF states can be found below, and a detailed description of the electronic structure on basis of 

these NEVPT2-CASSCF(14,12) calculations with implicit water solvation is included in the main text. The 

complete active space of [CoIII(TAMLsq)(O•)]‒ can be found in Figure S22, and an orbital interpretation 

of the active space can be found in Figure S23. The dxy orbital was included in the initial guess of the active 

space but was found to be uncorrelated and consequently rotated to the inactive space. 

 

CAS-SCF STATES FOR BLOCK  1 MULT= 3 NROOTS= 1 

ROOT   0:  CASSCF: E=   -2706.4839661332 Eh. NEVPT2-CASSCF: E  = -2711.99933114981059 Eh.

0.33363 [ 57340]: 222212120000 
0.30992 [ 57485]: 222222110000 
0.04126 [ 57295]: 222211220000 
0.03775 [ 57470]: 222221210000 
0.03137 [ 25529]: 112222220000 
0.02979 [ 45630]: 211222121000 
0.01735 [ 30383]: 121212221000 
0.01638 [ 30739]: 121222211000 
0.01245 [ 20318]: 110222222000 
0.00910 [ 57268]: 222211110011 
0.00854 [ 51213]: 220212122000 
0.00817 [ 51551]: 220222112000 
0.00724 [ 55385]: 222012120200 
0.00635 [ 55723]: 222022110200 

0.00597 [ 57465]: 222221120000 
0.00575 [ 57326]: 222212100002 
0.00543 [ 57168]: 222210120020 
0.00530 [ 47752]: 212122120100 
0.00498 [ 57399]: 222220110020 
0.00466 [ 57056]: 222202110002 
0.00434 [ 21605]: 111122221100 
0.00416 [ 54698]: 221222111000 
0.00411 [ 56475]: 222112120100 
0.00364 [ 45555]: 211221221000 
0.00343 [ 54423]: 221212121000 
0.00325 [ 56750]: 222122110100 
0.00309 [ 32505]: 122112220100 
0.00287 [ 32861]: 122122210100 
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Figure S22: Active space and graphical representation of active orbitals and occupancies in parenthesis 

from a NEVPT2-CASSCF(14,12) calculation with implicit (CPCM) water solvation on [CoIII(TAMLsq)(O•)]‒ 

in the triplet state. Isosurface set at 80. 

 

 

Figure S23: Active space, orbital assignment, and graphical representation of a selection of active orbitals 

and occupancies in parenthesis from a NEVPT2-CASSCF(14,12) calculation on [CoIII(TAMLsq)(O•)]‒ in 

the triplet state. Isosurface set at 80. The grey orbital is uncorrelated and was consequently found in the 

inactive space. The green, red, and blue labelled orbitals correlate to the colour indices in the two major 

states. 
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Density functional theory calculations 

All calculations were performed according to the methods described in the section ‘General 

Considerations’ (unless stated otherwise). The influence of the functional on the correct description of 

the spin state was previously investigated.32, 34 Overall, the BP86 functional predicted the (net) spin state 

of Co(TAML)-type complexes best and was therefore used for all DFT calculations in this study. 

 

The <s2>, ∆Ho298 K, ∆So298 K, and ∆Go298 K (in Hartree) for all compounds employed in this study are reported 

in the publication that accompanies this chapter (Meeus et al., Chem Catal. 2023, 3, 100700). Given that 

most of the reaction intermediates are charged (vide infra), the final energy evaluation was performed 

by a single-point calculation at the BP86/def2-TZVP/disp3/m4 level of theory with implicit solvent 

corrections (COSMO model64) for water. The corrected <s2>, ∆Ho298 K, ∆So298 K, and ∆Go298 K (in Hartree) for 

all relevant compounds are reported in the publication that accompanies this chapter (Meeus et al., Chem 

Catal. 2023, 3, 100700). 

 

The absolute and relative Gibbs free energies for all relevant intermediates of cycle I, II and III are 

reported in Table S18. The respective free energy diagrams are visualised in Figure S24 and Figure S25. 

 

All relevant intermediates employed in this study, and their respective spin densities (pink: positive 

α-spin density, and blue: negative β-spin density) and Mulliken charges (black, italics), are depicted in 

Table S19. 
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Table S18: Absolute and relative Gibbs free energies for all intermediates in the three catalytic cycles. 

Intermediate 
Gibbs free energy of formation at 
298 K (kcal mol-1) 

∆Go298 K 

(kcal mol-1) 

Cycle I / II 

A –3740183.5 = 0 

A0 –3740180.3 +3.2 
A1 –3740202.6 –19.2 
A2 –3740196.9 –13.4 
A3 –3740195.9 –12.4 
A4 –3740189.9 –6.5 
A5 –3740200.4 –16.9 
AE1 –3740202.9 –19.5 
TS-AE-1 –3740190.6 –7.1 
AE2 –3740202.6 –19.2 
TS-AE-2 –3740202.5 –19.1 
AE3 –3740219.8 –36.4 
A + styrene oxide –3740223.0 –39.5 
Cycle III   

A –3740183.5 = 0 
A0 –3740180.3 +3.2 
A1 –3740202.6 –19.2 
TS-AN-1 –3740188.9 –5.4 
AN1 –3740203.1 –19.6 
TS-AN-2 –3740201.6 –18.1 
AN2 –3740214.7 –31.2 
A + cis-aziridine –3740218.6 –35.1 
A + trans-aziridine –3740221.4 –37.9 

 

Figure S24: Free energy diagram cycle I and II.    Figure S25: Free energy diagram cycle III. 
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Table S19: All relevant intermediates employed in this study, and their respective spin densities (pink: 

positive α-spin density, and blue: negative β-spin density) and Mulliken charges (black, italics). The 

TAML scaffold can have the following oxidation states: “red” (fully reduced tetra-anion in green), “sq” 

(mono-oxidised trianionic ligand-centered radical in red) and “q” (fully oxidised dianion in blue).32 

Electronic structure  Electronic structure 

A; triplet 

 

 
See section:  

‘Complete Active Space Self Consistent Field Calculation’ 

 AE2; triplet 

 
A0; triplet 

 

 

 TS-AE-2; triplet 

 
A1; triplet 

 

 AE3; triplet 

 
A2; triplet 

 

 AE1; quintet 

 

 
A7; triplet 

 

 

 TS-AE-1; quintet 

 

A5; triplet 

 

 AE2; quintet 
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A3; triplet 

 

 AE3; quintet 

 

A4; triplet 

 

 TS-AN-1; triplet 

 

A6; triplet 

 

 AN1; triplet 

 
AE1; triplet 

 

See section:  

‘Complete Active Space Self Consistent Field Calculation’ 

 TS-AN-2; triplet 

 
TS-AE-1; triplet 

 

 AN2; triplet 

 
BN1; triplet 

 

  

Note that the α-spin density on cobalt is not accurately described by DFT for the AE1 complex. The cobalt 

center remains in oxidation state (III)as supported by the NEVPT2-CASSCF calculations (vide supra) and 

previous work32, 34 
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The following subjects require a more detailed explanation and are therefore elucidated in 

separate sections: 

- Benchmark of the level of theory on the spin states of [CoIII(TAMLred)(O•)]‒ and its respective 

configuration 

- Formation of [CoIII(TAMLsq)(N•Ts)]‒ 

- Observed speciation during the mass spectrometry experiments with the nitrene radical complexes 

and water 

- Hydrolysis of [CoIII(TAMLsq)(N•Ts)]‒ to [CoIII(TAMLsq)(O•)]‒ 

- Styrene epoxidation with [CoIII(TAMLred)(O•)]‒: triplet versus quintet spin surface 

 

Benchmark of the level of theory on the spin states of [CoIII(TAMLred)(O•)]‒ and its respective configuration 

The electronic structures of the [CoIII(TAMLred)]‒ and [CoIII(TAMLsq)(O•)]‒ complexes have been 

determined based on CASSCF-NEVPT2 calculations (vide supra). The BP86/def2-TZVP/disp3/m4 level 

of theory was therefore benchmarked by evaluating all possible spin states of the [CoIII(TAMLsq)(O•)]‒ 

complex with respect to the spin state determined with the NEVPT2-CASSCF calculations. Since the 

[CoIII(TAMLred)]‒ complex has two possible axial coordination sites for oxygen (Figure S26), both were 

evaluated. The results are reported in Table S20 and the most stable spin state is underlined. As expected, 

the BP86 functional predicted the (net) spin state of both complexes as being a triplet, which is in 

accordance with the CASSCF-NEVPT2 calculations. The coordination of the oxyl radical is slightly more 

stable from below (Down). This configuration is therefore used in the calculations, unless noted 

otherwise. 

 

Figure S26: Two possible axial coordination sites for oxygen: “Top” and “Down.” 

  



138 

 

Table S20: Calculated <s2> and energies for [CoIII(TAMLred)]‒ “Top” and “Down,” to evaluate the most 

stable spin state. 

Compound Spin state <s2> SCF (Hartree) ZPE 
correction 
(Hartree) 

Enthalpy 
correction 
(Hartree) 

Entropy 
correction 
(Hartree) 

∆Go298 K 

(Hartree) 

“Top” OSS 
Corr. OSS 
CSS 
Triplet 
Quintet 

1.0004 
- 
No convergence 
2.0240 
6.0267 

–2716.30688 
- 
 
–2716.31651 
–2716.28388 

 0.38388 
- 
 
0.38401 
0.38272 

0.41284 
- 
 
0.41293 
0.41189 

0.32876 
- 
 
0.32883 
0.32729 

–2715.97812 
–2715.96864 
 
–2715.98768 
–2715.95659 

“Down” OSS 
Corr. OSS 
CSS 
Triplet 
Quintet 

1.0021 
- 
No convergence 
2.0243 
6.0267 

–2716.30972 
- 
 
–2716.31943 
–2716.28297 

0.38421 
- 
 
0.38436 
0.38265 

0.41312 
- 
 
 0.41324 
 0.41204 

0.32857 
- 
 
0.32865 
0.32499 

–2715.98115 
–2715.97155 
 
–2715.99078 
–2715.95798 

All calculations were performed with TURBOMOLE at the BP86/def2-TZVP/disp3/m4 level of theory in 

the gas phase. 

 

Formation of [CoIII(TAMLsq)(N•Ts)]‒ 

The formation of the anionic mono-nitrene [CoIII(TAMLsq)(N•Ts)]‒ complex (A1) from iminoiodinane 

(PhINTs) and [CoIII(TAMLred)]‒ (A), via intermediate A0 (Scheme S7), was calculated and is in 

accordance with previously reported work.34 The barrierless steps from A0 to A1 and PhI is truly 

barrierless, as was shown by stepwise decrease in the Co-N bond length of the nitrene radical complex 

(Figure S27). 

 

 

Scheme S7: Formation of [CoIII(TAMLsq)(N•Ts)]‒ (A1) from [CoIII(TAMLred)]‒ (A) and PhINTs. 

 

 

Figure S27: Energetic profile for the transition of A0 to [CoIII(TAMLsq)(NTs)]‒ + PhI. 
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Observed speciation during the mass spectrometry experiments with the nitrene radical complexes and 

water 

To substantiate the observed speciation, i.e., the formation of, among others, [Co(TAML)(NTs)(O)]–, 

[Co(TAML)(O)2]–, [Co(TAML-OD/H)(NTs)]–, [Co(TAML-OD/H)(O)]–, and [Co(TAML-(OD/H)2)]–, DFT 

calculations were performed at the BP86/def2-TZVP/disp3/m4 level of theory. The final energy 

evaluation was performed at the same level of theory but with implicit solvent corrections (COSMO 

model64) for water, given that these species are charged. Please note that all relevant intermediates were 

calculated on the triplet spin surface because 1) the CSS and OSS spin states did not converge and 2) the 

quintet spin state is typically less stable (vide infra), which has been reported in previous studies too.34 

The results are visualised in Scheme S8. 
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Scheme S8: Calculated pathways to derive the structural composition of the following species observed 

during the mass spectrometry experiments: [Co(TAML)(NTs)(O)]–, [Co(TAML)(O)2]–, 

[Co(TAML-OD/H)(NTs)]–, [Co(TAML-OD/H)(O)]–, and [Co(TAML-(OD/H)2)]– (in red) on the triplet 

spin surface. Note that the TAML scaffold can have the following oxidation states: “red” (fully reduced 

tetra-anion in green), “sq” (mono-oxidised tri-anionic ligand-centered radical in red), and “q” (fully 

oxidised dianion in blue). 

 

Initially, the formation of a mono-oxyl radical complex (AE1) from a mono-nitrene radical complex (A1) 

was calculated (pathway 1, vide infra), since the latter complex is considered the catalytically active 

species under the catalytic conditions. This pathway was calculated to be exergonic. Following the results 

from the mass spectrometry experiments, the formation of the [Co(TAML)(NTs)(O)]– (O1) and 
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[Co(TAML)(O)2]– (BO1) complexes from the bis-nitrene radical complex (BN1) (pathway 2 and 3) were 

calculated as well, being exergonic and isoenergetic, respectively. In pathway 4 and 5, ligand oxidation46, 

47, 48 towards [Co(TAML-OD/H)(NTs)]–, [Co(TAML-OD/H)(O)]– and [Co(TAML-(OD/H)2)]– via the 

intermediacy of complexes O1 and BO1 was calculated and showed to be exergonic, supporting the 

results from the mass spectrometry experiments. 

 

Multiple other pathways towards the formation of the [Co(TAML-OD/H)(NTs)]–, [Co(TAML-

OD/H)(O)]–, and [Co(TAML-(OD/H)2)]– species via the intermediacy of the AE1 and O1 complexes were 

considered (pathway 6-11). Herein, intra- and intermolecular reaction steps, and a combination of them, 

were evaluated. Overall, both intra- and intermolecular pathways towards ligand oxidation can proceed 

exergonically, supporting the results from the mass spectrometry experiments. 

 

Hydrolysis of [CoIII(TAMLsq)(N•Ts)]– to [CoIII(TAMLsq)(O•)]– 

Three possible pathways for the hydrolysis of the [CoIII(TAMLsq)(N•Ts)]‒ complex (A1) to the 

[CoIII(TAMLsq)(O•)]‒ p-toluenesulfonamide adduct (A5) were considered: pathway I-III (Scheme S9). 

These pathways involve coordination and dissociation of charged species (H+, OH‒, TsNH‒), which is 

typically difficult to describe with DFT.86 Therefore, clusters of explicit water molecules87-89 were 

calculated separately. For instance, the free energy changes of the first protonation step, affording A2 

from A1, is calculated as follows: ∆Go298 K = (A2 + (20 H2O + OH‒)) ‒ (A1 + (21 H2O)), in which the 

negatively charged hydroxide is stabilised with use of the water cluster. The amount of explicit water 

molecules required, was benchmarked for pathway I and is reported in Table S21 and Table S22. Based 

on the calculated free energy changes, the use of 21 explicit H2O molecules affords the least endergonic 

reaction steps for the proposed reaction pathway. Therefore, clusters of 21 explicitly added H2O 

molecules were used to determine which of the three proposed reaction pathways is least endergonic. 

 

Given that most of the reaction intermediates are charged (Scheme S9) and that pathway II proceeds via 

a dianionic species (A6), the final energy evaluation was performed by a single-point calculation at the 

BP86/def2-TZVP/disp3/m4 level of theory with implicit solvent corrections (COSMO model64) for water. 

Without these corrections, our DFT calculations predict an unrealistic electronic structure for A6, in 

which filled orbitals have a positive energy. In order to compare all three pathways, implicit solvent 

corrections were thus considered necessary. Based on the results presented in Table S23 and Table S24 

(see also the respective free energy diagrams in Figure S28-Figure S30), the protonation of the nitrene 

radical complex and the coordination of OH‒ are least uphill in pathway I. Therefore, we consider this 

pathway most plausible. 
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Scheme S9: Schematic representation of the considered pathways (I-III) for the hydrolysis of 

[CoIII(TAMLsq)(N•Ts)]‒ (A1) to the [CoIII(TAMLsq)(O•)]‒ p-toluenesulfonamide adduct (A5). The 

oxidation state of the TAML scaffold is visualised as follows; red: TAMLsq, blue: TAMLq, and ‘not 

determined’ in black).  
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Table S21: Relative Gibbs free energies of the subsequent reaction steps in pathway I, to benchmark the 

explicitly added water molecules. 

  ∆Go298 K (Hartree) ∆Go298 K (kcal mol-1) 

Pathway I    

n = 6    

A1 + 6 H2O → A2 + 5 H2O + OH– +0.04088 +25.7 
A2 + 5 H2O + OH– → A3 + 5 H2O –0.02882 –18.1 
A3 + 5 H2O → A4 + 4 H2O + OH– +0.04690 +29.4 
A4 + 4 H2O + OH– → A5+ 5 H2O –0.05903 –37.0 

n = 8    

A1 + 8 H2O → A2 + 7 H2O + OH– +0.03446 +21.6 
A2 + 7 H2O + OH– → A3 + 7 H2O –0.01307 –8.2 
A3 + 7 H2O → A4 + 6 H2O + OH– +0.03433 +21.5 
A4 + 6 H2O + OH– → A5 + 7 H2O –0.04646 –29.2 

n = 10    

A1 + 10 H2O → A2 + 9 H2O + OH– +0.02801 +17.6 
A2 + 9 H2O + OH– → A3 + 9 H2O –0.01251 –7.9 
A3 + 9 H2O → A4 + 8 H2O + OH– +0.04007 +25.1 
A4 + 8 H2O + OH– → A5 + 9 H2O –0.05220 –32.8 

n = 12    

A1 + 12 H2O → A2 + 11 H2O + OH– +0.02153 +13.5 
A2 + 11 H2O + OH– → A3 + 11 H2O –0.00165 –1.0 
A3 + 11 H2O → A4 + 10 H2O + OH– +0.02766 +17.4 
A4 + 10 H2O + OH– → A5 + 11 H2O –0.03979 –25.0 

n = 14    

A1 + 14 H2O → A2 + 13 H2O + OH– +0.01891 +11.9 
A2 + 13 H2O + OH– → A3+ 13 H2O –0.00122 –0.8 
A3 + 13 H2O → A4 + 12 H2O + OH– +0.02281 +14.3 
A4 + 12 H2O + OH– → A5 + 13 H2O –0.03494 –21.9 

n = 16    

A1 + 16 H2O → A2 + 15 H2O + OH– +0.01245 +7.8 
A2 + 15 H2O + OH– → A3 + 15 H2O +0.00328 +2.1 
A3 + 15 H2O → A4 + 14 H2O + OH– +0.01688 +10.6 
A4 + 14 H2O + OH– → A5 + 15 H2O –0.02901 –18.2 

n = 19    

A1 + 19 H2O → A2 + 18 H2O + OH– +0.01626 +10.2 
A2 + 18 H2O + OH– → A3 + 18 H2O +0.00128 +0.8 
A3 + 18 H2O → A4 + 17 H2O + OH– +0.02160 +13.6 
A4 + 17 H2O + OH– → A5 + 18 H2O –0.03373 –21.2 

n = 20    

A1 + 20 H2O → A2 + 19 H2O + OH– +0.01489 +9.3 
A2 + 19 H2O + OH– → A3 + 19 H2O –0.00052 –0.3 
A3 + 19 H2O → A4 + 18 H2O + OH– +0.01763 +11.1 
A4 + 18 H2O + OH– → A5 + 19 H2O –0.02976 –18.7 

n = 21    

A1 + 21 H2O → A2 + 20 H2O + OH– +0.00837 +5.3 
A2 + 20 H2O + OH– → A3 + 20 H2O +0.00337 +2.1 
A3 + 20 H2O → A4 + 19 H2O + OH– +0.01626 +10.2 
A4 + 19 H2O + OH– → A5 + 20 H2O –0.02839 –17.8 
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Table S22: Absolute and relative Gibbs free energies for pathway I, with different amounts of explicitly 

added water molecules. See Table S21. 

 Gibbs free energy of formation 
at 298 K (kcal mol-1) 

∆Go298 K 

(kcal mol-1) 

Pathway I   

n = 6   

A1 + 6 H2O –2493736.9 = 0 
A2 + 5 H2O + OH– –2493711.3 +25.7 
A3 + 5 H2O –2493729.4 +7.6 
A4 + 4 H2O + OH– –2493699.9 +37.0 

A5+ 5 H2O –2493737.0 0.0 

n = 8   

A1 + 8 H2O –2589709.4 = 0 
A2 + 7 H2O + OH– –2589687.8 +21.6 
A3 + 7 H2O –2589696.0 +13.4 
A4 + 6 H2O + OH– –2589674.4 +35.0 

A5 + 7 H2O –2589703.6 +5.8 

n = 10   

A1 + 10 H2O –2685675.9 = 0 
A2 + 9 H2O + OH– –2685658.3 +17.6 
A3 + 9 H2O –2685666.2 +9.7 
A4 + 8 H2O + OH– –2685641.0 +34.9 

A5 + 9 H2O –2685673.8 +2.1 

n = 12   

A1 + 12 H2O –2781644.5 = 0 
A2 + 11 H2O + OH– –2781631.0 +13.5 
A3 + 11 H2O –2781632.1 +12.5 
A4 + 10 H2O + OH– –2781614.7 +29.8 

A5 + 11 H2O –2781639.7 +4.9 

n = 14   

A1 + 14 H2O –2877613.2 = 0 
A2 + 13 H2O + OH– –2877601.3 +11.9 
A3 + 13 H2O –2877602.1 +11.1 
A4 + 12 H2O + OH– –2877587.8 +25.4 

A5 + 13 H2O –2877609.7 +3.5 

n = 16   

A1 + 16 H2O –2973580.5 = 0 
A2 + 15 H2O + OH– –2973572.7 +7.8 
A3 + 15 H2O –2973570.6 +9.9 
A4 + 14 H2O + OH– –2973560.0 +20.5 

A5 + 15 H2O –2973578.3 +2.3 

n = 19   

A1 + 19 H2O –3117536.1 = 0 
A2 + 18 H2O + OH– –3117525.9 +10.2 
A3 + 18 H2O –3117525.1 +11.0 
A4 + 17 H2O + OH– –3117511.6 +24.6 

A5 + 18 H2O –3117532.7 +3.4 

n = 20   

A1 + 20 H2O –3165519.5 = 0 
A2 + 19 H2O + OH– –3165510.2 +9.3 
A3 + 19 H2O –3165510.5 +9.0 
A4 + 18 H2O + OH– –3165499.5 +20.1 

A5 + 19 H2O –3165518.1 +1.4 

n = 21   

A1 + 21 H2O –3213501.3 = 0 
A2 + 20 H2O + OH– –3213496.1 +5.3 
A3 + 20 H2O –3213494.0 +7.4 
A4 + 19 H2O + OH– –3213483.8 +17.6 
A5 + 20 H2O –3213501.6 –0.2 
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Table S23: Relative free energies (ΔGo298 K) of the subsequent reaction steps in pathway I, II and III. 

  ∆Go298 K (Hartree) ∆Go298 K (kcal mol-1) 

Pathway I    

n = 21    

A1 + 21 H2O  → A2 + 20 H2O + OH– +0.00922 +5.8 
A2 + 20 H2O + OH– → A3 + 20 H2O +0.00156 +1.0 
A3 + 20 H2O  → A4 + 19 H2O + OH– +0.00946 +5.9 
A4 + 19 H2O + OH– → A5 + 20 H2O –0.01664 –10.4 

Pathway II    

n = 21    

A1 + 21 H2O → A2 + 20 H2O + OH– +0.00922 +5.8 
A2 + 20 H2O + OH– → A3 + 20 H2O +0.00156 +1.0 
A3 + 20 H2O → A6 + 19 H2O + H3O+ +0.04083 +25.6 
A6 + 19 H2O + H3O+ → A5 + 20 H2O –0.04801 –30.1 

Pathway III    

n = 21    

A1 + 21 H2O → A2 + 20 H2O + OH– +0.00922 +5.8 
A2 + 20 H2O + OH– → A7 + 20 H2O + TsNH– +0.02506 +15.7 
A7 + 20 H2O + TsNH– → A5 + 20 H2O –0.03068 –19.3 

 

Table S24: Absolute and relative Gibbs free energies for pathway I, II and III. See Table S23. 

 Gibbs free energy of formation at 
298 K (kcal mol-1) 

∆Go298 K 

(kcal mol-1) 

Pathway I   

n = 21   

A1 + 21 H2O –3213577.5 = 0 
A2 + 20 H2O + OH– –3213571.7 +5.8 
A3 + 20 H2O  –3213570.7 +6.8 
A4 + 19 H2O + OH– –3213564.8 +12.7 

A5 + 20 H2O –3213575.2 +2.3 

Pathway II   

n = 21   

A1 + 21 H2O –3213577.5 = 0 
A2 + 20 H2O + OH– –3213571.7 +5.8 
A3 + 20 H2O –3213570.7 +6.8 
A6 + 19 H2O + H3O+ –3213545.1 +32.4 

A5 + 20 H2O –3213575.2 +2.3 

Pathway III   

n = 21   

A1 + 21 H2O –3213577.5 = 0 
A2 + 20 H2O + OH– –3213571.7 +5.8 
A7 + 20 H2O + TsNH– –3213556.0 +21.5 
A5 + 20 H2O –3213575.2 +2.3 
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Figure S28: Free energy diagram pathway I.     Figure S29: Free energy diagram pathway II. 

 

Figure S30: Free energy diagram pathway III. 

 

Styrene epoxidation with [CoIII(TAMLred)(O•)]‒: triplet versus quintet spin surface 

The reaction intermediates involved in the epoxidation of styrene with [CoIII(TAMLred)(O•)]‒ were 

calculated on the triplet spin surface. However, on this spin surface, spin contamination with the quintet 

spin state (e.g., s2 = 2.28 for AE2) was observed. Therefore, we evaluated the epoxidation of styrene on 

the quintet surface as well (Table S25). With respect to the triplet spin surface, the formation of TS-AE-1 

is slightly less endergonic on the quintet spin surface than on the triplet spin surface. The formation of 

intermediate AE2 is exergonic on both surfaces. Notably, for this intermediate, the Gibbs free energies 

on the triplet and quintet spin surface are relatively close to each other (+5.3 kcal mol-1), which explains 

the spin contamination observed on the triplet surface. The formation of styrene oxide on the quintet 

surface is exergonic (+9.0 kcal mol-1) with respect to the triplet surface, which affords styrene oxide in 

an exergonic fashion (‒16.9 kcal mol-1). Besides this, the reaction intermediates were calculated to be 

less stable on the quintet surface, which is in accordance with the NEPT2-CASSCF calculations (vide 

supra). Therefore, the epoxidation of styrene with [CoIII(TAMLred)(O•)]‒ is more likely to proceed on the 

triplet spin surface. 
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Table S25: Absolute and relative Gibbs free energies for all intermediates in cycle II on the triplet and 

quintet spin surface. 

Intermediate Gibbs free energy of formation at 
298 K (kcal mol-1) 

∆Go298 K 

(kcal mol-1) 

Cycle II 

S = 1 (triplet)   

AE1 + styrene –1898664.06 = 0 
TS-AE-1 –1898651.74 +12.3 
AE2 –1898663.76 +0.3 
TS-AE-2 –1898663.67 +0.4 
AE3 –1898680.98 –16.9 

S = 2 (quintet)   

AE1 + styrene –1898645.66 = 0 (+18.4 vs S = 1) 

TS-AE-1 –1898633.78 +11.9 

AE2 –1898658.42 –12.8 

TS-AE-2  -  
AE3 –1898636.66 +9.0 
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Abstract 

Generating artificial metalloenzymes (ArMs) by incorporating a non-natural 

metallocofactor within a protein host is an attractive strategy to complement 

homogeneous catalysts and enzymes. In an effort to achieve Co(TAML)-catalysed 

asymmetric radical-type oxygen atom transfer catalysis, we anchored a biotinylated 

Co(TAML) cofactor into streptavidin. In the presence of iodosylbenzene and 

α-methylstyrene, the Co(TAML)-based ArM led to the corresponding enantioenriched 

epoxide, thereby expanding the scope of ArMs that facilitate radical-type 

transformations. Screening of the Sav library—that included (double) mutations at 

positions S112 and K121—enabled improvement of both the activity and the selectivity 

of the Co(TAML)-catalysed epoxidation reaction. Evaluation of the secondary 

coordination sphere around the Co(TAML) cofactor by analysis of the X-ray structures 

of two different ArMs: Co(TAML) · Sav WT and Co(TAML) · Sav S112Y, suggested how 

mutations may affect the catalytic properties. 
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Introduction 

Artificial metalloenzymes (ArMs hereafter) are generated by anchoring a catalytically 

active non-natural metallocofactor within a protein host.1, 2 The unique combination of 

the synthetic tunability of the metallocofactors with the power of genetic engineering 

to evolve proteins, renders these systems highly attractive to access new-to-nature 

reactions.3, 4, 5 

 

A variety of ArMs have been reported since the turn of the millennium.1, 2 These feature 

different non-natural metallocofactors and a handful of privileged protein scaffolds 

including carbonic anhydrase,6 hemoproteins,7 lactococcal multiresistance regulator,8 

serum albumins,9 and (strept)avidin.10 The resulting ArMs catalyse a broad range of 

reactions1 including reduction,11 oxidation,12 hydrolysis,13 hydration,14 and C−C 

bond-forming reactions,15 etc. Non-natural metallocofactor-based ArMs that facilitate 

radical-type reactions; i.e., proceeding via radical-type mechanisms16-19 or 

intermediates,20, 21, 22 have been reported as well, albeit less frequently. 

 

From studies on ArM-catalysed transformations, it appears that the well-defined 

secondary coordination sphere around the metallocofactor provided by the protein 

may be tailored to optimise the activity and (enantio)selectivity of the corresponding 

ArM.23-25 These hybrid catalysts thus combine attractive features of both homogeneous 

and enzymatic systems, thereby addressing some of the challenges typically associated 

with both fields. 

 

In a recent study by the Ward group, the selective hydroxylation of benzylic C(sp3)–H 

bonds was enabled by an artificial hydroxylase.19 This ArM was assembled by anchoring 

a biotinylated Fe(TAML) complex (TAML = Tetra Amido Macrocyclic Ligand) into 

streptavidin (Sav hereafter) via the so-called biotin–streptavidin technology.10 In 

addition to Fe(TAML) complexes, cobalt-based complexes (Co(TAML)) have also been 

explored in catalysis, revealing rather different activity profiles.26-31 Such catalysts are 

known to mediate radical-type N-group and O-atom transfer (OAT) reactions under 

mild reaction conditions (Scheme 1A). More specifically, relying on iminoiodinanes 

(PhINR, R = Ts or Ns), C–N and S–N bond formation can be achieved via the 
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intermediacy of a Co(TAML)-based nitrene radical complex [CoIII(TAMLsq)(N•R)]−.26, 27, 

28 Similarly, oxo and oxyl radical complexes; [CoIII(TAMLsq)(O•)]−, can be generated 

from a reaction with iodosylbenzene (PhIO),29 m-CPBA,30 or water and CAN31. These 

intermediates enable C–O and S–O bond formation, including in aqueous medium. The 

performance of Co(TAML)-catalysed N-group transfer in water is more challenging as 

the nitrene radical intermediates tend to hydrolyse in this medium.29 

 

 

Scheme 1. Previous work on Co(TAML) complexes and the outline of this work. 

(A) Previous studies on radical-type N-group and O-atom transfer (OAT) catalysis via the intermediacy 

of Co(TAML) nitrene and oxyl radical complexes, respectively.27, 29 (B) Structure of the Co(TAML) cofactor 

(biotC4-1’) and the schematic representation of the ArM resulting from anchoring biotC4-1’ in Sav. 

A Co(TAML)-mediated radical-type reactions

N-group transfer

O-atom transfer

B A Co(TAML)-based artificial metalloenzyme

Co

Co

SavC SavD

SavA SavB

+ Streptavidin

TTON up to 62 
ee up-to 45%
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Currently, enantioselective Co(TAML)-catalysed radical-type OAT catalysis remains 

challenging: only 10%32-17%33 enantiomeric excess (ee hereafter) was achieved with 

enantiopure (analogous) Co(TAML) complexes for the epoxidation reaction of styrenes. 

To complement enantiopure ligand design strategies, incorporation of an achiral 

Co(TAML)-based cofactor within a host protein may offer an attractive strategy to 

achieve enantioselectivity for this reaction. Building on a recent report on the 

incorporation of biotinylated Fe(TAML) complexes within streptavidin,19 we 

hypothesised that a similar strategy may enable the optimisation of enantioselective 

Co(TAML)-catalysed radical-type OAT reactions. Accordingly, we set out to 1) expand 

the scope of non-natural metallocofactors that enable ArM-catalysed radical-type 

transformations by incorporating a biotinylated Co(TAML) complex into Sav, 2) explore 

the activity of the resulting Co(TAML)-based ArM towards (radical-type) OAT catalysis, 

and 3) investigate the effect of the secondary coordination sphere provided by Sav on 

the catalysis outcome concerning selectivity. The key findings of this work are 

presented in Scheme 1B. 

 

Results and Discussion 

ArM assembly and catalytic activity 

The biotin–streptavidin technology capitalises on the remarkable affinity of biotin, and 

its derivatives, for Sav (Kd ≈ 10−14 M).34 This affinity allows anchoring (almost) any 

biotinylated probe within Sav. Importantly, the resulting homotetrameric Sav assembly 

remains remarkably stable against a variety of chaotropic factors, including extreme pH 

values, temperature, organic co-solvents, as well as mutagenesis. 

 

To assemble the Co(TAML)-based ArM, a biotinylated TAML scaffold was synthesised19 

and metalated with cobalt (biotC4-1’ in Scheme 1B, see the Experimental Section for 

more details; Scheme S1). Please note that the biotin anchor has been modified by 

converting the (native) pentanoic acid side chain to a butylamine, thus enabling the 

formation of an amide with the electron deficient TAML-carboxylate moiety. The 

anchoring of the resulting Co(TAML)-based cofactor into Sav WT was assessed via a 

HABA displacement titration (Figure S5). This experiment confirmed the anchoring of 

(up-to) four cofactors into homotetrameric Sav. Furthermore, based on Isothermal 
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Titration Calorimetry measurements (Figure S6) an average Kd of 1.84*10-8 M was 

derived, highlighting a high affinity of the cofactor for Sav. Eventually, 

biotC4-1’ · Sav WT was crystalised by sitting drop vapor diffusion (see the Experimental 

Section for more details, Table S1). The resulting X-ray structure unambiguously 

confirmed the assembly of biotC4-1’ · Sav WT. Inspection of the X-ray structure (vide 

infra, Figure 1A) revealed that residues S112 and K121 lie closest to the cofactor. 

 

Next, we evaluated the activity of the Co(TAML)-based ArM in OAT catalysis. Since 

homotetrameric Sav can host up-to four cofactors (vide supra), different cofactor : Sav 

ratios were initially screened, but no significant effects on the catalysis outcome were 

observed. We therefore selected the cofactor : Sav = 2 : 1 ratio as previously described 

for the biotinylated Fe(TAML) complexes for further experiments.19 The artificial 

epoxidase was subjected to a reaction with 1 equiv of iodosylbenzene as the O-source 

and 5 equiv of α-methylstyrene in phosphate buffer (KPB) at pH 8 for 2 h (Table S2).19, 29 

Under these conditions, biotC4-1’ · Sav WT afforded (R)-α-methylstyrene oxide with 

11% ee (total turnover number;35, 36 TTON = 32). In contrast, the free cofactor biotC4-1’ 

afforded (rac)-α-methylstyrene oxide with comparable TTON = 33. No product was 

observed in the absence of biotC4-1’, confirming the involvement of the 

Co(TAML)-based cofactor in the catalytic event. 

 

To address the intermediacy of Co(TAML)-based oxyl radical complexes in the 

biotC4-1’ · Sav WT-catalysed epoxidation reaction,29 the above-described reaction was 

performed in the presence of the water-soluble radical trap 5,5-dimethyl-1-pyrroline 

N-oxide (DMPO; Table S2, entry 3).37, 38, 39 The addition of 5 equiv of DMPO with respect 

to iodosylbenzene resulted in the formation of traces of α-methylstyrene oxide. Given 

the known reactivity of DMPO as a radical scavenger, the negligible formation of 

epoxide product strongly supports the formation of radical-type intermediates, in 

accordance with previous work.29 

 

Screening of the Sav-library 

Next, we set out to improve the epoxidase activity of the ArM by genetically modifying 

the protein. Considering the proximity of both S112 and K121 residues to the 
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Co(TAML)-moiety (vide infra, Figure 1A), we screened a focused library of single 

mutants at both these positions. The results are summarised in Scheme 2 where a 

colour code is used to indicate the selectivity and the size represents the TTON (Table 

S2). 

 

 

Scheme 2. Fingerprint summary of the Co(TAML)-catalysed epoxidation reaction using iodosylbenzene 

(PhIO) as O-source (1 equiv) and α-methylstyrene (5 equiv) as prochiral substrate. Ratio biotC4-1’ : Sav 

= 2 : 1. The TTON was determined after reaction completion by 1H NMR integration using 

1,3,5-tritertbutylbenzene as an external standard, and the ee was determined by chiral GC-FID analysis. 

 

From these screening results, based on purified Sav samples, the following features 

emerge: 
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1) Incorporation of biotC4-1’ into Sav samples with a single mutation at the S112 

position can produce both (R)- and (S)-α-methylstyrene oxide, depending on the 

nature of the mutation. 

2) Substituting serine with methionine affords the highest selectivity for 

(R)-α-methylstyrene oxide (Sav S112M: 32% ee). 

3) Substituting serine with tyrosine affords the highest selectivity for 

(S)-α-methylstyrene oxide (Sav S112Y: 22% ee). 

4) Incorporation of biotC4-1’ into Sav samples with a single mutation at either or 

both the S112 and K121 positions can lead to increased TTONs. 

5) TTONS up-to 62 were achieved by substituting serine with a) arginine (Sav 

S112R: TTON = 55), b) alanine (Sav S112A, TTON = 56) and c) threonine (Sav 

S112T, TTON = 62). Substitution of lysine with methionine (Sav K121M, 

TTON = 52) and arginine (Sav K121R, TTON = 56) also resulted in increased 

TTONs. 

6) Incorporation of biotC4-1’ into Sav samples with a single mutation at the K121 

position does not lead to significant increases in enantioselectivity. Only 

substituting lysine by proline yields (R)-α-methylstyrene oxide with similar ee as 

observed for the Sav WT. 

 

The effect of biotC4-1’ anchoring into the Sav scaffold on the Co(TAML)-catalysed 

asymmetric epoxidation reaction was explored in an additional control experiment 

(Table S2, entry 9). In this experiment, the reaction using biotC4-1’ and Sav S112M was 

reproduced in the presence of 4 equiv of biotin. Given the higher affinity of biotin over 

biotC4-1’ for Sav (Kd = 10-14 M versus 10-8 M, vide supra), the binding sites of the host 

protein will be saturated with biotin, leaving the biotC4-1’ cofactor outside the protein 

pocket. As anticipated for this experiment, (R)-α-methylstyrene oxide was obtained in 

only 6% ee, whereas biotC4-1’ · Sav S112M afforded the corresponding epoxide with 

32% ee in absence of biotin. 

 

Finally, three of the most promising Sav single mutants, i.e., Sav S112Y, S112R, and 

S112M, were combined with diverse mutants at position K121 (including hydrophobic, 

cationic, and polar residues) (Scheme 2). From the four double mutants that were 
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evaluated, biotC4-1’ · Sav S112Y/K121R afforded (S)-α-methylstyrene oxide with the 

highest ee (28%). biotC4-1’ · Sav S112M/K121R yielded the opposite enantiomer 

(R)-α-methylstyrene oxide with an improved ee (45%). The double mutant artificial 

epoxidases thus outperform the best reported enantiopure Co(TAML) catalysts, which 

afford only 10%32 and 17%33 ee. Overall, the results highlight that the introduction of a 

well-structured secondary coordination sphere provided by Sav can be used to 

optimise the epoxidase activity of Co(TAML) · Sav ArMs, both in terms of activity (TTON 

up-to 62) and selectivity (ee up-to 45%). 

 

Structural characterisation 

To gain insight into structural details that influence enantioselectivity, we set out to 

structurally characterise a genetically improved epoxidase variant. Despite our efforts, 

we could not solve the X-ray structure of the best double mutants. We could however 

solve the structure of biotC4-1’ · Sav S112Y (PDB: 8CRN) and compare it with 

biotC4-1’ · Sav WT (PDB: 8CRP) (Figure 1). The structures of the host protein proved to 

be nearly superimposable, reflected by a Cα−RMSD = 0.130 Å. For both structures, the 

biotC4-1’ cofactor could be modelled into the residual electron density from the biotin 

binding site with 100% occupancy, supporting the localisation of the cofactor inside the 

Sav WT and Sav S112Y scaffolds. 
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Figure 1. Structural characteristics of the Co(TAML)-based artificial metalloenzymes. 

Crystallographic characterisation of (A) biotC4-1’ · Sav WT (PDB: 8CRP), and (B) biotC4-1’ · Sav S112Y 

(PDB: 8CRN). The biotC4-1’ cofactor is displayed as green (A) or cyan (B) sticks (atoms are colour-coded; 

nitrogen: blue, oxygen: red, carbon: green or cyan, chloride: green, and sulfur: yellow), and the cobalt 

centre as a pink sphere. The protein is displayed as a cartoon- and surface-accessible model. The 

monomers are colour-coded in different shades of blue. The residues S112 and K121 are displayed as 

purple sticks (atoms are colour-coded; nitrogen: blue, oxygen: red, and carbon: purple). The closest 

contacts with the cofactor are highlighted as a yellow dotted line, average distances in Å ((A) S112: ~3.7 

Å, K121: ~5.0 Å; (B) S112Y: ~3.2 Å, K121: ~3.6 Å). The occupancy of the cobalt centre was set to 100%. 

(C) Superposition of both crystal structures (only one cofactor for each mutant is displayed for 

convenience). 

 

Careful inspection of both X-ray structures (Figure 1A, B, and Figure S7) reveals the 

well-documented network of hydrogen bonds between the biotin moiety and the Sav 

binding site, further supporting the anticipated anchoring of the cofactor. For 

biotC4-1’ · Sav WT specifically, the closest amino acids are SavA S112 (3.7-3.9 Å) and 

SavB K121’ (4.0-5.0 Å) (Figure 1A, contacts highlighted with yellow dotted lines). These 

relatively long distances indicate rather limited interactions between these amino acids 

and the cofactor. Similar observations were made for biotC4-1’ · Sav S112Y. Based on 

the distance between the carbonyl moiety on the Co(TAML) scaffold and the amine 

residue of lysine (3.6-4.8 Å), no significant interactions with SavB K121’ are apparent. 

The absence of interactions between the cofactor and K121 residues is reflected in the 

C SuperpositionA biotC4-1’•Sav WT

S112
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outcome of the single mutant screening (vide supra). However, the mutation Sav S112Y 

(biotC4-1’ · Sav S112Y; Figure 1B) changes the orientation of the cofactor, as highlighted 

by the superposition of both ArMs (Figure 1C, see also Figure S8). The short distance 

between the carbonyl moiety on the Co(TAML) scaffold and the aromatic centre of the 

tyrosine residue (2.9-3.2 Å) suggests a n-* interaction,40 forcing the Co(TAML) cofactor 

in a fixed conformation (Figure 1B). 

 

Based on the observed change in orientation among the two structures, we surmise that 

non-covalent interactions with close-lying amino acid residues afford a better-defined 

localisation of the cofactor, affecting the catalysis outcome. In turn, this provides a 

promising lead for further optimisation of such systems. It should however be 

emphasised that the formation of the critical oxyl radical intermediate may significantly 

affect the position of the cofactor within the Sav mutants, which are not captured in the 

X-ray structures. 
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Conclusion 

This study reveals that Co(TAML)-catalysed asymmetric radical-type OAT catalysis can 

be achieved by incorporating a biotinylated Co(TAML) complex into Sav. TTONs up-to 

62 and ee’s up-to 45% are achieved using Co(TAML)-based ArMs, representing an 

improvement in terms of activity and enantioselectivity compared to enantiopure 

Co(TAML) analogues. Comparing the X-ray structures of two of these ArMs highlighted 

the importance of non-covalent interactions within the secondary coordination sphere 

provided by the Sav scaffold. These interactions affect the precise localisation and 

orientation of the cofactor, which is reflected in the catalytic outcome. We envision that 

this rationale could guide further optimisation of catalytic systems that expand the 

scope of ArM-catalysed radical-type transformations. 
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Experimental Section 

General considerations 

Chemicals and solvents 

All reagents were of commercial grade (Acros Organics, Sigma-Aldrich, Alfa Aesar, Fluorochem, Merck, 

Fisher) and used without further purification, unless noted otherwise. Dry MeOH and DMF were 

purchased from Sigma Aldrich or Acros Organics and used without further purification. Dry THF was 

distilled from sodium benzophenone ketyl. Streptavidin (Sav) mutants were produced, purified, and 

characterised as previously described.41 Reagent PhIO was prepared according to a literature procedure 

and the spectroscopic data matched those previously reported.42, 43 

 

Instrumentation 

1H-NMR spectra were recorded on a Bruker DRX 300, Bruker DRX 500, or Bruker Avance Neo 

spectrometer at 25 °C and the reported ppm (parts per million) values are relative to SiMe4.44 Data was 

processed and visualised using MestReNova, version 14.1.0. High-resolution mass spectra (HRMS) were 

measured on a Bruker maXis4G QTOF ESI mass spectrometer using H2O:HCO2H 0.1% or MeCN:HCO2H 

0.1% (for positive mode) or MeOH (for negative mode) as the solvent. UV-Vis spectra were recorded on 

a Shimadzu UV-2000 spectrophotometer in a 10 mm quartz cuvette from 190 to 800 nm. ITC 

measurements were performed on a Microcal VP-ITC apparatus. Catalytic runs were analysed by a 

GC-FID equipped with a CP-Chirasil-Dex CB column (25m 0.25mm 0.25 µm) using He as carrier gas. The 

water used in the catalytic reactions was purified by a Milli-Q Advantage system. A Water Prep LC 4000 

System equipped with a Dr. Maisch, Reprospher, 100 C18-DE column (40 × 150 mm, 5 µm, 100Å) was 

used to purify compound 4. A Biotage isolera one system equipped with a Biotage SNAP Ultra C18 column 

was used to purify biotC4-1’. 

 

Synthesis and characterisation of the cofactor 

2-methyl-2-phthalimidopropanoic acid,28, 45 phthalimidoisobutyrylchloride,28, 45 compound 1-319 and 

norbotinamine46, 47, 48 were synthesised following previously reported procedures. The synthetic route 

towards the cofactor: biotC4-1’ is presented in Scheme S1. 
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Scheme S1: Synthetic route pursued for the synthesis of biotC4-1’. 

 

Compound 4 

The synthesis of compound 4 was based on a previously reported procedure.28 Compound 3 (284.3 mg, 

0.66 mmol, 1.0 equiv) was dissolved in THF (35 mL, dry and degassed) under nitrogen in a 100 mL 

flame-dried Schlenk. The solution was frozen at -198 °C and nBuLi (2.5 M in hexanes, 1 mL, 2.48 mmol, 

4.0 equiv) was added dropwise, upon which the solid started to melt. Just before the solid finished 

thawing, CoCl2 (anhydrous, 106.8 mg, 0.806 mmol, 1.3 equiv) was added in one portion under nitrogen 

flow. The solution was stirred at r.t. for 30 min. and became grey/green, after which the solution was 

bubbled with air for 90 min to form a purple suspension. The suspension was transferred onto a silica 

column with THF and the purple band eluted with acetone. The purple solution was evaporated under 

reduced pressure. The product was suspended in DCM (200 mL) and washed with diethyl ether (200 mL) 

after collection via filtration. The purple crystalline powder was dried under vacuum and purified by 

reverse phase chromatography with a Dr. Maisch, Reprospher, 100 C18-DE column. Compound 4 was 

purified by the following procedure: H2O : ACN = 97 : 3, flow rate 20 mL/min, method: 0 min – 0% B; 2.5 

min – 10% B; 30 min – 90% B; 32 min – 100%; 36 min – 100%. Purified compound 4 was obtained after 

evaporating all solvent under reduced pressure. Isolated yield: 32.4 mg, 0.066 mmol, 10%. 

 

1H NMR (400 MHz, CD3CN): δ 6.96 (s, 3H), 4.73 (d, 12H), 3.74 (s, 6H), -3.88 (s, 1H), -7.03 (s, 1H), -15.27 

(s, 1H); Figure S1. 

HRMS (ESI negative mode): C21H24CoN4O6 [M]– calcd: 487.1033 m/z, found: 487.1038 m/z; Figure S2. 

UV/Vis (CH3CN): λmax (nm) (ε) = 199.5 (30756), 252 (18733), 510.5 (636); Figure S3. 

Evans’ method: MeOD with H2O as an internal standard, c = 0.02003 M, ∆v = 184.75 Hz, µeff = 3.316 µB (S 

= 1), ꭓd = -0.00020638 emu mol-1. 
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Figure S1: 1H NMR spectrum of compound 4 (400 MHz, CD3CN, 298 K). 

 

 

Figure S2: ESI-HRMS spectrum of compound 4 (negative mode). 

487.1038 

478.1033 

Calcd 
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Figure S3: UV-Vis spectrum of compound 4 in MeOH 

 

biotC4-1’ 

The synthesis of biotC4-1’ was based on a previously reported procedure via compound 5.19 Compound 

4 (32.4 mg, 0.066 mmol, 1 equiv) was dissolved MeOH (2.5 mL, dry) in a 25 mL round-bottom. A solution 

of NaOH (33.6 mg, 0.787 mmol, 12 equiv) in Milli-Q water (2 mL) was added and the purple reaction 

mixture was stirred at 40 °C overnight. The reaction mixture was evaporated to dryness to yield the 

crude purple compound 5, which was used in the next step without further purification. The reaction 

progress was monitored by ESI-MS. 

 

Compound 5 was transferred to a 10 mL Schlenk, and a nitrogen atmosphere was established. After 

addition of norbiotinamine·HCl (16.6 mg, 0.066 mmol, 1 equiv), DMF (3 mL, dry) was added to dissolve 

all reagents and the reaction mixture was cooled to 0 °C. A pre-cooled solution of HCTU (38.22 mg, 0.092 

mmol, 1.4 equiv) in DMF (2 mL, dry) was added dropwise to the reaction mixture, followed by the 

addition of DIPEA (32 µL, 0.1848 mmol, 2.8 equiv). The reaction mixture was stirred at r.t. overnight. To 

reach full conversion, another batch of HCTU (19.11 mg, 0.047 mmol, 0.7 equiv) and DIPEA (16 µL, 0.092 

mmol, 1.4 equiv) were added after cooling the reaction mixture to 0 °C, which was then allowed to warm 

up to r.t. and stirred for another 1.5 h. The reaction progress was monitored by ESI-MS. The solvent was 

evaporated under reduced pressure to yield a purple solid, which was redissolved in MeOH (2.5 mL, dry). 

The product was precipitated by addition of diethyl ether (20 mL), which was decanted after 

centrifugation, washed with diethyl ether (40 mL), and left to dry at r.t. The crude product was 

redissolved in Milli-Q water (2 mL) and all insoluble material was removed by centrifugation. The 

product was finally purified by reverse phase chromatography using a Biotage SNAP Ultra C18 column. 

biotC4-1’ was eluted at 55% MeOH using a gradient H2O:MeOH. Purified biotC4-1’ was obtained after 
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evaporating all solvent under reduced pressure and dried under vacuum. Isolated yield: 10.5 mg, 0.015 

mmol, 23%. 

 

HRMS (ESI negative mode): C29H37CoN7O6S [M]– calcd: 670.1864 m/z; found: 670.1877 m/z; Figure S4. 

Crystal structures of biotC4-1’ · Sav WT and biotC4-1’ · Sav S112Y; Table S1, Figure S7, and Figure S8 (vide 

infra). 

 

 

Figure S4: ESI-HRMS spectrum of biotC4-1’ (negative mode). 

 

Characterisation of the CoTAML-based artificial metalloenzyme 

HABA displacement titration 

Following the previously described protocols,19, 49-51 a solution of Sav WT (2.4 mL, initial concentration 

8.0 μM tetrameric Sav WT in 20 mM phosphate buffer pH 7) was loaded in a UV-Vis cuvette. To this 

solution, a large excess of 2-(4-hydroxyphenylazo)benzoic (HABA, 300 µL 9.6 mM in 20 mM phosphate 

buffer pH 7, 150 equiv versus Sav) was added to ensure full saturation of the active sites. biotC4-1’ (0.96 

mM in Milli-Q water) was added to the HABA/Sav solution in 0.25 equiv aliquots (5 μL per step, up to 5 

equiv) relative to the tetrameric protein. The UV-Vis spectrum was recorded 2 min after each addition, 

and the decrease of the absorbance at λmax = 506 nm was plotted against the equivalents of biotC4-1’ 

added (Figure S5). The decrease ceases after the addition of around 4 equiv of biotC4-1’. This result 

indicates a Savtet WT : biotC4-1’ ratio of 1 : 4, which is in line with previous reports.19 Because of the 

background absorbance of the cofactor at 506 nm, we did not fit the HABA titration results to derive the 

Kd. 
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Figure S5: HABA displacement titration assay by biotC4-1’ in Sav WT (black dots). 

 

ITC measurements 

The biotin binding affinity was determined using a Microcal VP-ITC apparatus following a previously 

described procedure.52 biotC4-1’ (250 µM) in 50 mM potassium phosphate buffer containing 100 mM 

sodium chloride was titrated with 5 µL injections of Sav-WT solutions (40 µM, 50 mM potassium 

phosphate buffer, 100 mM sodium chloride). The reference cell contained the same buffer as the protein 

and cofactor solutions. Measurements were performed at 25 °C. The biotC4-1’ binding affinity (Ka), 

enthalpy (H), and binding stoichiometry (N) were calculated using ITC data analysis origin software 

(MicroCal) and the results are presented in Figure S6. Based on both measurements, a Kd of 1.84*10-8 M 

was derived given that 𝐾d =
1

𝐾a
. 



 

171 

 

Figure S6: ITC measurements performed in duplicate. 

 

X-ray crystallography 

For sitting drop vapor diffusion, the Sav isoforms Sav WT and Sav S112Y (2.0 μL, 20 mg/mL, in Milli-Q 

water) were mixed with the precipitation buffer (2.0 μL, 2 M (NH4)2SO4, 0.1 M Na-Acetate, pH 4). The 

drop was equilibrated against a reservoir of precipitation buffer (100 μL). Crystals of apo-Sav grew 

within 3 days. For soaking, apo-crystals were transferred into sitting-drop depressions containing 

precipitation buffer (4.5 μL adjusted at pH 6) and cofactor solution (0.5 μL, 10 mM biotC4-1’ in Milli-Q 

water). After soaking (for 20 h, 20 °C) the crystals were directly flash-frozen in liquid nitrogen. 

 

Protein crystal diffraction data were collected at 100 K at the Swiss Light Source beam line PXI at a 

wavelength of 1.0 Å. Crystal indexing, integration and scaling were carried out with the program XDS53 

and reflections were merged with the program aimless54 of the CCP4i2 Suite55 (see Table S1 for 

processing statistics). REFMAC556, 57 was used for structure refinement. For structure modelling, water 

picking and electron density visualisation the software COOT58, 59 was used. Figures were prepared with 

PyMOL (the PyMOL Molecular Graphics System, Version 2.3.0, Schrödinger, LLC). The structure was 

solved by molecular replacement using the program PHASER MR60 and the Sav structure (PDB code: 

3PK2, devoid of the Ir-cofactor and water molecules). 

 

One homotetramer of the Sav proteins was obtained per asymmetric unit. Amino acid residues 1-12, 

135-197 presumably due to disorder. Residual electron density in the Fo-Fc map was observed in the 
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biotin binding pocket and in the biotin vestibule, as well as anomalous dispersion density. Modelling of 

cofactor biotC4-1’ into the electron density projected the cobalt in the position of the anomalous density 

peak. For both Sav WT and Sav S112Y the occupancy of the cobalt atom in biotC4-1’ is 100%. 

 

Table S1: Data processing and crystal structure refinement statistics. 

Sav Sav WT Sav S112Y  

Cofactor biotC4-1’ (PDB: VJC) biotC4-1’ (PDB: VJC)  

PDB Code 8CRP 8CRN  

Data Processing Statistics    

Resolution Range (Å) 45.91-2.00 (2.05-2.00) 45.92-2.00 (2.05-2.00)  

Cell Parameters 
- a, b, c (Å) 
- α, β, γ (°) 

192.50, 57.70, 57.70 
90.00, 107.44, 90.00 

192.51, 57.61, 57.61 
90.00, 107.41, 90.00 

 

Space group C121 C121  

Unique reflections 276705 (20880) 256680 (19460)  

Rmerge (%) 10.4 (148.4) 10.1 (92.5)  

Multiplicity 6.9 (7.0) 6.4 (6.5)  

Mean I/Sig(I) 10.3 (1.4) 10.7 (2.3)  

Completeness (%) 98.2 (98.4) 98.6 (99.3)  

CC (1/2) 0.998 (0.577) 0.998 (0.718)  

Structure Refinement Statistics    

Rwork/Rfree 0.20/0.21 0.19/0.21  

Average B-factors (Å) 43.0 39.0  
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Figure S7: Structural analysis of the artificial metalloenzymes (A) biotC4-1’ · Sav WT, and (B) 

biotC4-1’ · Sav S112Y. Close-up view of the X-ray crystal structure of (C) biotC4-1’ · Sav WT (PDB: 8CRP), 

and (D) biotC4-1’ · Sav S112Y (PDB: 8CRN). The biotC4-1’ cofactor is displayed as green (A/C) or cyan 

(B/D) sticks (atoms are colour-coded; nitrogen: blue, oxygen: red, carbon: green or cyan, chloride: green, 

and sulfur: yellow), and the cobalt centre as a pink sphere. The protein is displayed as a cartoon- and 

transparent surface-accessible model. The monomers are colour-coded in different shades of blue. The 

residues S112 and K121 are displayed as purple sticks (atoms are colour-coded; nitrogen: blue, oxygen: 

red, and carbon: purple). The 2Fo-Fc difference map is displayed as dark grey mesh (1σ) (A/B). The 

occupancy of the cobalt centre was set to 100%. The closest contacts between the side chains of the amino 

acids at position S112 and the biotC4-1’ cofactor are highlighted as a yellow dotted line (C =  3.7 Å; D = 

3.2 Å, respectively). The closest contacts between K121 and the biotC4-1’ cofactor are also shown as a 

yellow dotted line (C = 4.0-5.0 Å; D = 3.6-4.8 Å, respectively). 

  

A B 

C D 
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Figure S8: Superposition of both crystal structures (PDB: 8CRP and 8CRN). The biotC4-1’ cofactor of Sav 

WT is displayed as green sticks and of Sav S112Y in cyan sticks. 

 

Catalysis experiments 

Catalytic epoxidation 

All catalytic reactions were performed in 2 mL glass vials under aerobic conditions at room temperature 

(±27 °C) with magnetic stirring, unless noted otherwise. The general procedure, based on a previously 

reported procedure,19 was adapted after optimisation of the reaction conditions: O-source/oxidant, pH, 

buffer, biotC4-1’ : Sav ratio, and catalyst loading (mol %). Note that no activity was observed with 

oxidants (e.g., NaO3Cl, H2O2, KHSO4, NaOCl), and similar activity was observed with biotC4-1’ : Savtet 

ratio’s 1:1, 2:1, 4:1. Side product formation was observed at pH 7 and below. 

 

General procedure for catalytic experiments 

In a typical experiment, biotC4-1’ (0.021 µmol, 0.5 mol %) was dissolved in Milli-Q water (100 µL) and a 

stock solution of the desired Sav mutant (100 µL, 0.2 M in potassium phosphate buffer (KPB) pH 8). Then, 

the solution was left to incubate for 20 min after which the substrate (21 µmol) and PhIO (4.2 µmol) were 

added. The vial was sealed with a cap, and the reaction mixture was stirred (500 rpm) for 2 h. 

1,3,5-tritertbutylbenzene (100 µL of a stock solution in CDCl3) was added as an external standard. After 

addition of another 600 µL of CDCl3, the reaction mixture was extracted and filtered (syringe filter, PTFE, 

0.45 mm) to remove unreacted iminoiodinane. The CDCl3 layer was analysed by 1H NMR spectroscopy 

after which it was dried over MgSO4, filtered through a short cotton plug, and subjected to analysis with 

GC-FID. The results of the catalytic experiments are summarised in Table S2. 

 

Characterisation of the reaction product 

α-methylstyrene oxide was prepared from α-methylstyrene and PhIO according to the above-mentioned 

procedure with biotC4-1’ · Sav and the spectroscopic data matched those previously reported.61 The 

resonance for 1,3,5-tritertbutylbenzene at δ = 1.33 ppm and the characteristic signals for 

α-methylstyrene oxide at δ = 2.80 and 2.97 ppm were used to calculate the total turnover number 

(TTON). The enantiomeric excess (ee) of α-methylstyrene oxide was determined by GC analysis 

[Chirasil-Dex CB, injector temp. = 80 °C, detector temp. = 225 °C , column temp. = 80 °C (isothermic)]. The 
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absolute configurations of the two enantiomers were assigned by comparing the retention times with 

those reported in the literature,62 i.e., t = 15.9 ((R)-α-methylstyrene oxide), t = 16.9 ((S)-α-methylstyrene 

oxide). A crude GC chromatogram for (rac)-α-methylstyrene oxide, and the formation of ee 28% 

(S)-α-methylstyrene oxide and ee 45% (R)-α-methylstyrene oxide are depicted in Figure S9-Figure S11, 

respectively. 

 

 

Figure S9: GC-FID chromatogram of purified (rac)-α-methylstyrene oxide. 

 

 

Figure S10: Crude GC-FID chromatogram of ee 28% (S)-α-methylstyrene oxide wherein biotC4-1’ · Sav 

S112Y/K121R (0.5 mol %) was used as the catalyst. 
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Figure S11: Crude GC-FID chromatogram of ee 45% (R)-α-methylstyrene oxide wherein biotC4-1’ · Sav 

S112M/K121R (0.5 mol %) was used as the catalyst. 

 

Catalysis experiment in the presence of the radical trap DMPO 

A 2 mL glass vial containing 0.021 µmol (0.5 mol %) biotC4-1’ was charged with Milli-Q water (75 µL) 

and a stock solution of Sav WT (100 µL, 0.2 M in potassium phosphate buffer (KPB) pH 8) to dissolve the 

cofactor. Then, the solution was left to incubate for 20 min. While incubating, a fresh stock solution of 

DMPO (0.84 M) in degassed Milli-Q water was prepared. After incubation, 25 µL of the DMPO stock 

solution was added to the reaction mixture, after which the substrate (21 µmol) and PhIO (4.2 µmol ) 

were added. The vial was closed with a cap and the reaction mixture was stirred (500 rpm) for 2 h. 

1,3,5-tritertbutylbenzene (100 µL of a stock solution in CDCl3) was added as an internal standard. After 

addition of another 600 µL of CDCl3, the reaction mixture was extracted and filtered (syringe filter, PTFE, 

0.45 mm) to remove unreacted iminoiodinane. The CDCl3 layer was analysed by 1H NMR spectroscopy. 

The result of this catalytic experiment is reported in Table S2, entry 3. 

 

Control experiment in the presence of biotin 

Two separate stock solutions of biotin and Sav S112M (0.84 mM in potassium phosphate buffer (KPB) 

pH 8) were prepared. From both stock solutions, 100 µL was added to a 2 mL glass vial and the solution 

was left to incubate for 20 min. A 2 mL glass vial containing 0.021 µmol (0.5 mol %) cofactor was charged 

with Milli-Q water (100 µL) and the biotin · Sav S112M stock solution (100 µL). Then, the solution was 

left to incubate for another 20 min after which the substrate (21 µmol) and PhIO (4.2 µmol ) were added. 

The vial was sealed with a cap, and the reaction mixture was stirred (500 rpm) for 2 h. 

1,3,5-tritertbutylbenzene (100 µL of a stock solution in CDCl3) was added as an internal standard. After 

addition of another 600 µL of CDCl3, the reaction mixture was extracted and filtered (syringe filter, PTFE, 

0.45 mm) to remove unreacted iminoiodinane. The CDCl3 layer was analysed by 1H NMR spectroscopy, 

after which it was dried over MgSO4, filtered through a short cotton plug, and subjected to analysis with 

GC-FID. The result of this control experiment is reported in Table S2, entry 9.  
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Table S2: Numerical summary of the results of the catalytic reactions with biotC4-1’ using 

α-methylstyrene and PhIO as the substrate and O-source, respectively. The total turnover number 

corresponds to the sum of cycles (turnovers) that the catalyst undergoes to yield the product over the 

course of 2 h, and are derived from the yields determined by 1H NMR integration. The enantiomeric 

excess was determined by GC-FID analysis. 

Entry[a] Sav Yield (%) TTON ee[b] 

1[c] No Sav 0 n.d. n.d. 
2[c] WT 0 n.d. n.d. 
3 WT + DMPO traces n.d. n.d. 
4[c] S112M 0 n.d. n.d. 
5[d] No Sav 16 33 1 
6[d] WT 16 32 11 
7 S112A 28 56 13 
8[d] S112M 22 44 32 
9 S112M + biotin 18 37 6 
10[d] S112T 30 62 -11 
11[d] S112R 23 47 26 
12[d] S112G 32 61 0 
13[d] S112Y 21 42 -22 
14 S112Q 16 34 7 
15 S112H 15 31 -4 
16 S112K 21 42 10 
17 S112E 11 22 1 
18 S112C 11 23 6 
19 S112F 20 42 -4 
20 S112L 21 41 -16 
21 K121M 25 52 3 
22 K121W 19 38 0 
23 K121S 16 33 0 
24 K121F 20 41 5 
25 K121R 27 56 10 
26 K121A 10 20 4 
27 K121I 11 23 -8 
28 K121P 15 32 11 
29 K121H 9 18 0 
30[d] K121D 11 22 -8 
31 K121C 10 20 5 
32 S112A/K121L 19 39 12 
33[d] S112Y/K121R 23 46 -28 
34 S112Y/K121E 19 38 2 
35 S112Y/K121S 16 32 -19 
36 S112R/K121A 22 46 17 
37 S112M/K121E 17 34 -4 
38[d] S112M/K121R 19 38 45 

[a] Reaction conditions: 0.105 mM biotC4-1’, 0.21 mM Sav, 0.1 M KPB pH 8, 104.5 mM α-methylstyrene, 

21 mM PhIO, 2h, 27 °C, aerobic atmosphere. [b] Positive values indicate the ee of (R)-α-methylstyrene, 

negative values the ee of (S)-α-methylstyrene. [c] Experiment performed in the absence of cofactor. [d] 

Experiment was performed at least in duplicate.  
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Abstract 

Performing transition metal-catalysed reactions in cells and living systems has 

equipped scientists with a toolbox to study biological processes and release drugs on 

demand. Thus far, an impressive scope of reactions has been performed in these 

settings, but many are yet to be introduced. Nitrene transfer presents a rather 

unexplored new-to-nature reaction. The reaction products are frequently encountered 

motifs in pharmaceuticals, presenting opportunities for the controlled, intracellular 

synthesis of drugs. Hence, we explored the transition metal-catalysed sulfimidation 

reaction in water for future in vivo application. Two potent Cu(I)Tpx complexes were 

selected, and the catalytic system was evaluated with the aid of three fitness factors. 

The excellent nitrene transfer reactivity and high chemoselectivity of the catalysts, 

coupled with good biomolecule compatibility, successfully enabled the sulfimidation of 

thioethers in aqueous media. We envision that this copper-catalysed sulfimidation 

reaction could be an interesting starting point to unlock the potential of nitrene transfer 

catalysis in vivo. 
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Introduction 

Catalysis proves a powerful tool to achieve otherwise synthetically challenging, or even 

impossible, transformations and is therefore naturally employed in various areas of 

chemistry. Transition metal-catalysed reactions have even found successful 

applications in cells (in vitro) and living systems (in vivo) recently1, 2, 3. Such applications 

range from cell surface labelling to the activation of prodrugs.4, 5, 6 To develop more 

tools for, e.g., live cell imaging or treatment, chemists have devoted much research to 

translate transition metal-catalysed reactions from flasks to cells. 

 

Considerable efforts into developing ‘new-to-nature’ reactions have led to an 

impressive scope of transition metal-catalysed transformations performed in biological 

settings.7, 8 Key examples of these transformations are the copper-catalysed 

azide-alkyne cycloadditions,9, 10 and the ruthenium-catalysed deallylation,11, 12 

(photocatalytic) azide reduction,13, 14 and ring-closing metathesis reactions.15, 16 This 

scope of reactions is still rapidly expanding. For example, Mascareñas and co-workers 

showed the application of carbene transfer catalysis in mammalian cells.17 They 

performed copper-catalysed N–H carbene insertions to afford bioactive 

benzoquinoxalines, which can alter the mitochondrial functions of cells, from simple 

ortho-amino arylamines and α-keto diazocarbenes. 

 

Although carbene transfer catalysis has been performed intracellularly,17, 18 nitrene 

transfer catalysis to nonnatural substrates, such as prodrugs, has yet to be reported in 

biological settings to the best of our knowledge. Nonetheless, several promising studies 

in water as the reaction medium have been performed, mainly focussed on C–H 

insertions and aziridination reactions.19-22 Sulfimidation reactions are somewhat less 

explored in water, while its reaction products, e.g., sulfimides (RN=SR’R’’) and their 

oxidised analogues, sulfoximines (RN=SOR’R’’),23, 24 are also frequently encountered 

motifs in pharmaceuticals. For example, (N-arylsulfonyl)sulfimide-based drugs 

(ArSO2N=SR’R’’, with R’=alkyl and R’’=aryl) were reported to inhibit osteoclastogenesis 

and bind to proteins (e.g., pirin), causing inhibition of melanoma cell migration.25, 26 

Hence, performing sulfimidation reactions in biological settings presents opportunities 

for the controlled and on demand synthesis of drugs. Motivated by this potential 
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application, we set out to explore transition metal-catalysed sulfimidation reactions in 

water for future in vivo application. 

 

Compared to the highly controlled and adaptable conditions achieved in a flask, the 

conditions in cells and living systems are fairly different: water, oxygen, 37 °C (for 

mammalian cells), and pH 7. Moreover, the reaction components are typically present 

at low concentrations due to practical limitations such as solubility or non-specific 

toxicity, or the biological system’s intrinsic metabolism.27, 28 Nonetheless, the catalytic 

reaction must still proceed, at reasonable rates, to ensure product formation.29, 30 

Furthermore, the inherent complexity of the cellular environment demands exquisite 

chemoselectivity.31 In the presence of various functionalities, the catalyst and reagents 

must react selectively with each other. Finally, an ideal catalyst displays high 

compatibility with salts and biomolecules bearing (coordinating) functional groups, 

such as thiols or basic amines.32 

 

To successfully apply a catalytic system in biological settings, the above-mentioned 

criteria: reactivity, selectivity, and stability, also known as ‘fitness factors,’31 have to be 

considered. In this study, we therefore evaluated transition metal-catalysed 

sulfimidation reactions under biologically relevant (water, oxygen, 37 °C, pH 7) and 

biomimetic conditions (in the presence of salts and biomolecules) with the aid of these 

explorative fitness factors (Figure 1). 
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Figure 1. Graphical representation of this study, in which we set out to explore the transition 

metal-catalysed sulfimidation reaction of thioethers in aqueous media and evaluate the potential of the 

catalytic system for future in vivo application with the focus on three fitness factors: reactivity, selectivity 

and stability. 

 

Results and Discussion 

Reactivity 

We initially sought a suitable transition metal catalyst for our studies. We came across 

a series of Cu(I)Tpx complexes (Tpx = homoscorpionate ligand), which presented 

excellent reactivity and selectivity in micellar olefin aziridination and cyclopropanation 

reactions in aqueous medium, employing diazo compounds and iminoiodinanes 

(PhINR, R = tosyl or nosyl) as the respective CR- and NR-sources.20, 21 In a separate study 

it was observed that Cu(I)Tpx complexes with electron-poor ligands disfavour a 

reaction with oxygen.33 Given that the undesired formation of reactive oxygen species 

(ROS) is one of the toxic side reactions typically associated with the application of 

copper-based catalysts,9, 34, 35 intrinsic inertness towards oxygen is highly desirable. 

Hence, similar complexes have been employed in mammalian cells, indeed without 

presenting significant toxicities.36 

 

For the above-mentioned reasons, we chose these Cu(I)Tpx complexes to explore the 

transition metal-catalysed sulfimidation reaction in aqueous media; under biologically 

relevant and biomimetic conditions. Based on its previously reported activity for the 

aziridination reaction of styrene with iminoiodinanes,20 the well-defined 

+

biologically relevant and
biomimetic conditions

Transition metal 
catalysis
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TpBr3Cu(CNMe) complex (Cu(I)TpBr3 hereafter) was selected as the first candidate. 

This catalyst was subjected to thioanisole as the model substrate, employing PhINTs 

(Ts = tosyl) as the NR-source in a stock solution of DMSO. Both reagents were cleanly 

converted to N-(4-methylbenzenesulfonyl)-S-methyl-S-phenylsulfimide (1) in 78% 

yield under aerobic conditions in 2 h at 37°C in water/DMSO (5%) with 10 mol % 

catalyst (1 mM). 

 

For intracellular applications, a catalyst is typically introduced at low concentrations: 

~10-100 µM (vide supra).37, 38, 39 Hence, during optimisations of the reaction conditions, 

we also gradually decreased the concentrations of the reaction components (Table S1 

and Table S2). Under the optimised conditions, we observed that product 1 was still 

afforded in 72% yield using 10 mol % catalyst at a 100 µM concentration under aerobic 

conditions in 2 h at 37°C in water/DMSO (1%) (Table 1, entry 1). Decreasing the catalyst 

concentration to 50 µM (10 mol%) yielded 58% 1 under these conditions (entry 2). In 

the absence of Cu(I)TpBr3 complex, <1% product was obtained (entry 3), confirming 

the involvement of this complex as the catalyst. 

 

Table 1. Catalytic sulfimidation with Cu(I)Tpx catalysts. 

 

Entry Catalyst Yield 1 (%)a Yield 2 (%)a 

1 100 M Cu(I)TpBr3 72 3 

2 50 M Cu(I)TpBr3 58 7 

3 - <1 10 

4 100 M Cu(I)Tp(CF3)2Br 8 33 

5 100 M Cu(I)TpCF3 73 2 

Conditions: 1.0 mM NR-source. [a] Yields are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard. Reactions (blanks excepted) were at least performed 

in duplicate, yields are averaged. Yields of 1 are versus PhINTs and of 2 versus substrate.  
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Given that the formation of oxygen-containing side products is an often observed side 

reaction for nitrene transfer reactions in water,22 the potential formation of 

(methylsulfinyl)benzene (2) was carefully monitored (Table 1). Under the 

above-mentioned conditions, with 10 mol % catalyst at a 100 µM concentration, only 

3% sulfoxide side product was formed with respect to the substrate (entry 1). In the 

absence of the catalyst, 10% of this side product was observed, suggesting its formation 

to result from a background reaction between the NR-source and substrate (entry 3). 

We assume that the hydrolysis of the iminoiodinane over time could afford 

iodosylbenzene (PhIO),40 which yields minor amounts of 2 from a (background) 

reaction with thioanisole. 

 

With the optimised reaction conditions at hand, two more Cu(I)Tpx complexes were 

evaluated as potential catalysts: Tp(CF3)2BrCu(CNMe)21 and TpCF3Cu(CNMe)41 

(Cu(I)Tp(CF3)2Br and Cu(I)TpCF3 hereafter, Table 1). These complexes bear CF3 groups, 

which may be helpful handles for characterisation in complex reaction media while 

maintaining the electron-poor character of the Tpx ligands (vide supra). Under the 

optimised reaction conditions, the Cu(I)Tp(CF3)2Br catalyst is less productive in the 

sulfimidation reaction of thioanisole to product 1 (8%, entry 4). In contrast, employing 

Cu(I)TpCF3 afforded 73% product 1 and 2% side product 2 (entry 5). This complex was 

therefore utilised in further studies. 

 

Intracellular (transition metal-catalysed) reactions need to proceed with reasonable 

rates to ensure product formation before the reaction components are metabolised.27, 

28 To have an idea of the reaction progress of the copper-catalysed sulfimidation 

reaction under the applied biologically relevant conditions, we obtained kinetic profiles 

(Figure 2) for the formation of 1 with both Cu(I)Tpx catalysts at room temperature (see 

the Experimental Section for more details; Table S3). Based on these kinetic profiles, 

we observed that the Cu(I)TpBr3 catalyst reached the maximum yield after 40 minutes, 

whereas Cu(I)TpCF3 reached the maximum yield after 20 minutes. 
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Figure 2. Kinetic profiles for the formation of 1 in water, catalysed by Cu(I)TpBr3 (blue) and Cu(I)TpCF3 

(red). Conditions: 1.0 mM NR-source. Yields are quantified by 1H NMR integration using 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. Reactions were performed in 

duplicate, yields are averaged. 

 

Next, we evaluated the general suitability of both catalysts for the sulfimidation of 

thioethers under biologically relevant conditions (Scheme 1 and Table S4). First, the 

influence of the nitrene precursor was investigated by using a more 

electron-withdrawing NR-source: PhINNs (Ns = nosyl). The reaction proceeded equally 

well for both catalysts with either PhINNs or PhINTs as the NR-source, affording 

product 1 and 3 in good yields. The catalysts were also subjected to a series of 

thioanisole derivatives to examine the compatibility of the reaction with different arene 

substituents. Substrates with electron-donating (–OMe, –Me) and -withdrawing (–F,       

–Cl, –Br, –Ac, –CN. –NO2) substituents at the para-position of the arene ring were 

tolerated. Products 4 and 5, and 6-11, respectively, were obtained with good yields. 

Substitutions at the ortho- and meta-positions were also tolerated (12-13). 

Furthermore, two more classes of sulfides were investigated. Diphenylsulfane was 

cleanly converted to 14 in 58% and 76% yield with Cu(I)TpBr3 and Cu(I)TpCF3, 

respectively. Notably, the Cu(I)TpBr3 catalysts displayed some activity towards 
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(methylsulfinyl)benzene affording 15, albeit with poor yield. Lastly, we explored the 

transformative potential of the copper-catalysed sulfimidation reaction for potential 

intracellular drug synthesis applications. (4-(benzyloxy)phenyl)(methyl)sulfane was 

employed as a substrate to access (N-arylsulfonyl)sulfimide-based drug 16. This 

compound has been studied in the context of cancer treatment and inhibits melanoma 

cell migration (vide supra).25, 26 Both catalysts selectively provided the drug after clean 

conversion of the substrate with moderate to good yields (up-to 48%). 

 

 

Scheme 1. Substrate scope A for the sulfimidation reaction catalysed by Cu(I)TpBr3 or Cu(I)TpCF3. 

Conditions: 1.0 mM NR-source. Yields are quantified by 1H NMR integration using 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs.  
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Chemoselectivity 

A myriad of chemical functional groups can be found in the cellular environment.42 To 

afford the formation of the desired product, the reaction compounds must be somewhat 

inert towards these functionalities and react selectively with each other. In other words, 

the catalytic system must possess excellent chemoselectivity. To investigate the 

chemoselectivity of the Cu(I)Tpx catalysts for nitrene transfer reactions, we first 

performed intermolecular competition experiments (Table 2).43 Nitrene transfer 

catalysis is not limited to thioethers. Nitrenes and their transition metal complexes can 

also add to double bonds and insert into C−H bonds; both are functionalities present in 

nature, generating aziridines and amines, respectively. Hence, the copper-catalysed 

sulfidation reaction of thioanisole was performed in the presence of styrene or 

ethylbenzene as representative substrates. After 2 h, we observed 85-90% selectivity 

for sulfimidation in the presence of styrene and >99% selectivity in the presence of 

ethylbenzene. In the absence of thioanisole, styrene aziridination is strongly favoured 

over C−H amination of ethylbenzene (>99%), but is less productive than the 

sulfimidation reaction. 

 

Table 2. Intermolecular competition experiments to investigate the chemoselectivity for sulfimidation 

in presence of C=C and weak C−H bonds. 

 

Entry Substrate A Substrate B Yield ProdA-R 
(%)a 

Yield ProdB-R 
(%)a 

Selectivity 
ProdA-R 

Cu(I)TpBr3 

1 Thioanisole Styrene 63 5 85% 

2 Thioanisole Ethylbenzene 33 0 >99% 

3 Styrene Ethylbenzene 28 0 >99% 

Cu(I)TpCF3 

4 Thioanisole Styrene 73 2 90% 

5 Thioanisole Ethylbenzene 75 0 >99% 

6 Styrene Ethylbenzene 23 0 >99% 

Conditions: 1.0 mM NR-source. [a] Yields and selectivities are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. Reactions were performed in 

duplicate, yields are averaged. 
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Next, we examined the intramolecular chemoselectivity for the sulfimidation reaction 

in the presence of alkenes and weak C−H bonds (Scheme 2, Table S4).43 C−H bonds with 

a bond dissociation energy (BDE) of ≤85 kcal mol-1 or 85<(BDE)≤95 kcal mol-1 are 

highlighted in purple and blue, respectively. Alkene fragments prone to aziridination 

are highlighted in red. The same conditions as for the intermolecular competition 

experiments were employed in these studies. 

 

 

Scheme 2. Substrate scope B for the sulfimidation reaction catalysed by Cu(I)TpBr3 or Cu(I)TpCF3. 

Grey: desired position for nitrene transfer (sulfimidation). Blue: C−H bonds with 85<(BDE)≤95 kcal 

mol-1. Purple: relatively weak C−H bonds (BDE≤85 kcal mol-1). Red: alkene prone for aziridination. 

Conditions: 1.0 mM NR-source. Yields are quantified by 1H NMR integration using 

1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. 

 

Based on 1H NMR spectroscopy, no transformations of the relatively stronger C−H 

bonds (highlighted in blue) were observed. Substitution of the methyl group in 

thioanisole for ethyl or iso-propyl afforded 17 and 18 selectively and in moderate to 

good yields (Scheme 2, Table S4). Side reactions with the relatively weaker α-CH2 bonds 

of benzyl(phenyl)sulfane and phenethyl(phenyl)sulfane (highlighted in purple) were 

not observed either. Both substrates were selectively converted to 19 and 20 in 

moderate yields. The corresponding 1H NMR spectra after reactions performed with 
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alkene functionalised substrates, phenyl(vinyl)sulfane and allyl(phenyl)sulfane 

(highlighted in red), did not indicate aziridine formation. The former substrate led to 

the clean formation of 21, albeit with poor yields. The latter substrate afforded product 

22 in moderate yields via a [2,3]-sigmatropic rearrangement of the initially formed 

S-allyl-sulfimide, as reported in literature.43, 44 This rearrangement does, however, 

support the initial S-imidation of allyl(phenyl)sulfane (product 22*). Also, no reaction 

with the relatively weak C−H bonds could be observed for these two substrates. 

 

Catalyst stability 

The chemical stability of the catalytic system is of equal importance as its reactivity and 

selectivity.31 An ideal catalyst displays high compatibility with biomolecules bearing 

(coordinating) functional groups, such as thiols or basic amines. In practice, however, 

catalyst stability tends to be one of the most critical challenges within the field of in vivo 

catalysis, as such functional groups typically poison catalysts.32 A systematic evaluation 

of the catalyst performance in the presence of such biomolecules is indispensable and 

fundamental for further development of a catalytic system. To examine the 

compatibility of the copper-catalysed sulfimidation reaction with various biomolecules, 

we therefore employed an adapted version of the bio-additive-based screening 

protocol developed by the Glorius group (see the Experimental Section for more details, 

Table S5).45 

 

The Cu(I)Tpx-catalysed nitrene transfer reaction to thioanisole with PhINTs as the 

NR-source was performed in the presence of sulfur- and basic amine-containing 

biomolecules, sugars, acids, and amino acids (1 equiv versus the catalyst, Figure 3). The 

presence of sugars, and amino acids did not affect the reaction outcome (~70-80% 

yield). The copper-catalysed sulfimidation reaction also proceeded well in the presence 

of cytosine and adenosine, which belong to the basic-amine-containing class of 

biomolecules. The presence of histidine and adenine does, however, affect the catalytic 

system to varying extents. In the presence of histidine, the Cu(I)TpBr3 catalyst afforded 

only 18% product, whereas the Cu(I)TpCF3 catalyst still afforded product 1 in 63% 

yield. The Cu(I)TpBr3 and Cu(I)TpCF3 catalysts afforded the product in 15% and 40% 

yield, respectively, in the presence of adenine. Based on these results, the Cu(I)TpCF3 
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catalyst thus seems affected to a lesser extent than the Cu(I)TpBr3 catalyst. A similar 

trend was observed when acids were introduced to the reaction mixture. For example, 

in the presence of ascorbic acid, the Cu(I)TpCF3 catalyst (53% yield) outperformed the 

Cu(I)TpBr3 catalyst (37% yield). Finally, the effect of sulfur-containing biomolecules 

was evaluated. Although the yield drops significantly for the Cu(I)TpBr3-catalysed 

reaction in the presence of glutathione (GSH, 18%), the biomolecules cysteine and 

methionine only have a moderate to negligible effect on the reaction outcome (42% and 

64%, respectively). A similar trend was observed for the Cu(I)TpCF3 catalyst, which still 

affords product 1 in 36% yield in the presence of GSH. Hence, this biomolecule class has 

a negligible to significant effect on the catalytic systems. Nonetheless, the catalytic 

system seems compatible with most biomolecules. It is also worth mentioning that no 

C−H or S−H bond insertions were observed in the presence of (sulfur-containing) 

biomolecules. 
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Figure 3. Screening of the compatibility of the Cu(I)Tpx-catalysed sulfimidation reaction with various 

biomolecules. Conditions: 1.0 mM NR-source, 1 equiv biomolecule versus catalyst. Yields are quantified 

by 1H NMR integration using 1,3,5-tritertbutylbenzene as an external standard and are versus PhINTs. 

 

In an effort to mimic the cellular environment, the copper-catalysed sulfimidation 

reaction was performed in water containing 10% cell culture medium (i.e., DMEM) or 

cell lysates. Under these conditions, both catalysts still afford nitrene transfer to 

thioanisole, albeit with a significantly reduced product yield (Figure 3). Finally, the 

reaction was performed in PBS buffer as the reaction media. Although this medium 

affects the performance of the Cu(I)TpBr3 catalyst (33% yield), the Cu(I)TpCF3 catalyst 

performs equally well as in water (72% yield). 
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Catalyst solubility  

The reduced performance of the Cu(I)TpBr3 catalyst in PBS buffer may be explained by 

poor solubility of the catalyst in the presence of substantial salt concentrations, as we 

observed some precipitation throughout the reaction (which was not observed for the 

Cu(I)TpCF3 catalyst). With solubility being a critical physicochemical property, we 

sought a general solution to overcome this issue. 

 

Motivated by the previously reported application of the Cu(I)TpBr3 catalyst in micellar 

catalysis,20 we investigated the potential use of liposomes. Liposomes are tuneable 

spherical vesicles with both hydrophobic and hydrophilic domains due to the 

amphipathic nature of the phospholipids they are assembled from.46, 47, 48 Hence, 

hydrophobic compounds can be solubilised upon encapsulation within the 

hydrophobic domain: the lipid bilayer. This property has been beneficial for drug 

delivery applications, where the lipid bilayer ‘dissolves’ and protects its cargo.49, 50 

 

Catalyst · liposome solutions were prepared in PBS buffer with the aid of passive 

loading51, 52, 53 and subsequently filtered to remove undissolved catalyst (Scheme 3A, 

see the Experimental Section for more details). Dynamic light scattering (DLS) 

measurements supported the self-assembly of the vesicles in the presence of 

Cu(I)TpBr3 (95 or 223 µM, Table S6). They indicated that monodispersed solutions (PDI 

<0.454) of particles with an average diameter of 108 to 126 nm were obtained. ICP 

measurements were performed to further investigate the inclusion of the Cu(I)TpBr3 

complex in the lipid bilayer (Table S7), which does otherwise not dissolve in water or 

PBS buffer without a co-solvent. Based on these measurements, an average 

encapsulation efficiency of 89% was calculated for the Cu(I)TpBr3 complex, supporting 

the formation of aqueous Cu(I)TpBr3 · liposome solutions. 

  



196 

 

 

Scheme 3. Cu(I)TpBr3 encapsulation in liposomes to enhance its solubility in buffered medium. 

(A) Schematic representation of the formation of Cu(I)TpBr3 · liposome solutions via passive loading. (B) 

Catalysis experiment with a 10 mol % Cu(I)TpBr3 · liposome solution. Reaction conditions: 1.0 mM 

PhINTs. The yield is quantified by 1H NMR integration using 1,3,5-tritertbutylbenzene as an external 

standard and is versus PhINTs. 

 

To investigate if the encapsulated Cu(I)TpBr3 catalyst retains its reactivity for nitrene 

transfer catalysis, the obtained Cu(I)TpBr3 · liposome solutions were subjected to 

catalysis experiments following a slightly altered procedure (see the Experimental 

Section for more details). Under the standard reaction conditions (Table 3, entry 1), 

product 1 was obtained, albeit with poor yield (13%) and significant formation of side 

product 2. Modifying the reaction conditions by increasing the thioanisole 

concentration (5–10 mM) afforded the product in up to 33% yield and with less side 

product formation (entries 2 and 3; Scheme 3B). Also, increasing the catalyst loading to 

23 mol % had a positive effect on the catalysis outcome at lower thioanisole 

concentration (5 mM); product 1 was formed in 36% yield (entry 4). No product 

formation was observed when the reaction was performed with ‘empty’ liposomes 

(entry 5), highlighting the indispensability of the Cu(I)TpBr3 catalyst. It should however 

be emphasised that the sulfimidation reaction performed with the encapsulated 

Cu(I)TpBr3 catalyst is significantly less productive than the copper-catalysed reaction 

in the absence of liposomes. We propose the following potential reasons for this: 1) 

diffusion limitations of the reaction components, 2) coordination of phospholipid 

moieties to the Cu(I) centre, or 3) side reactions between the nitrene intermediate and 

the phospholipid moieties. 
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Table 3. Catalytic sulfimidation with Cu(I)TpBr3 · liposome solutions. 

 

Entry Catalyst (M) 
Catalyst 
loading (mol %) 

Thioanisole 
(equiv) 

Yield 1 (%)a Yield 2 (%)a 

1 95 10 1.5 13 18 

2 95 10 5 21 11 

3 95 10 10 33 7 

4 227 23 5 36 9 

5 - - 10 <1 8 

Conditions: 1.0 mM NR-source. [a] Yields are quantified by 1H NMR integration with durene as an external 

standard. Reactions (blanks excepted) were at least performed in duplicate, yields are averaged. Yields 

of 1 are versus PhINTs and of 2 versus substrate. 

 

Besides the ability to solubilise hydrophobic compounds, liposomes can be employed 

because of their protective function.46, 47, 49 Hence, we were curious to see if the 

biomolecule compatibility of the Cu(I)TpBr3 complex could also be improved by 

encapsulation in these vesicles. During the bio-additive-based screening (vide supra), 

we observed that the presence of histidine afforded a significant drop in the yield of 

product 1 (from 68% to 18%) when using the Cu(I)TpBr3 catalyst. We therefore 

selected this biomolecule for further initial studies on this topic. The sulfimidation 

reaction of thioanisole with PhINTs as the NR-source was performed with the 

Cu(I)TpBr3 · liposome solutions in the absence or presence of histidine (1 equiv versus 

the catalyst; Table 4, entries 1 and 2). To monitor the effect of the presence of histidine, 

we used a higher catalyst loading to reach significant product formation as we wanted 

to keep the substrate concentration relatively low (1.5 equiv). Gratifyingly, similar 

yields were obtained in the presence and absence of histidine (~15%), indicating a 

positive effect of catalyst encapsulation. To support this hypothesis further, we 

reproduced the reactions with the non-encapsulated Cu(I)TpBr3 catalyst in PBS buffer 

(entries 3 and 4). In the absence of the liposomes, a significant drop in the yield of 1 was 

observed in the presence of histidine (from 28% to 13%). 
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Table 4. Catalysis experiments with Cu(I)TpBr3 · liposome solutions and the Cu(I)TpBr3 catalyst in PBS, 

in the absence and presence of histidine. 

 

Entry Catalyst (M) Histidine Yield 1 (%)a Yield 2 (%)a 

1 Cu(I)TpBr3 · liposome - 17 18 

2 Cu(I)TpBr3 · liposome 1 equiv 15 16 

3 Cu(I)TpBr3 - 28 13 

4 Cu(I)TpBr3 1 equiv 13 4 

Conditions: 1.0 mM NR-source. [a] Yields are quantified by 1H NMR integration with durene as an external 

standard. Reactions (blanks excepted) were at least performed in duplicate, yields are averaged. Yields 

of 1 are versus PhINTs and of 2 versus substrate. 
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Conclusion 

In this study, we explored the transition metal-catalysed sulfimidation reaction in 

aqueous media and evaluated its potential for future in vivo application with the aid of 

three fitness factors: reactivity, selectivity, and stability. The selected Cu(I)TpBr3 and 

Cu(I)TpCF3 catalysts have good reactivity and chemoselectivity for the desired nitrene 

transfer reaction at low concentrations of catalyst (50-100 µM) and under biologically 

relevant conditions. Maximum yields are reached in short reaction times: 20-40 

minutes, with minimal side product formation (≤3%). Late stage sulfimidation of 

(4-(benzyloxy)phenyl)(methyl)sulfane afforded a reported drug molecule in good 

yields, providing proof of principle for potential intracellular drug synthesis 

applications. Furthermore, both catalysts proved compatible with most biomolecules 

selected from different classes. Even in the presence of coordinating biomolecules, such 

as GSH and histidine, the sulfimidation product was formed, whereby the Cu(I)TpCF3 

catalyst seems more robust than the Cu(I)TpBr3 catalyst. Similar observations were 

made when the reaction was carried out in PBS buffer, cell culture medium, and in the 

presence of cell lysates, highlighting the potential of the Cu(I)TpCF3 catalyst for future 

in vivo application. Solubility limitations of the Cu(I)TpBr3 catalyst in buffered media 

could be countered via the encapsulation of the complex in liposomes, which were also 

observed to have a positive effect on the biomolecule compatibility of the catalyst. 

Overall, copper-catalysed sulfimidation is a fast, chemoselective, and 

biomolecule-compatible reaction, which could be an interesting starting point to unlock 

the potential of nitrene transfer catalysis in vivo. 

  



200 

 

Experimental Section 

General considerations 

Chemicals and solvents 

All reagents were of commercial grade and used without further purification, unless noted otherwise. All 

demineralised water used was deionised by the Milli-Q technique prior to use and has a resistance 

greater than 18.2 MΩcm at room temperature. Dulbecco’s modified Eagle medium (DMEM) was obtained 

from Gibco, Life Technologies. Cell lysates were produced via the following procedure: Prior to lysis, 

E. coli cells were grown in 100 mL lysogeny broth (LB) medium (25 g/L) in a 250 mL Erlenmeyer flask 

overnight at 37 °C. 15 mL of the pre-culture was transferred to 800 mL of LB medium in a 2 L Erlenmeyer 

flask and incubated for 3 hours at 37 °C and then overnight at 25 °C. Finally, cells were centrifuged and 

harvested (5.41 g total). For lysis, the wet cells were suspended in 25 mL Lysis buffer (50 mM KPi, pH 

8.0, NaCl 300 mM) and the suspension was disrupted via sonication for 10 s ON, 10 s OFF, while keeping 

it on ice. The obtained dark, non-sticky mixture was centrifuged for 1 h, 4 °C, 14500 rpm. Finally, the 

supernatant was filtered and ‘shock’ frozen in liquid nitrogen to store it at - 80 °C when not used for 

reactions. Prior to catalytic experiments, the lysates were allowed to slowly warm up in ice water. 

L-α-phosphatidylcholine (PC) extract from egg yolk (60% purity, CAS: 8002-43-5) was purchased from 

Sigma-Aldrich (Merck Life Science N.V.) and used as the lipid source. Lipid stock solutions (25 mg/mL) 

were prepared in DCM and stored at −20 °C. PBS buffer in D2O was prepared by dissolving PBS tablets in 

deuterated water (10 g/L), resulting in a 0.01 M phosphate, 0.0027 M potassium chloride and 0.137 M 

sodium chloride buffer of pH 7.4. 

 

NMR spectroscopy 

1H NMR spectra were recorded on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300, or Varian 

Mercury 300 spectrometer at room temperature. The reported ppm values are relative to SiMe4, by 

referencing the residual solvent peak to SiMe4.55 

 

DLS measurements 

Dynamic light scattering (DLS) data was obtained using an ALV/LSE-5003 electronics system equipped 

with a 630 nm laser from ALV-GmbH (Langen, Germany). Sample volumes were approximately 2 mL, and 

all liposome solutions were filtered (0.45 μM, hydrophilic) before measurement, unless stated otherwise. 

Each sample was measured 5 times, with 20 s scan times. Results were processed with ALV Correlator 

software in ALV\CSE-5000/3 mode. Graphs were plotted using a second order simple fit with 

unweighted x-radius, linear x-axis, and logarithmic y-axis. 

 

ICP measurements 

ICP-OES data was collected on a Perkin Elmer Optima 8000 spectrometer equipped with a PE S23 

autosampler. The ICP-OES conditions used were as follows: RF power was 1400 W, plasma gas flow was 

10 L/min, auxiliary gas flow was 0.2 L/min, nebulizer gas flow was 0.6 L/min, liquid pump flow was 1.2 

mL/min. The copper signal was measured at 327.395 nm. Yttrium was used as an internal standard and 
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the signal was measured at 371.032 nm. Results were processed with PE Syngistix software version 5.1. 

The estimated detection limit was 0.14 mg/L. The liposomes were loaded with different quantities of 

Cu(I)TpBr3 to reach concentrations of 100, 230 or 300 μM of which the 230 μM sample was measured in 

duplicate. Encapsulation efficiencies were calculated as the percentage of the measured catalyst 

concentration divided by hypothetical catalyst concentration in μM. 

 

Synthesis and characterisation of complexes, reagents, and products 

Complexes: TpBr3Cu(CNMe),33, 56, 57 Tp(CF3)2BrCu(CNMe),58 TpCF3Cu(CNMe)41 (Scheme S1) and reagents: 

PhINTs,59 PhINNs,59 and (4-(benzyloxy)phenyl)(methyl)sulfane60 were prepared according to literature 

procedures and the spectroscopic data matched those previously reported. Characterisation of known 

products: 4-methyl-N-(methyl(phenyl)-λ4-sulfaneylidene)benzenesulfonamide61 (1), 

(methylsulfinyl)benzene62 (2), N-(methyl(phenyl)-λ4-sulfaneylidene)-4-nitrobenzenesulfonamide61 (3), 

N-((4-methoxyphenyl)(methyl)-λ4-sulfaneylidene)-4-methylbenzenesulfonamide61 (4), 4-methyl-N-

(methyl(p-tolyl)-λ4-sulfaneylidene)benzenesulfonamide63 (5), N-((4-fluorophenyl)(methyl)-λ4-

sulfaneylidene)-4-methylbenzenesulfonamide43 (6), N-((4-chlorophenyl)(methyl)-λ4-sulfaneylidene)-4-

methylbenzenesulfonamide61 (7), N-((4-bromophenyl)(methyl)-λ4-sulfaneylidene)-4-

methylbenzenesulfonamide61 (8), (E)-N-((4-acetylphenyl)(methyl)-λ4-sulfaneylidene)-4-

methylbenzenesulfonamide64 (9), N-((4-cyanophenyl)(methyl)-λ4-sulfaneylidene)-4-

methylbenzenesulfonamide61 (10), 4-methyl-N-(methyl(4-nitrophenyl)-λ4-

sulfaneylidene)benzenesulfonamide61 (11) 4-methyl-N-(methyl(m-tolyl)-λ4-

sulfaneylidene)benzenesulfonamide63 (12), N-((2-chlorophenyl)(methyl)-λ4-sulfaneylidene)-4-

methylbenzenesulfonamide61 (13), N-(diphenyl-λ4-sulfaneylidene)-4-methylbenzenesulfonamide61 

(14), 4-methyl-N-(methyl(oxo)(phenyl)-λ6-sulfaneylidene)benzenesulfonamide65 (15), N-((4-

(benzyloxy)phenyl)(methyl)-λ4-sulfaneylidene)-4-methylbenzenesulfonamide25 (16), N-(ethyl(phenyl)-

λ4-sulfaneylidene)-4-methylbenzenesulfonamide66 (17), N-(isopropyl(phenyl)-λ4-sulfaneylidene)-4-

methylbenzenesulfonamide44 (18), N-(benzyl(phenyl)-λ4-sulfaneylidene)-4-

methylbenzenesulfonamide44 (19), 4-methyl-N-(phenethyl(phenyl)-λ4-

sulfaneylidene)benzenesulfonamide44 (20), 4-methyl-N-(phenyl(vinyl)-λ4-

sulfaneylidene)benzenesulfonamide67 (21), and N-allyl-4-methyl-N-(phenylthio)benzenesulfonamide43 

(22) from the sulfoximidation/sulfimidation reactions was performed by 1H NMR spectroscopy. 

 

 

Scheme S1: Structures of the catalysts employed in this study. 
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Catalysis experiments 

Catalytic sulfimidation 

General note: the NR-source was added from stock solutions in DMSO-d6. The DMSO-d6 was filtered over 

basic alumina prior to use. The total volume was adjusted to reach a 195 µM solution. The general 

procedures, based on a previous reported procedure,20 were adapted after optimisation of the reaction 

conditions: substrate/catalyst concentration, catalyst loading, % DMSO, and solvent system (vide infra). 

 

General procedure for a reaction with 100 µM catalyst: 

A 20 mL vial was charged with catalyst (100 µM, 10 mol %), substrate (1.5 mM, 1.5 equiv), and DMSO-d6 

(50 µL). To this solution, Milli-Q water (9.9 mL) was added and finally the NR-source (50 µL of a 195 mM 

stock solution in DMSO-d6; 1.0 mM, 1.0 equiv). The vial was closed with a cap and the reaction mixture 

was stirred under aerobic conditions for 2 h at 37 °C unless noted otherwise. 1,3,5-tritertbutylbenzene 

(100 µL of a stock solution in CDCl3) was added as an external standard. After addition of another 900 µL 

of CDCl3, the reaction mixture was extracted and filtered (syringe filter, PTFE, 0.45 mm) to remove 

unreacted iminoiodinane. The CDCl3 layer was analysed by 1H NMR spectroscopy. 

 

General procedure for the bio-additive screening: 

For the bio-additive screening, the total volume was reduced to 5 mL and all quantities of reagents were 

scaled down accordingly: A 20 mL vial was charged with catalyst (100 µM, 10 mol %), substrate (1.5 mM, 

1.5 equiv), and DMSO-d6 (25 µL). To this solution, Milli-Q water (4.8 mL) was added and subsequently 

bio-additive (150 µL of a 3.2 mM stock solution in Milli-Q water; 1.0 mM, 1.0 equiv). Finally, the NR-source 

was added (25 µL of a 195 mM stock solution in DMSO-d6, 1.0 mM, 1.0 equiv). The vial was closed with a 

cap and the reaction mixture was stirred under aerobic conditions for 2 h at 37 °C unless noted otherwise. 

1,3,5-tritertbutylbenzene (100 µL of a stock solution in CDCl3) was added as an external standard. After 

addition of another 750 µL of CDCl3, the reaction mixture was extracted and filtered (syringe filter, PTFE, 

0.45 mm) to remove unreacted iminoiodinane. The CDCl3 layer was analysed by 1H NMR spectroscopy. 

 

Optimisation of the reaction conditions 

First, we set out to optimise the reaction conditions, i.e., the substrate/catalyst concentration, catalyst 

loading, and % DMSO as reported in Table S1. The reactions were initially carried out in D2O to 

additionally monitor the water layer and ensure a complete mass balance. Then, the solvent system was 

optimised as reported in Table S2. We observed that solvation of the catalyst and substrate in DMSO prior 

to the addition of water and PhINTs in a stock solution of DMSO had a significant effect on the catalysis 

outcome (Table S1, entry 9 versus Table S2, entry 3). 
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Table S1: Optimisation of the reaction conditions. 

 

Entry Catalyst 
(mM) 

Substrate 
(mM) 

PhINTs 
(mM) 

% DMSO Yield 1[a] Yield 2[a] 

Substrate concentration 

1 1 58  19 5 78% 1% 

2 1 29  19 5 78% 3% 

3 1 21  19 5 72% 3% 

Catalyst concentration 

4 0.5 15 10 5 72% 3% 

5 0.1 3 2 5 26% 7% 

6 0.05 1.5 1 5 7% 4% 

% DMSO 

7 0.1 3 2 2.5 34% 5% 

8 0.1 3 2 1 38% 4% 

Catalyst loading 

9 0.1 1.5 1 1 43% 1% 

10[b] - 1.5 1 1 <1% 5% 

Order of addition: a 20 mL vial was charged with catalyst and substrate. D2O was added after which 

PhINTs was added in a stock solution of DMSO-d6. [a] Yields are quantified by 1H NMR integration with 

1,3,5-tritertbutylbenzene as an external standard. Yields of 1 are versus PhINTs and of 2 versus substrate. 

[b] Experiment performed in the absence of catalyst. 
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Table S2: Solvation of the catalyst. 

 

Entry Catalyst (mM) Water Yield 1[a] Yield 2[a] 

1 0.1 D2O 87% 3% 

2[b] - D2O <1% 7% 

3 0.1 Milli-Q 72% 3% 

4 0.05 Milli-Q 58% 7% 

5[b] - Milli-Q <1% 10% 

Conditions: 1.0 mM NR-source. Order of addition: a 20 mL vial was charged with catalyst, substrate and 

DMSO-d6. Water was added after which PhINTs was added in a stock solution in DMSO-d6. [a] Yields are 

quantified by 1H NMR integration with 1,3,5-tritertbutylbenzene as an external standard. Reactions 

(blanks excepted) were at least performed in duplicate, yields are averaged. Yields of 1 are versus PhINTs 

and of 2 versus substrate. [b] Experiment performed in the absence of catalyst. 

 

Reaction kinetics 

The copper-catalysed sulfimidation reaction of thioanisole and PhINTs as the NR-source was followed 

over time to monitor product formation and reaction completion. The characterisation of the reaction 

products requires extraction in CDCl3 (see the general procedure for the catalytic reactions, vide supra). 

Therefore, eight separate catalytic reactions, containing equal amounts of catalyst (100 µM), thioanisole 

(1.5 mM), and PhINTs (1.0 mM) in Milli-Q water with 1% DMSO-d6, were prepared accordingly. The 

reactions were individually quenched by addition of 1,3,5-tritertbutylbenzene (100 µL of a stock solution 

in CDCl3) and CDCl3 (750 µL) at the given time point. Note that these reactions were carried out at r.t. to 

keep the reaction conditions constant for all eight experiments. Product formation was analysed by 1H 

NMR spectroscopy of which the results can be found in Table S3. 
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Table S3: Catalytic reactivity of the Cu(I)Tpx catalysts in aqueous medium, monitored over time. 

 

Entry Catalyst Time (min) Yield 1[a] Yield 2[a] 

1 Cu(I)TpBr3 1 31% 9% 

2  2 37% 10% 

3  5 39% 7% 

4  10 55% 5% 

5  20 53% 7% 

6  40 69% 4% 

7  60 73% 3% 

8  120 70% 3% 

9 Cu(I)TpCF3 1 36% 8% 

10  2 48% 10% 

11  5 61% 6% 

12  10 62% 5% 

13  20 73% 4% 

14  40 76% 4% 

15  60 78% 4% 

16  120 75% 3% 

Conditions: 1.0 mM NR-source. Order of addition: a 20 mL vial was charged with catalyst, substrate and 

DMSO-d6. Water was added after which PhINTs was added in a stock solution of DMSO-d6 to start the 

reaction. Reactions were quenched after addition of external standard in CDCl3. [a] Yields are quantified 

by 1H NMR integration with 1,3,5-tritertbutylbenzene as an external standard. Reactions were performed 

in duplicate, yields are averaged. Yields of 1 are versus PhINTs and of 2 versus substrate. 

 

Substrate scope, including intramolecular competition experiments 

The results of the substrate scope and intramolecular competition experiments are presented in Table 

S4. 
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Table S4: Substrate scope, including intramolecular competition experiments. 

 

Entry Catalyst X R1 R2 Yield 1[a] Yield 2[a] 

1 Cu(I)TpBr3 - Ph Me 72% 3% 
2 Cu(I)TpCF3    73% 2% 
3[b] Cu(I)TpBr3 - Ph Me 66% 3% 
4[b] Cu(I)TpCF3    76% 3% 
5 Cu(I)TpBr3 - p-OMe Me 76% 6% 
6 Cu(I)TpCF3    80% 3% 
7 Cu(I)TpBr3 - p-Me Me 76% 5% 
8 Cu(I)TpCF3    77% 3% 
9 Cu(I)TpBr3 - p-F Me 74% 3% 
10 Cu(I)TpCF3    74% 2% 
11 Cu(I)TpBr3 - p-Cl Me 76% 5% 
12 Cu(I)TpCF3    83% 2% 
13 Cu(I)TpBr3 - p-Br Me 78% 3% 
14 Cu(I)TpCF3    70% 2% 
15 Cu(I)TpBr3 - p-Ac Me 70% 4% 
16 Cu(I)TpCF3    55% 6% 
17 Cu(I)TpBr3 - p-CN Me 52% 2% 
18 Cu(I)TpCF3    46% 3% 
19 Cu(I)TpBr3 - p-NO2 Me 80% 2% 
20 Cu(I)TpCF3    69% 3% 
21 Cu(I)TpBr3 - m-Me Me 72% 4% 
22 Cu(I)TpCF3    76% 3% 
23 Cu(I)TpBr3 - o-Cl Me 72% 2% 
24 Cu(I)TpCF3    72% 1% 
25 Cu(I)TpBr3 - Ph Ph 58% n.d. 
26 Cu(I)TpCF3    76% n.d. 
27 Cu(I)TpBr3 O Ph Me 11% n.d. 
28 Cu(I)TpCF3    2% n.d. 
29 Cu(I)TpBr3 - Ph-OBn Me 48% 4% 
30 Cu(I)TpCF3 -   31% 9% 
31 Cu(I)TpBr3 - Ph Et 66% n.d. 
32 Cu(I)TpCF3    79% n.d. 
33 Cu(I)TpBr3 - Ph iPr 38% n.d. 
34 Cu(I)TpCF3    75% n.d. 
35 Cu(I)TpBr3 - Ph Bn 60% n.d. 
36 Cu(I)TpCF3    53% n.d. 
37 Cu(I)TpBr3 - Ph CH2CH2Ph 48% n.d. 
38 Cu(I)TpCF3    45% n.d. 
39 Cu(I)TpBr3 - Ph CHCH2 30% n.d. 
40 Cu(I)TpCF3    26% n.d. 
41 Cu(I)TpBr3 - Ph CH2CHCH2 37% n.d. 
42 Cu(I)TpCF3    39% n.d. 

Conditions: 1.0 mM NR-source. Order of addition: a 20 mL vial was charged with catalyst and dissolved 

in substrate and DMSO-d6. Milli-Q water was added after which PhINTs was added in a stock solution of 

DMSO-d6. [a] Yields are quantified by 1H NMR integration with 1,3,5-tritertbutylbenzene as an external 

standard. Yields of 1 are versus PhINTs and of 2 versus substrate. [b] Experiment performed with PhINNs 

as the NR-source. 
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Biomolecule compatibility assessment 

We employed an adapted version of the bio-additive-based screening protocol as developed by the 

Glorius group,45 to test the compatibility of the copper-catalysed sulfimidation reaction with various 

biomolecules (Table S5). Following the general procedure for the catalytic reactions (vide supra), the 

catalytic activity of both the Cu(I)TpBr3 and Cu(I)TpCF3 catalyst for nitrene transfer to thioanisole with 

PhINTs as the NR-source was evaluated in the presence of sulfur- and basic-amine-containing 

bio-additives (entry 3-8 and 9-16, respectively), sugars (entry 17-20), acids (entry 21-24), and amino 

acids (entry 25-28). To mimic biological settings (biomimetic conditions), the reaction was performed in 

Milli-Q water containing 10% DMEM or 10% cell lysates (entry 29-32) and in PBS buffer as the reaction 

media (entry 33-34). 
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Table S5: Biocompatibility assessment following the bio-additive based screening protocol. 

 

Entry Catalyst Bio-additive Equiv vs cat. Yield 1[a] Yield 2[a] 

1 Cu(I)TpBr3 - - 68% 5% 
2 Cu(I)TpCF3   75% 2% 
3[b] Cu(I)TpBr3 Glutathione 1 18% 16% 
4[b] Cu(I)TpCF3   36% 6% 
5 Cu(I)TpBr3 Cysteine 1 42% 6% 
6 Cu(I)TpCF3   53% 5% 
7 Cu(I)TpBr3 Methionine 1 64% 4% 
8 Cu(I)TpCF3   67% 5% 
9[b] Cu(I)TpBr3 Histidine 1 18% 11% 
10[b] Cu(I)TpCF3   63% 5% 
11 Cu(I)TpBr3 Adenine 1 15% 10% 
12 Cu(I)TpCF3   40% 7% 
13 Cu(I)TpBr3 Cytosine 1 70% 5% 
14 Cu(I)TpCF3   78% 5% 
15 Cu(I)TpBr3 Adenosine 1 70% 4% 
16 Cu(I)TpCF3   78% 5% 
17 Cu(I)TpBr3 Glucose 1 72% 4% 
18 Cu(I)TpCF3   76% 5% 
19 Cu(I)TpBr3 Glycine 1 71% 5% 
20 Cu(I)TpCF3   77% 5% 
21 Cu(I)TpBr3 Ascorbic acid 1 37% 12% 
22 Cu(I)TpCF3   53% 5% 
23 Cu(I)TpBr3 Glutamic acid 1 55% 7% 
24 Cu(I)TpCF3   61% 7% 
25 Cu(I)TpBr3 Alanine 1 70% 5% 
26 Cu(I)TpCF3   70% 5% 
27 Cu(I)TpBr3 Isoleucine 1 71% 5% 
28 Cu(I)TpCF3   71% 4% 
29[b] Cu(I)TpBr3 10% DMEM - 8% 4% 
30[b] Cu(I)TpCF3   23% 2% 
31[b] Cu(I)TpBr3 10% cell lysates - 6% 7% 
32[b] Cu(I)TpCF3   10% 3% 
33[b] Cu(I)TpBr3 PBS buffer/salts - 33% 9% 
34[b] Cu(I)TpCF3   72% 4% 

Conditions: 1.0 mM NR-source. Order of addition: a 20 mL vial was charged with catalyst, substrate and 

DMSO-d6. A stock solution of bio-additive in water (150 µL), and the remaining volume of water (4.8 mL) 

was added after which PhINTs was added in a stock solution of DMSO-d6. [a] Yields are quantified by 1H 

NMR integration with 1,3,5-tritertbutylbenzene as an external standard. Yields of 1 are versus PhINTs 

and of 2 versus substrate. [b] Experiment performed in duplicate, yields are averaged. 

 

Catalyst encapsulation studies 

General note: the general procedure for Cu(I)TpBr3 · liposome preparation was adapted from a 

previously reported procedure.53 ‘Empty’ liposomes were prepared following the same procedure, but 

no catalyst was added. For sonication, a Sonifier B-12 Cell Disruptor tip sonicator from Branson Sonic 

Power Company was used. 
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General procedure for passive catalyst loading into liposomes: 

A 25 mL finger-type Schlenk was charged with Cu(I)TpBr3 and PC lipids (1.2 mL of a stock solution in 

DCM). Volatiles were removed in vacuo to obtain a yellow film. The film was dissolved in 6 mL PBS 

buffered D2O (0.01 M, pH 7.4) by heating in 70 °C water, yielding an off-white suspension. At least three 

‘freeze-thaw’ cycles were performed by alternating between ‘freezing’ in liquid nitrogen and ‘thawing’ in 

70 °C water. The suspension was sonicated for 6 min in total, using 2 min intervals with 1 min resting 

time in between, while immersed in a room temperature water bath. The resulting clear solution was 

filtered using a 0.45 μm hydrophilic syringe filter to remove undissolved catalyst. 

 

To support liposome formation, the Cu(I)TpBr3 · liposome solutions were examined with DLS. All 

samples were prepared in duplicate, hence (1) and (2). The results are presented in Table S6. ICP 

measurements were performed to quantify the copper loading into the liposomes, see Table S7. 

 

Table S6: Particle size and size distribution of Cu(I)TpBr3 · liposome solutions, as measured with DLS. 

Entry Components Catalyst (μM) Radius (nm) Width (nm) PDI 

1 Liposome (1) - 105.29 62.15 0.348 
   103.18 59.15 0.329 
   104.48 64.29 0.379 
   104.54 64.23 0.377 
   105.11 63.33 0.303 
 Average  104.52 62.63 0.347 
2 Liposome (2) - 97.40 57.55 0.349 
   100.69 62.94 0.391 
   102.20 62.97 0.380 
   98.96 61.29 0.384 
   101.14 62.46 0.381 
 Average  100.08 61.44 0.377 
3 Cu(I)TpBr3 · liposome (1) 95 107.39 62.57 0.339 
   104.31 60.03 0.331 
   102.50 58.80 0.329 
   102.28 54.73 0.286 
   100.18 59.27 0.350 
 Average  103.33 59.08 0.327 
4 Cu(I)TpBr3 · liposome (2) 95 100.14 61.71 0.380 
   99.86 58.83 0.347 
   95.94 57.51 0.359 
   100.71 58.88 0.342 
   96.47 58.12 0.363 
 Average  98.62 59.01 0.358 
5 Cu(I)TpBr3 · liposome (1) 223 92.48 53.13 0.330 
   97.43 54.52 0.313 
   95.18 53.68 0.318 
   96.37 56.21 0.340 
   93.01 50.81 0.298 
 Average  94.89 53.67 0.320 
6 Cu(I)TpBr3 · liposome (2) 223 96.48 53.93 0.312 
   96.92 58.18 0.360 
   97.26 55.29 0.323 
   99.11 59.68 0.363 
   95.75 57.23 0.357 
 Average  97.10 56.86 0.343 
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Table S7: Expected and measured copper concentrations in Cu(I)TpBr3 · liposome solutions, as 

determined with ICP-OES. 

Entry Catalyst concentration 
for liposome 
preparation (µM) 

Measured copper 
concentration 
(mg/L) 

Measured copper 
concentration 
(µM) 

Encapsulation 
efficiency (%) 

1 108 6.04 95 88.1 

2 256 14.1 223 87.0 

3 250 14.7 231 92.6 

4 328 18.2 286 87.2 

5 - <0.14 <2.2 n.d. 

 

Vesicle embedded catalysis 

General note: catalysis experiments with Cu(I)TpBr3 · liposome solutions were stirred for 4 h, instead of 

2 h, as the diffusion of reagents to the encapsulated catalyst may take longer. 

 

General procedure for a reaction with Cu(I)TpBr3 · liposome solutions: 

A 20 mL vial was charged with Cu(I)TpBr3 · liposome solution (4 mL of a 95 μM solution, 10 mol %), and 

PBS/D2O buffer (0.95 mL). After the addition of thioanisole (0.90 μL, 7.6 μmol, 1.5 equiv) in a stock 

solution in DMSO-d6 (25 μL), PhINTs (1.86 mg, 5.0 μmol, 1.0 equiv) was added in a stock solution in 

DMSO-d6 (25 μL). The vial was closed with a cap and the reaction mixture was stirred under aerobic 

conditions for 4 h at 37 °C. Durene (100 μL of a stock solution in CDCl3) was added as an external 

standard. After addition of another 700 μL of CDCl3, the reaction mixture was extracted and filtered 

(syringe filter, PTFE, 0.45 μm) to remove unreacted iminoiodinane. The CDCl3 layer was analysed by 1H 

NMR spectroscopy. 
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Abstract 

The rational development of transition metal-based catalysts requires detailed kinetic 

analysis of catalytic reactions to aid catalyst design. Whereas kinetic data is relatively 

easy to obtain for catalysts used in synthetic applications, it is more challenging to study 

catalytic reactions for potential use in living systems, a rapidly growing field. Under 

biomimetic conditions, substantial concentrations of salts and biomolecules hamper 

the use of typically employed solution-phase analytical techniques. In this study, we 

explored the suitability of gas evolution as a probe to study kinetics under biomimetic 

conditions. As proof of concept, we show that the progress of two transition 

metal-catalysed bioorthogonal chemical reactions can be accurately monitored, 

regardless of the complexity of the medium. As such, we introduce a protocol to gain 

more insight into the performance of a catalytic system under biomimetic conditions to 

progress iterative catalyst development for in vivo applications. 
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Introduction 

Over the past two decades, the field of bioorthogonal chemistry1, 2, 3 rapidly expanded 

from organic reactions developed for chemical labelling strategies to employing 

transition metal-based catalysts that enable new-to-nature transformations. These 

new-to-nature transformations are typically used for prodrug activation and the 

release of fluorescent probes.4, 5, 6 By now, a significant number of transition 

metal-catalysed reactions have been introduced in living systems (in vivo).7, 8 

 

Guided by Bertozzi’s strategy to develop reactions for in vivo applications (Figure 1),3 a 

new-to-nature reaction that readily proceeds in water needs to be selected first (step 

1). Next, an in-depth mechanistic analysis of the catalytic system must be performed 

(step 2). After all, the elementary steps of the reaction must be compatible with 

substantial concentrations of salts and biomolecules, i.e., biomimetic conditions, while 

proceeding at reasonable rates at low concentrations of reaction components.3, 9-11 

Based on this mechanistic analysis, subsequent modifications of the catalyst and 

reagents are made, in some cases leading to a change in the overall mechanism (step 3). 

These modifications are the most challenging part of the reaction process development, 

and numerous iterations between steps 2 and 3 are typically required before the system 

is sufficient for application in cells and living systems (step 4). 

 

 

Figure 1. The development process of a bioorthogonal chemical reaction as adapted from Sletten & 

Bertozzi, ref 3. 

 

Hypothesis-driven modifications are ideally guided by detailed mechanistic data and a 

sufficient understanding of the catalytic system. Measuring the reaction kinetics is 

1) Reaction prototype

A + B C

2) Mechanistic analysis

A + ROH I + B C

ROH

3) Mechanistic modifications

X + H2O I + Y X–Y

H2O
Water | O2

new-to-nature

Biocompatibility

Reaction kinetics

4) Application in cells and living systems

in vitro in vivo
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crucial herein as such studies directly show differences in reaction rates and 

mechanisms,12, 13 but often only the final yield of a reaction is measured, as this is easier. 

Since such yield measurements provide limited information, they cannot fully evaluate 

a catalytic system. Measuring kinetic profiles does reveal informative catalyst 

properties such as induction, intrinsic activity, and deactivation.14 However, the 

presence of biomolecules and salts hampers such kinetic studies under biomimetic 

conditions with typically employed solution-phase analytical techniques due to the 

inherent complexity of the reaction medium.15 Therefore, mostly protocols based on 

reaction yields have been introduced so far to analyse the biocompatibility of a catalytic 

system.16-19 

 

The ‘bio-additive-based screening protocol’ developed by the Glorius group is such a 

protocol in which various bio-additives, i.e., biomolecules readily available in the 

cellular environment, are added one-by-one to conceive biomimetic conditions.19 

Although such protocols prove helpful in assessing the potential of (new) catalytic 

reactions quickly, the assessments are generally based on yields after reaction 

completion, providing no details on the reaction kinetics to guide modifications based 

on mechanistic considerations. Hence, we were interested in developing a suitable 

protocol that could enable kinetic profiling under biomimetic conditions. 

 

Many bioorthogonal chemical reactions evolve one or more equivalent(s) of gas per 

product. Key examples of such reactions include the transition metal-catalysed 

allyloxycarbonyl cleavage (CO2),20, 21, 22 azide reduction (N2),23 and olefin 

cross-metathesis (ethene)24, 25 reactions (Figure 2). The typically formed gasses have 

negligible solubility in water and will readily evolve from the reaction mixture after 

formation. Monitoring the volumetric gas evolution over the course of the reaction 

should, therefore, afford a complete kinetic profile, and this strategy should be 

compatible with biomimetic conditions. In this study, we show that accurate kinetic 

data can indeed be obtained by monitoring gas evolution, which is demonstrated for 

two transition metal-catalysed reactions carried out in various biomimetic reaction 

media. 
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Figure 2. Gas evolving bioorthogonal chemical reactions as the inspiration for this study on probing 

reaction kinetics under biomimetic conditions. 

 

Results and Discussion 

Protocol validation 

The first reaction that we studied was the intermolecular olefin cross-metathesis 

reaction of allyl alcohol, which is catalysed by the water-soluble analogue of the 

second-generation Hoveyda–Grubbs catalyst, i.e., AquaMet (Figure 3A).26 Initially, the 

reaction conditions were optimised in water under aerobic conditions (Table S1, Figure 

S3). The best results were achieved with 2.5 mol % catalyst and 100 mM substrate in 

the presence of 140 mM NaCl, a salt being naturally present in the cellular environment. 

 

With the optimised conditions at hand, the reaction was then performed in a home-built 

automated “bubble counter” device27, 28 (see the Experimental Section for more details; 

Figure S1) to monitor the volumetric evolution of ethene gas over the course of the 

reaction (Figure S4).29 After reaction completion, the yield was also determined by 1H 

NMR spectroscopy to 1) confirm that one equivalent of ethene is formed alongside one 

equivalent of product, and 2) establish that ethene evolution is a reliable measure for 

the yield and can therefore be used to obtain kinetic profiles of the model reaction 

under biomimetic conditions (Table S2, Figure S5). The reproducibility of this protocol 

was confirmed by a duplicate experiment that afforded an identical kinetic profile and 

yield compared to the first reaction. 

Examples of bioorthogonal chemical reactions

X X

This study:
Probing reaction kinetics under biomimetic 

conditions via gas evolution
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Figure 3. Protocol validation. 

(A) The proposed mechanism for the ruthenium-catalysed olefin cross-metathesis reaction.30, 31 (B) The 

data plots derived from one single catalytic experiment: the yield-over-time and the rate-over-time plot, 

and (C) the two procedures (A and B) to introduce bio-additives to the reaction mixture. 

 

The resulting yield-over-time plot presents a complete and detailed kinetic profile with 

a characteristic S-shaped curve (Figure 3B). This shape is indicative of an induction 

period before the reaction starts.14 In this induction period, the active catalyst is 

generated by the replacement of the Hoveyda-ligand for a substrate (Figure 3A).30, 31 To 

study this process, also the rate of the reaction as function of reaction time was 

calculated by taking the first derivative of the kinetic profile, generating a 

rate-over-time-plot (Figure 3B). This plot shows that the rate is increasing during the 

induction period, reaches a maximum and decreases afterwards. After the maximum 

reaction rate is reached, the curve levels off before reaching full conversion. The 

decreasing rate is an effect of a lower substrate concentration31 but can also be caused 

by catalyst deactivation and/or product inhibition. We therefore carried out the 

reaction at two different concentrations, and in the presence of product. The obtained 

data was analysed by the reaction progress kinetic analysis (RPKA) methodology 

developed by the Blackmond group (Figure S6).12, 13 The results indicated that this 

reaction, under these conditions, indeed suffers from both catalyst deactivation and 

product inhibition, yet full conversion cannot be reached. Nonetheless, these two effects 

Olefin 

Cross-Metathesis
Procedure B

Bio-additive

at 5 min

Procedure A

Substrate &

Bio-additive

Yield-over-time-plot

Rate-over-time-plot

A B

C
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were found to be negligible between 10 and 30% conversion, which makes this a 

reliable range to compare reaction rates among catalytic systems (see the Experimental 

Section for more details). 

 

Finally, we designed two experimental procedures to systematically introduce 

bio-additives (1 equiv versus the catalyst) to the catalytic system and study their effect 

on catalyst-induction (Procedure A) and catalyst-deactivation (Procedure B) (Figure 

3C). In Procedure A, an aqueous solution of bio-additive and substrate is added to an 

aqueous solution of catalyst at the start of the reaction. In Procedure B, the bio-additive 

is added when the reaction rate, and hence the concentration of active catalyst, is 

highest (t = 5 min, Figure 3B). For both procedures, the reaction was monitored until 

no further gas evolution was observed. We explored the effect of various bio-additives 

that were considered relevant as they are either present in cells or bear functionalities 

abundant in the most essential classes of bio(macro)molecules19 (Figure S2). 

 

Kinetic profiling under biomimetic conditions 

We started exploring Procedure A and monitored the olefin cross-metathesis model 

reaction in the presence of various bio-additives following the above-described 

protocol. Complete and detailed kinetic profiles were obtained based on ethene 

evolution monitored by the bubble counter (Figure S7-S11). Moreover, the 

subsequently derived rate-over-time plots demonstrate that this protocol allows 

accurate quantification of reaction rates throughout the reaction from one single 

experiment. For the initial assessment of the effect of the presence of a particular 

bio-additive on the catalytic performance, the reaction rates at 20% substrate 

conversion were extracted from the obtained data and compared in Figure 4 (see also 

Table S3). Sugars, acids, and most of the screened amino acids have only a minor effect 

on the reaction rate, in contrast to sulfur- and basic-amine-containing bio-additives. 

These bio-additives decrease the reaction rate significantly, marking the limitations of 

the catalytic system. Hence, their effect on the catalytic performance is interesting to 

study in more detail. 
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Figure 4. The reaction rates at 20% substrate conversion as derived from the kinetic profiles afforded 

by Procedure A (1 : 1 bio-additive : catalyst). The reaction rate in the absence of bio-additive is visualised 

with the dashed line. *Only 0.5 equiv of adenine (versus the catalyst) was added due to its poor solubility. 

 

Since the concentration of active catalyst in solution is determined by the rate of the 

catalyst-induction and -deactivation processes, an assessment of these processes 

individually will improve the understanding of the reduced activity of the catalytic 

system. To examine the potential application of the developed protocol herein, we 

selected methionine, glutathione, and cytosine—which have a moderate to significant 

effect on the catalyst rate at 20% conversion—for further assessment and studies. 

 

Based on the results following from Procedure A, in which the bio-additive is added at 

the start of the reaction (t = 0 min), the influence of the selected bio-additives on 1) the 

catalysts’ induction period, and 2) the maximum rate (concerning both the absolute 

value and point in time) were assessed. The obtained kinetic profiles (Figure 5, left) 

show that methionine has a minor effect on the induction period (1.2 min). In contrast, 

the presence of glutathione and cytosine affords more extended induction periods (2.4 
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and 3.1 min, respectively) compared to the blank experiment (0.7 min, in grey). 

Furthermore, the maximum reaction rates derived for the reaction in the presence of 

methionine (1.2 mol ethene mol cat-1 min-1 at t = 5.0 min), glutathione (0.8 mol ethene 

mol cat-1 min-1 at t = 9.6 min), and cytosine (0.3 mol ethene mol cat-1 min-1 at t = 11.5 

min) follow the same trend (in the absence of additive; 1.4 mol ethene mol cat-1 min-1 

at t = 5.0 min). These results indicate that the selected bio-additives have a minor to 

significant effect on both the maximum reaction rate and the induction period. In other 

words, these bio-additives affect the pre-catalyst’s conversion rate to the active catalyst, 

alongside the anticipated deactivation of the active catalyst. 
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Figure 5. Employment of Procedure A (left, in blue) and Procedure B (right, in red) allows evaluation of a 

bio-additives’ effect on catalyst-induction and -deactivation as visualised by the kinetic profiles and 

rate-over-time plots. The respective blank experiments are in grey. 

Methionine

Glutathione

Cytosine

Procedure A
Substrate &

Bio-additive Procedure B
Bio-additive

at 5 min
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Having the catalyst-induction process evaluated, we next examined the effect of the 

bio-additive on the catalyst-deactivation process by employing Procedure B. Based on 

this procedure, in which the bio-additive is added when the catalyst is most active (t = 5 

min), we could assess 1) the immediate effect of the added bio-additives on the reaction 

rate, and 2) how the rate progresses afterwards. As the reference experiment, 

Procedure B was repeated but only solvent was added at 5 min (in grey). 

 

The obtained kinetic profiles (Figure 5, right, and Figure S12-S14)32 show that 

methionine has a negligible effect on the product formation and rate compared to 

glutathione or cytosine. Adding glutathione decreases the reaction rate from 1.8 to 0.6 

mol ethene mol cat-1 min-1 in 5.1 min. Notably, after this initial decrease, the catalytic 

activity is gradually restored. Such a rate profile indicates catalyst inhibition and 

subsequent degradation of the bio-additive, which acts as a catalyst poison. For this 

particular example, bio-additive degradation was indeed confirmed by LC-MS analysis 

(Figure S17-S18). Introducing cytosine affords a rate decrease from 1.8 to 0.3 mol 

ethene mol cat-1 min-1 in 2.2 min. In contrast to glutathione, the catalytic activity stays 

low after the addition of cytosine, indicating permanent catalyst deactivation by this 

bio-additive. This suggests that cytosine, as a catalyst poison, does not, or only partly, 

degrades over the course of the reaction, which was indeed confirmed by LC-MS 

analysis (Figure S19-S20). These results clearly show that the various bio-additives 

affect the catalyst conversion rate to the deactivated catalyst differently. Moreover, the 

obtained profiles indicate catalyst inhibition or deactivation and provide details on the 

interaction between the bio-additive and catalyst. 

 

Overall, the above-described results illustrate that this protocol can be used for the 

individual examination of the effect of bio-additives on catalyst-induction 

and -deactivation processes, under biomimetic conditions. Such kinetic studies reveal 

essential details on the catalyst life-cycle, which remain hidden when only examining 

the yield after a certain reaction time. 
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Kinetic profiling in more complex reaction media 

Thus far, we have demonstrated the successful application of the protocol in the 

presence salts and biomolecules, i.e., under biomimetic conditions. Although this is 

already very useful, we also explored if we could monitor reaction progress in even 

more complex media, such as DMEM (Dulbecco’s Modified Eagle Medium, i.e., cell 

culture medium) and cell lysates, which more closely mimics the conditions in living 

systems. As the previous catalytic system did not give sufficient conversion in DMEM 

(Figure S21), we turned our attention to the more robust [Fe(TPP)Cl]-catalysed azide 

reduction of rhodamine bis-azide to rhodamine 11033 for these experiments (Figure 6). 

This reaction was performed in a mixture of DMSO with DMEM (blue) and DMEM 

containing 10% cell lysates (red), employing an adapted version of Procedure A (see the 

Experimental Section for more details). Gratifyingly, the reaction progress can also be 

accurately monitored in these more complex reaction media based on gas evolution. 

This result supports the anticipated applicability of this protocol in monitoring reaction 

kinetics in complex reaction media over the reaction course, which has not been 

reported so far. The next step will be the application of this protocol to follow reaction 

kinetics in live cells, a study that will be carried out in our labs shortly. 
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Figure 6. Kinetic profiles of the iron-catalysed azide reduction of rhodamine bis-azide to rhodamine 110 

in a mixture of DMSO with DMEM (blue) and DMEM containing 10% cell lysates (red), employing an 

adapted version of Procedure A. 
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Conclusion 

In conclusion, we developed a protocol to perform kinetic studies in complex reaction 

media, which is a complicated task when relying on traditional methods such as NMR 

spectroscopy and calorimetry. Using gas evolution as a probe, we could accurately 

monitor the progress of two transition metal-catalysed bioorthogonal chemical 

reactions in the presence of various bio-additives, cell-culture media, and cell lysates. 

Furthermore, this protocol allows quantifying reaction rates throughout the reaction 

and examining catalyst-induction and ‑deactivation processes. By enabling such kinetic 

studies under biomimetic conditions, this protocol can be employed to guide advanced 

hypothesis-driven modifications of a catalytic system, boosting iterative catalyst 

development towards in vivo applications. 
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Experimental Section 

General considerations 

Chemicals and solvents 

All reagents and solvents were of commercial grade and used without further purification, unless noted 

otherwise. Trans-2-butene-1,4-diol34, 35 and rhodamine bis-azide33 were prepared according to literature 

procedures and the spectroscopic data matched those previously reported. All demineralised water used 

was deionised by the Milli-Q technique prior to use and has a resistance greater than 18.2 MΩcm at room 

temperature. Dulbecco’s modified Eagle medium (DMEM) was obtained from Gibco, Life Technologies. 

Cell lysates were produced via the following procedure: Prior to lysis, E. coli cells were grown in 100 mL 

lysogeny broth (LB) medium (25 g/L) in a 250 mL Erlenmeyer flask overnight at 37 °C. 15 mL of the 

preculture was transferred to 800 mL of LB medium in a 2 L Erlenmeyer flask and incubated for 3 h at 

37 °C and then overnight at 25 °C. Finally, cells were centrifuged and harvested (5.41 g total). For lysis, 

the wet cells were suspended in 25 mL Lysis buffer (50 mM KPi, pH 8.0, NaCl 300 mM) and the suspension 

was disrupted via sonication for 10 s ON, 10 s OFF, while keeping it on ice. The obtained dark, non-sticky 

mixture was centrifuged for 1 h, 4 °C, 14500 rpm. Finally, the supernatant was filtered and ‘shock’ frozen 

in liquid nitrogen to store it at -80 °C when not used for reactions. Prior to catalytic experiments, the 

lysates were allowed to slowly warm up in ice water. All reactions and procedures were performed under 

aerobic conditions with magnetic stirring, unless noted otherwise. 

 

NMR spectroscopy 

1H NMR spectra were recorded on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300 or Varian 

Mercury 300 spectrometer at room temperature and the reported ppm values are relative to SiMe4, by 

referencing the solvent residual peak to SiMe4.36 Samples in Milli-Q water were spiked with 10% (v/v) 

D2O and the solvent peak at d 4.70 was suppressed via a 1D NOESY pre-saturation pulse program 

(noesygpp1d) as implemented in Bruker Topspin 4.0.7. Data was processed and visualised using 

MestReNova, version 14.1.0. 

 

UV-Vis spectroscopy 

UV-Vis spectra were recorded on a Shimadzu UV-2000 spectrophotometer in a 10 mm quartz cuvette at 

25 °C with purely the solvent as the background. Spectra were obtained between 250 and 650 nm using 

a spectral bandwidth of 0.5 nm. After data acquisition, all spectra were normalised to 0.0 a.u. at 600 nm 

(no absorbance was recorded after 500 nm). 

 

LC-MS 

Liquid chromatography was performed on a Shim-pack GIST-HP C18-AQ 3 µm; 100 mm x 4.6 mm (I.D) 

column, with 0.1% HCOOH in water (A) and 0.1% HCOOH in acetonitrile (B) as liquid phase. The typical 

gradient program was as follows: 95:5 A:B, hold for 5 min, gradient in 3 min to 5:95 A:B, hold for 2 min, 

gradient in 1.5 min to 95:5 A:B, hold for 3.5 min. The corresponding electrospray ionisation (ESI-Pos) 

spectra were collected on a HR-ToF Bruker Daltonik GmbH (Bremen, Germany) Impact II. 
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The bubble counter device 

Reaction kinetics were studied using a home-built and ready-to-use benchtop bubble counter device 

available within our institute (Figure S1). The design and data processing has been described in full detail 

elsewhere.27, 28 Note that also on-line gas chromatography, mass spectrometry or infrared spectroscopy 

as well as commercial available kinetic kits like Man on the Moon Kit X103 

(https://www.manonthemoontech.com/), can be used to fulfil a similar task. 

 

Experiments performed in the bubble counter device we executed in a screwcap vial mounted on the 

reactor head to which extra syringes for the addition of solvent/reagents were connected (syringes 1 and 

2 in Figure S1). Reaction mixtures were first purged with nitrogen (5 mL min–1) while pre-heating the 

mixture to 25 °C under stirring using both a heating mantle and a fan. By allowing active heating and 

cooling, the temperature of the reaction mixture was maintained at 25±0.1 °C throughout all 

experiments. When stabilised at 25 °C, the reactor was closed off and the desired solutions of substrate 

and/or reagents were directly injected into the reaction mixture causing a small volume displacement. 

This, and any further gas evolution caused by the performed reaction was detected by analysing gas 

(bubble) formation from a hexadecane medium. These bubbles were detected with the aid of a laser and 

translated into an evolved volume of gas. The gas production was monitored until reaction completion 

while keeping the temperature of the reaction mixture at 25 °C. 

 

 

Figure S1: A schematic representation of the bubble counter device (left) and a corresponding picture of 

the reaction set-up (right). 
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Data processing 

The data processing was performed with an adapted procedure previously described elsewhere.27 

Briefly, the collected data is interpolated by a 15 point equal-spacing algorithm (Adjacent-Averaging) to 

generate a 100 point evenly spaced data set to reduce the number of datapoints and to minimise noise in 

the rate curves. The cumulative gas volume is divided by the theoretical maximum gas volume (based on 

the amount of mol substrate added) to obtain the substrate conversions and concentrations throughout 

the course of the reaction. Reactions rates as functions of time and substrate concentration were derived 

by taking the first derivative of yield versus time plots or the substrate concentration (two substrate 

equivalents yield one ethene equivalent) versus time plots, respectively. The rate is corrected by the exact 

amount of catalyst added to give the turnover frequency (TOF = rate) in mol product (= ethene) mol cat-

1 min-1. 

 

Bio-additives 

The bio-additives used in this study are presented in Figure S2. 

 

 

Figure S2: The bio-additives used in this study. 
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Details on the olefin cross-metathesis model reaction 

General procedure for catalytic experiments (outside the bubble counter device) 

All catalytic experiments were performed in D2O to allow analysis by 1H NMR spectroscopy after reaction 

completion and the procedure was adapted from a previously reported protocol.26 A solution of AquaMet 

(and NaCl) was freshly prepared in D2O (1.5 mL) in a 4 mL vial and sonicated to give a cloudy green 

solution. Allyl alcohol (0.15 mmol, 2.0 equiv) was added and the mixture was stirred at 25 °C for 2 h. A 

solution of dimethyl sulfone (15 µmol) in D2O was added as an external standard and the mixture was 

analysed by 1H NMR spectroscopy. The results are reported in Table S1. Note that the initial screening of 

the reaction conditions (entry 1-8) was performed in smaller reaction volumes (1.5 mL) with respect to 

reactions performed in the bubble counter device (6 mL; entry 9, vide infra). 

 

Table S1: Optimisation of the reaction conditions. 

 

Entry Catalyst loading 
(mol %) 

NaCl (mM) Conversion[a] Yield[a] E-Z ratio 

1 5.0 - 54% 41% 1 : 13 

2 - - <3% - - 

3 5.0 25 78% 63% 1 : 26 

4 5.0 100 82% 72% 1 : 19 

5 5.0 140 79% 72% 1 : 29 

6 - 140 <3% - - 

7 2.5 140 78% 71% 1 : 19 

8 1.0 140 62% 62% 1 : 15 

9[b] 2.5 140 75% 65% 1 : 24 

Conditions: allyl alcohol (100 mM), AquaMet and NaCl were stirred in D2O (1.5 mL). [a] Substrate 

conversion and yields are based on single experiments and quantified by 1H NMR integration with 

dimethyl sulfone as an external standard. [b] Experiment performed in 6 mL reaction volume, average of 

duplicates. 

 

Monitoring catalyst stability with UV-Vis 

To monitor the stability of the catalyst in aqueous solution in the presence of NaCl, UV-Vis spectra were 

recorded. A solution of AquaMet (0.1 mM) in 140 mM NaCl in D2O was prepared and 3 mL of this solution 

was transferred to a quartz cuvette. Over the course of 1 h, a spectrum was recorded every 2 minutes 

from 600 to 250 nm. The resulting spectra are combined and presented in Figure S3. 
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Figure S3: UV-Vis spectra of AquaMet (0.1 mM) in 140 mM NaCl in D2O over time. Measurements were 

performed every 2 min at 25 °C over the course of 1 h. The first measurement is indicated by the pink 

line, the last measurement by the red line. 

 

Validation of the bubble counter method 

Standard procedure for catalytic experiments in the bubble counter device 

A solution of AquaMet (7.5 μmol, 2.5 mol %) in 140 mM NaCl (5.7 mL) in Milli-Q or D2O was freshly 

prepared by sonication to give a cloudy green solution. This solution was placed in the heating mantle of 

the bubble counter device and was heated to 25 °C while purging with N2. Meanwhile, a solution with a 

total volume of 0.6 mL of allyl alcohol (81.6 μL) in 140 mM NaCl in Milli-Q or D2O was prepared. When 

the temperature was stabilised at 25 °C, the N2 purging was stopped, and 0.3 mL of the allyl alcohol 

solution (0.6 mmol, 2.0 equiv) was added to the catalyst solution. The gas formation during the reaction 

was monitored at 25 °C over the course of 2 h. The results of two independent experiments after data 

processing are depicted in Figure S4. After reaction completion, the heating was stopped, the N2 purge 

was turned on and a solution of Et4NCl (0.06 mmol) in D2O was added to the reaction mixture as an 

external standard. To ensure that ethene gas evolution results from product formation, an 1H NMR 

spectrum of the reaction mixture was measured after reaction completion to determine the yield by 

integration. Please note that the yields determined by 1H NMR integration can slightly differ from the 

yields determined by the bubble counter device due to the solvent suppression required to record the 1H 

NMR spectra under these conditions. To monitor any effect of the bio-additive on the pH of the reaction 

mixture, the pH was determined with universal pH paper after reaction completion. The results are 

reported in Table S2 and Figure S5. 
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Figure S4: Results after data processing for two independent experiments: (A) cumulative gas volume 

formed by the reaction versus time, (B) temperature of the reaction versus time, (C) substrate 

concentration versus time, (D) rate of the reaction versus substrate concentration, (E) yield-over-time 

plot, (F) rate-over-time-plot. Conditions: AquaMet (7.5 μmol, 2.5 mol %) was dissolved in 140 mM NaCl 

in D2O (5.7 mL) and a solution of allyl alcohol (0.6 mmol) in 140 mM NaCl in D2O (0.3 mL) was added at 

25 °C and the mixture was stirred at until reaction completion. 
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Table S2: Validation of the bubble counter method: comparison of the yield derived from monitoring the 

ethene evolution with the yield determined by 1H NMR integration for the ruthenium-catalysed 

cross-metathesis reaction of allyl alcohol in aqueous solution. 

Run NMR Yield[a] E-Z ratio[a] BC Yield[b] TON[c] 

1 56% 1 : 16 54% 22 

2 59% 1 : 17 54% 24 

3[d] 0% - 1% - 

Conditions: AquaMet (7.5 μmol, 2.5 mol %) was dissolved in 140 mM NaCl in D2O (5.7 mL) and an 

aqueous solution of allyl alcohol (0.6 mmol, 100 mM) in 140 mM NaCl in D2O (0.3 mL) was added and the 

reaction mixture was stirred at 25 °C for 2 h. [a] Yields and E-Z ratio were quantified by 1H NMR 

integration with tetraethylammonium chloride as an external standard. The yield equals the sum of the 

E- and Z-isomers. [b] Yields are determined by monitoring the formation of ethene gas bubbles in the 

bubble counter device (BC). [c] Turnover number based on the reported yields. [d] Experiment 

performed in the absence of catalyst. 

 

 
Figure S5: Exemplary 1H NMR spectrum after solvent suppression of the reaction mixture after 

performance of ‘the standard procedure for catalytic experiments in the bubble counter device’ as 

described above. Tetraethylammonium chloride (0.065 mmol) was used as an external standard. Signals 

with     indicate (E)-2-butene-1,4-diol, signals with     indicate (Z)-2-butene-1,4-diol, signals with     indicate 

allyl alcohol, and signals with    indicate tetraethyl ammonium chloride. Signals at 5.95 ppm (allyl alcohol), 

5.80 ppm ((E)-2-butene-1,4-diol), 5.68 ppm ((Z)-2-butene-1,4-diol) and 3.19 ppm (tetraethylammonium 

chloride) were used to determine conversion, yield, and product ratio of the reaction. 
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Reaction profile kinetic analysis 

General procedure for reaction profile kinetic analysis – product inhibition 

The following procedure was adapted and modified from a literature reported protocol.12, 13 An aqueous 

solution of AquaMet (7.5 μmol, 2.5 mol %) in 140 mM NaCl (5.7 mL) was freshly prepared by sonication 

to give a cloudy green solution. Meanwhile, an aqueous solution of allyl alcohol (61.2 μL) and 

trans-2-butene-1,4-diol (13.4 mg) in 140 mM NaCl was prepared (total volume = 0.6 mL). The catalyst 

solution was placed in the bubble counter device and purged with N2 while equilibrating the temperature 

to 25 °C. When the temperature was stabilised at 25 °C, the N2 purging was stopped and 0.3 mL of the 

allyl alcohol (0.45 mmol, 1.5 equiv)/trans-2-butene-1,4-diol (0.075 mmol, 0.25 equiv) solution was 

added to the catalyst solution. The gas formation during the reaction was monitored at 25 °C over the 

course of 2 h. After reaction completion, the heating was stopped and the N2 purge was turned on. 

 

General procedure for reaction profile kinetic analysis – catalyst deactivation 

The following procedure was adapted and modified from a literature reported protocol.12, 13 An aqueous 

solution of AquaMet (7.5 μmol, 2.5 mol %) in 140 mM NaCl (5.7 mL) was freshly prepared by sonication 

to give a cloudy green solution. Meanwhile, an aqueous solution of allyl alcohol (61.2 μL) in 140 mM NaCl 

was prepared (total volume = 0.6 mL). The catalyst solution was placed in the bubble counter device and 

purged with N2 while equilibrating the temperature to 25 °C. When the temperature was stabilised at 

25 °C, the N2 purging was stopped and 0.3 mL of the allyl alcohol (0.45 mmol, 1.5 equiv) solution was 

added to the catalyst solution. The gas formation during the reaction was monitored at 25 °C over the 

course of 2 h. After reaction completion, the heating was stopped and the N2 purge was turned on. 

 

Following the procedures for the reaction progress kinetic analysis as described above, the results as 

depicted in Figure S6 were obtained and plotted against the standard reaction (in black). Note that the 

both the ‘product inhibition’ and ‘catalyst deactivation’ reactions (in blue and red, respectively) represent 

the 25% conversion point of the standard reaction. Therefore, the ‘time scale’ of both reactions was 

adjusted to overlap with the 25% conversion point of the standard reaction. From the resulting plots 

(Figure S6), it was observed that the reactions with ‘fresh catalyst’ at 75 mM substrate (blue and red 

lines) proceed faster than the standard reaction (black line), which is characteristic for catalyst 

deactivation. Furthermore, the reaction without added product (red line) is faster than with product 

(blue line), which is indicative of product inhibition. Therefore, this analysis indicates that both catalyst 

deactivation and product inhibition are occurring under the standard reaction conditions. Nevertheless, 

since both product inhibition and catalyst decomposition are negligible at the beginning of the reaction, 

the first 30% conversion is assumed to be reliable. Taking these RPKA results and the intrinsic induction 

period of the reaction into account, we consider the data between 10–30% conversion reliable for 

quantification of catalyst-activity under biomimetic conditions.12 
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Figure S6: Reaction profile kinetic analysis of the ruthenium-catalysed olefin cross-metathesis reaction 

with allyl alcohol, derived from the formation of ethene gas bubbles. (A) Substrate concentration versus 

time, (B) rate versus substrate concentration. Conditions: AquaMet (1.25 mM), allyl alcohol, and 

(E)-butene-1,4-diol were stirred in 140 mM NaCl in Milli-Q (6 mL) at 25 °C for 2 h in the bubble counter 

device. 

 

Experiment design: Procedure A and B 

General procedure ‘Procedure A’ 

An aqueous solution of AquaMet (7.5 μmol, 2.5 mol %) in 140 mM NaCl (5.7 or 5.4* mL) was freshly 

prepared by sonication to give a cloudy green solution. This solution was placed in the heating mantle of 

the bubble counter device and was heated to 25 °C while purging with N2. Meanwhile, an aqueous 

solution with a total volume of 0.6 or 1.2* mL containing allyl alcohol (81.6 μL) and bio-additive (1 equiv 

versus catalyst) in 140 mM NaCl was prepared. When the temperature was stabilised at 25 °C, the purging 

was stopped and 0.3 or 0.6* mL of the allyl alcohol (0.6 mmol, 2.0 equiv)/bio-additive solution was added 

to the catalyst solution. The gas formation during the reaction was monitored at 25 °C over the course of 

2 h. The results after data processing are depicted in Figure S7-Figure S11. After reaction completion, the 

heating was stopped, the N2 purge was turned on and an external standard solution of Et4NCl (0.06 mmol) 

in D2O was added and the reaction mixture was analysed by 1H NMR spectroscopy. The pH was 

determined with universal pH paper after addition of an external standard solution. The results are 

reported in Table S3, including the rate (mol ethene mol cat-1 min-1) at 20% substrate conversion. 

*Conditions used for the poorly soluble bio-additive adenine (0.5 equiv) 
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Table S3: Results of Procedure A. 

 

Entry Bio-additive pH[a] NMR 
Yield[b] 

BC 
Yield[c] 

TON[d] Rate[a] 

(mol ethene mol cat-1 min-1) 

1 none 7 44% 51% 18 0.93 

2 Histidine 7 35% 37% 14 0.48 

3 Glutathione 6 44% 44% 18 0.56 

4 Alanine 8 50% 49% 20 0.85 

5 Proline 8 53% 50% 21 0.92 

6 Sucrose 8 43% 50% 17 0.84 

7 Ascorbic Acid 8 43% 50% 17 0.79 

8 NAD 8 46% 49% 18 0.68 

9 Adenine[f] 8 28% 33% 11 0.39 

10 Cytosine 7 26% 26% 11 0.06 

11 Methionine 7 50% 50% 20 0.81 

12 Glucose 8 42% 51% 17 0.92 

13 Cysteine 6 34% 41% 13 0.63 

14 Arginine 8 19% 26% 7 0.29 

15 Linoleic Acid 8 37% 46% 15 0.81 

16 Isoleucine 8 45% 49% 18 0.65 

17 ATP 8 51% 50% 20 0.92 

18 Adenosine 8 39% 40% 16 0.49 

Conditions: AquaMet (7.5 μmol, 2.5 mol %) was dissolved in 140 mM NaCl in Milli-Q (5.7 mL) and an 

aqueous solution of allyl alcohol (0.6 mmol, 100 mM) in 140 mM NaCl and bio-additive (1 equiv versus 

catalyst) in Milli-Q (0.3 mL) was added. [a] Determined after reaction completion. [b] Yields are 

quantified by 1H NMR integration after reaction completion with tetraethylammonium chloride as an 

external standard. [c] Yields are determined by monitoring the formation of ethene gas bubbles in the 

bubble counter device (BC), average of duplicates. [d] Turnover number based on the reported averaged 
1H NMR yields. [e] Rates are reported at 20% substrate conversion, average of duplicates. [f] 0.5 equiv 

versus the catalyst was used due to poor solubility. 
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Figure S7: Results from Procedure A after data processing for the subgroup: acids. (A) Cumulative gas 

volume formed by the reaction versus time, (B) temperature of the reaction versus time, (C) substrate 

concentration versus time, (D) rate of the reaction versus substrate concentration, (E) yield-over-time 

plot, (F) rate-over-time-plot. 
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Figure S8: Results from Procedure A after data processing for the subgroup: aliphatic amino acids. (A) 

Cumulative gas volume formed by the reaction versus time, (B) temperature of the reaction versus time, 

(C) substrate concentration versus time, (D) rate of the reaction versus substrate concentration, (E) 

yield-over-time plot, (F) rate-over-time-plot. 
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Figure S9: Results from Procedure A after data processing for the subgroup: sugars. (A) Cumulative gas 

volume formed by the reaction versus time, (B) temperature of the reaction versus time, (C) substrate 

concentration versus time, (D) rate of the reaction versus substrate concentration, (E) yield-over-time 

plot, (F) rate-over-time-plot. 
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Figure S10: Results from Procedure A after data processing for the subgroup: sulfur-containing 

bio-additives. (A) Cumulative gas volume formed by the reaction versus time, (B) temperature of the 

reaction versus time, (C) substrate concentration versus time, (D) rate of the reaction versus substrate 

concentration, (E) yield-over-time plot, (F) rate-over-time-plot. 
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Figure S11: Results from Procedure A after data processing for the subgroup: amine-containing 

bio-additives. (A) Cumulative gas volume formed by the reaction versus time, (B) temperature of the 

reaction versus time, (C) substrate concentration versus time, (D) rate of the reaction versus substrate, 

(E) yield-over-time plot, (F) rate-over-time-plot. 
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General procedure ‘Procedure B’ 

An aqueous solution of AquaMet (7.5 μmol, 2.5 mol %) in 140 mM NaCl (5.4 mL) was freshly prepared 

by sonication to give a cloudy green solution. This solution was placed in the heating mantle of the bubble 

counter device and was heated to 25 °C while purging with N2. Meanwhile, two aqueous solutions 

containing allyl alcohol (81.6 mL) in 140 mM NaCl and bio-additive in 140 mM NaCl were prepared, with 

each a total volume of 0.6 mL. When the temperature was stabilised at 25 °C, the purging was stopped 

and 0.3 mL of allyl alcohol (0.6 mmol, 2.0 equiv) solution was added to the catalyst solution. After 5 min, 

0.3 mL of the bio-additive solution was added to the reaction mixture. The gas formation during the 

reaction was monitored at 25 °C over the course of 2 h. The results after data processing are depicted in 

Figure S12-Figure S14. After reaction completion, the heating was stopped, the N2 purge was turned on 

and an external standard solution of Et4NCl (0.06 mmol) in D2O was added and the reaction mixture was 

analysed by 1H NMR spectroscopy. The reaction mixture was then stored at -20 °C and allowed to warm 

up to room temperature when needed for further analysis with LC-MS (vide infra). 

 

Figure S12: Results from Procedure B after data processing for methionine. (A) Cumulative gas volume 

formed by the reaction versus time, (B) temperature of the reaction versus time, (C) substrate 

concentration versus time, (D) rate of the reaction versus substrate. 
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Figure S13: Results from Procedure B after data processing for glutathione. (A) Cumulative gas volume 

formed by the reaction versus time, (B) temperature of the reaction versus time, (C) substrate 

concentration versus time, (D) rate of the reaction versus substrate. 
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Figure S14: Results from Procedure B after data processing for cytosine. (A) Cumulative gas volume 

formed by the reaction versus time, (B) temperature of the reaction versus time, (C) substrate 

concentration versus time, (D) rate of the reaction versus substrate. 

 

LC-MS measurements 

After completion of Procedure B, the reaction mixtures were analysed by LC-MS to monitor potential 

bio-additive degradation resulting from participation in the catalytic reaction, as described in the 

previously mentioned bio-additive-based screening protocol of Glorius.19 Initially, LC-MS data of the 

bio-additives (0.1 mg/mL) in the absence of the catalyst were recorded (Figure S15, Figure S17, and 

Figure S19). With this reference data at hand, the presence of the bio-additives after reaction completion 

could be analysed. Complete degradation of glutathione was observed (Figure S18), whereas methionine 

and cytosine were still present after reaction completion (Figure S16 and Figure S20, respectively). 
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Figure S15: LC/MS spectrum of methionine in 140 mM NaCl buffer. Retention time: 2.311 min. [M+H] 

C5H11NO2S calcd: 150.0583 m/z, found: 150.0587 m/z. 

 

Figure S16: LC/MS spectrum after reaction completion (methionine, 1 equiv versus catalyst) in 140 mM 

NaCl buffer. Retention time: 2.317 min. [M+H] C5H11NO2S calcd: 150.0583 m/z, found: 150.0588 m/z. 
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Figure S17: LC/MS spectrum of glutathione in 140 mM NaCl buffer. Retention time: 2.872 min. [M+H] 

C10H17N3O6S calcd: 308.0911 m/z, found: 308.0910 m/z. 

 

Figure S18: LC/MS spectrum after reaction completion (glutathione, 1 equiv versus catalyst) in 140 mM 

NaCl buffer. No signal found. 
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Figure S19: LC/MS spectrum of cytosine in 140 mM NaCl buffer. Retention time: 1.244 min. [M+H] 

C4H5N3O calculated: 112.0505 m/z, found: 112.0511 m/z. 

 

Figure S20: LC/MS spectrum after reaction completion (cytosine, 1 equiv versus catalyst) in 140 mM NaCl 

buffer. Retention time: 1.251 min. [M+H] C4H5N3O calculated: 112.0505 m/z, found: 112.0511 m/z. 
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Applicability of the protocol in complex reaction media 

In an initial attempt to demonstrate the applicability of the protocol with the above-discussed model 

system, Procedure A (as reported vide supra) was reproduced in DMEM instead of Milli-Q water. No 

ethene gas formation was observed with AquaMet under these conditions (see Figure S21), in line with 

previous studies.24, 37 

 

 

Figure S21: Yield-over-time plot resulting from Procedure A with AquaMet in DMEM instead of Milli-Q 

water, with (red) and without (grey) additional NaCl (140 mM). 

 

Hence, we adapted the previously reported20 [Fe(TPP)Cl]-catalysed azide reduction reaction of 

rhodamine bis-azide to rhodamine 110, with cysteine and (+)-sodium L-ascorbate as reducing agents, to 

monitor the resulting evolution of nitrogen gas in more complex reaction media: DMEM and DMEM 

containing 10% cell lysates, in the bubble counter device. 

 

‘Adapted’ Procedure A to monitor [Fe(TPP)Cl]-catalysed azide reduction in DMEM 

A 10 mL glass vial was charged with (+)-sodium L-ascorbate (118.8 mg, 0.6 mmol), 2.1 mL DMEM, 

cysteine (0.9 mL of a 40 M stock in DMEM, 0.3 mmol), rhodamine bis-azide (11.5 mg, 0.03 mmol) in DMSO 

(1.25 mL), and an additional 1.3 mL DMSO. This solution was placed in the heating mantle of the bubble 

counter device and was heated to 37 °C while purging with N2. Meanwhile, a stock solution of [Fe(TPP)Cl] 

(2.4 mM in DMSO) was prepared. When the temperature was stabilised at 37 °C, the purging was stopped 

and 0.45 mL of [Fe(TPP)Cl] solution (0.0015 mmol, 5 mol %) was added to the reaction mixture. The gas 

formation during the reaction was monitored at 37 °C over the course of 1 h (until no more bubble 

formation was observed). After reaction completion, the heating was stopped, and the N2 purge was 

turned on. These reactions were reproduced in the absence of catalyst (0.45 mL DMSO was added) as 

well, to correct for any gas formation resulting from substrate conversion in the presence of the reducing 

agents. The results after data processing are depicted in Figure 6 in the main text. 
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‘Adapted’ Procedure A to monitor [Fe(TPP)Cl]-catalysed azide reduction in DMEM/10% cell lysates 

In the presence of cell lysates, which naturally contains thiols and reducing agents, the addition of 

cysteine and (+)-sodium L-ascorbate is not required.20 Hence, A 10 mL glass vial was charged with 2.4 

mL DMEM, 0.6 mL cell lysate, rhodamine bis-azide (11.5 mg, 0.03 mmol) in DMSO (1.25 mL), and an 

additional 1.3 mL DMSO. This solution was placed in the heating mantle of the bubble counter device and 

was heated to 37 °C while purging with N2. Meanwhile, a stock solution of [Fe(TPP)Cl] (2.4 mM in DMSO) 

was prepared. When the temperature was stabilised at 37 °C, the purging was stopped and 0.45 mL of 

[Fe(TPP)Cl] solution (0.0015 mmol, 5 mol %) was added to the reaction mixture. The gas formation 

during the reaction was monitored at 37 °C over the course of 1 h (until no more bubble formation was 

observed). After reaction completion, the heating was stopped, and the N2 purge was turned on. This 

reaction was reproduced in the absence of catalyst (0.45 mL DMSO was added) as well to correct for any 

gas formation resulting from substrate conversion in the presence of reducing agents present in the cell 

lysates. The results after data processing are depicted in Figure 6 in the main text. 
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Summary 

Exploring transition metal catalysis in water for in vivo applications 

 

Transition metal catalysis proves a powerful tool to achieve otherwise synthetically 

challenging, or even impossible, transformations with (high) selectivity and is therefore 

employed in various areas of chemistry. Recently, transition metal-catalysed reactions 

have also been successfully performed in cells (in vitro) and living systems (in vivo). 

This subfield of bioorthogonal chemistry is devoted to complementing Nature’s 

repertoire of reactions with catalysts that are not naturally present in Nature: 

new-to-nature catalysts. 

 

As outlined in Chapter 1, these new-to-nature catalysts have been employed to mimic 

reactions commonly encountered in biosynthetic and metabolic pathways, such as 

redox reactions and transfer hydrogenations, but also to perform new-to-nature 

reactions like functional group modifications, deprotection, cycloaddition, cyclisation, 

and cross-coupling reactions with new-to-nature substrates. These transition 

metal-catalysed reactions have led to various applications ranging from induced cell 

death by disrupting cellular equilibria to the controlled release and synthesis of 

fluorophores, drugs, and other biologically active compounds. When further developed, 

such applications may become useful in biological and medicinal chemistries as they 

present alternative routes for, e.g., chemical labelling of biomolecules and cancer 

treatment. 

 

The achievements made thus far reveal the potential of transition metal catalysis in 

biological settings. Interestingly, the scope is limited compared to the breadth of 

transition metal-catalysed reactions that have been unlocked for synthetic applications. 

Translating transition metal-catalysed reactions from flasks to cells is non-trivial as the 

conditions in cells are fairly different compared to the highly controlled and adaptable 

conditions achieved in a flask. The development of catalytic systems for future 

applications in vivo therefore proceeds through many steps, starting with evaluating 

their reactivity, selectivity, and stability in water and under biologically relevant and 
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biomimetic conditions. Hence, this dissertation aims to explore transition metal 

catalysed reactions that are of interest for future in vivo applications in aqueous media. 

 

In Chapter 2, we set out to perform styrene aziridination in water and under 

biologically relevant conditions using a water-soluble Li[CoIII(TAMLred)] complex. 

Performing nitrene transfer reactions in water is non-trivial as it is typically associated 

with the formation of oxygen-containing side products. Indeed, we observed that the 

cobalt-catalysed nitrene transfer reaction to styrene afforded styrene oxide as the 

major product, next to minor amounts of aziridine product. In a combined experimental 

and theoretical approach, we reveal the role of water in epoxide formation, which was 

found to occur via the hydrolysis of the cobalt nitrene radical intermediates, affording 

oxyl radical intermediates that are active in oxygen atom transfer to styrene. Based on 

the insights derived from computational and experimental mechanistic studies, we 

discovered that the hydrolysis of nitrene radical complexes can be prevented or 

stimulated by changing the pH, yielding either the desired aziridine product (pH = 4) or 

styrene oxide (pH between 7 and 10) selectively. 

 

 

Scheme 1. Styrene aziridination with [CoIII(TAMLred)]– in water: understanding and preventing 

epoxidation via nitrene hydrolysis (Chapter 2). 



 

257 

 

Through Co(TAML)-catalysed nitrene and oxygen atom transfer catalysis, aziridines 

and epoxides can be (selectively) accessed in water, as outlined in Chapter 2. Since most 

drugs bear (multiple) stereogenic centres, the asymmetric synthesis of these moieties 

is of considerable interest. In Chapter 3, we set out to explore asymmetric radical-type 

oxygen atom transfer with the use of a Co(TAML)-based artificial metalloenzyme 

generated through anchoring of an achiral, biotinylated Co(TAML) catalyst within 

streptavidin. In the presence of iodosylbenzene and α-methylstyrene, the 

Co(TAML)-based artificial metalloenzyme affords the corresponding enantioenriched 

epoxide with increased TTON’s, representing an improvement in terms of 

enantioselectivity and activity compared to enantiopure Co(TAML) analogues. X-ray 

structures of two different Co(TAML) · Sav artificial metalloenzymes reveal the 

importance of noncovalent interactions within the secondary coordination sphere 

provided by the protein. These interactions tend to affect the precise localisation of the 

catalyst inside the protein, which is reflected in the formation of the enantioenriched 

epoxide. 

 

 

Scheme 2. A Co(TAML)-based artificial metalloenzyme for asymmetric radical-type oxygen atom 

transfer catalysis (Chapter 3). 
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With the Li[CoIII(TAMLred)] complex demanding acidic conditions for selective nitrene 

transfer catalysis in water, we sought a catalytic system that is more compatible with 

biologically relevant and biomimetic conditions. In Chapter 4, we explore 

copper-catalysed nitrene transfer in aqueous media for future application in vivo. The 

Cu(I)Tpx catalysts employed in this study display excellent nitrene transfer reactivity, 

high chemoselectivity, and good biomolecule compatibility, enabling the sulfimidation 

reaction of thioethers under biologically relevant and biomimetic conditions. Late stage 

sulfimidation of a prodrug afforded a reported drug molecule with anticancer activity 

in good yields, providing proof of principle for potential intracellular drug synthesis 

applications. Finally, we show how catalyst solubility issues in buffered media can be 

addressed by encapsulating the catalyst in liposomes. The protective function of the 

liposomes was also observed to have a positive effect on the biomolecule compatibility 

of the encapsulated catalyst. 

 

 

Scheme 3. Copper-catalysed sulfimidation in aqueous media: a fast, chemoselective and 

biomolecule-compatible reaction (Chapter 4). 

 

Throughout our studies, we noticed that obtaining kinetic data under biologically 

relevant and biomimetic conditions is rather challenging. Substantial concentrations of 

salts and biomolecules hamper the application of typically employed solution-phase 

analytical techniques, and there are only limited alternative protocols available. Given 

that detailed mechanistic data is crucial for iterative catalyst development for in vivo 

applications, we set out to develop a protocol to measure reaction kinetics under 

+

biologically relevant and
biomimetic conditions
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biomimetic conditions, which is presented in Chapter 5. This protocol is highly 

compatible with complex media, as it is based on gas evolution as a probe. By producing 

hundreds of data points through ‘bubble counting,’ reaction rates can be obtained as a 

function of reaction progress, leading to easy assessment of critical catalyst parameters 

such as induction and deactivation processes. Moreover, we show that the progress of 

two transition metal-catalysed bioorthogonal chemical reactions, among which the 

ruthenium-catalysed olefin cross-metathesis reaction, can be accurately monitored in 

the presence of various bio-additives, cell-culture media, and cell lysates. As many 

transition metal-catalysed bioorthogonal chemical reactions currently developed and 

employed for various applications in cells and living systems evolve one or more 

equivalent(s) of gas per product, the developed protocol is highly compatible. 

 

 

Scheme 4. Gas evolution as a tool to study reaction kinetics under biomimetic conditions (Chapter 5). 

 

By exploring transition metal-catalysed reactions in water for in vivo applications, this 

dissertation has contributed to the subfield of bioorthogonal chemistry devoted to 

complementing Nature’s repertoire of reactions. Our studies have revealed the 

Yield-over-time-plot

Rate-over-time-plot

Case study
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challenges associated with the performance of transition metal catalysis in aqueous 

media and how they can be addressed by a detailed understanding of a catalytic system 

or with the use of host systems such as liposomes. Apart from these fundamental 

studies, we have performed explorative studies under biologically relevant and 

biomimetic conditions in the context of intracellular drug synthesis. We have employed 

a cobalt-based artificial metalloenzyme to afford an enantioenriched epoxide via 

asymmetric oxygen atom transfer and discrete copper-based catalysts to synthesise a 

drug molecule via nitrene transfer. Moreover, we have developed a new and compatible 

protocol that enables detailed kinetic studies in complex reaction media, comparable to 

the cellular environment, to facilitate the translation of transition metal catalysis from 

flasks to cells. Hence, we envision that our findings can support further development of 

the new to-nature catalysts and reactions investigated in this dissertation and those 

that have yet to be explored in aqueous media for future application in cells and living 

systems.  
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Samenvatting 

Onderzoek naar overgangsmetaal-katalyse in water voor in vivo 

toepassingen 

 

Katalyse door overgangsmetalen blijkt een krachtig hulpmiddel te zijn om moleculaire 

transformaties uit te voeren, die zonder katalyse synthetisch uitdagend of zelfs 

onmogelijk zijn. In aanwezigheid van een katalysator kunnen reacties met een hoge 

selectiviteit verlopen. Katalyse vindt daarom een brede toepassing in verschillende 

gebieden van de chemie. Recentelijk zijn overgangsmetaal-gekatalyseerde reacties 

succesvol uitgevoerd in cellen (in vitro) en in levende systemen (in vivo). In dit 

deelgebied van de bioorthogonale chemie worden katalysatoren gebruikt die niet in de 

natuur voorkomen om het repertoire van natuurlijke biosynthetische en metabole 

reacties aan te vullen: ‘new-to-nature’ katalysatoren voor ‘new-to-nature’ reacties. 

 

Zoals beschreven in Hoofdstuk 1, worden deze new-to-nature katalysatoren veelal 

gebruikt om biosynthetische en metabole reacties na te bootsen die voorkomen in de 

natuur, zoals redox reacties en hydrogenaties. Ze worden ook gebruikt om reacties uit 

te voeren die voor de levende natuur nieuw zijn, zoals modificaties van functionele 

groepen, ontschermings-reacties, cycloaddities, cyclisaties en koppelingsreacties met 

new-to-nature substraten. Overgangsmetaal-gekatalyseerde reacties hebben geleid tot 

verschillende toepassingen. Deze variëren van geïnduceerde celdood door het 

verstoren van cellulaire evenwichten tot de gecontroleerde vrijgave en synthese van 

fluoroforen, geneesmiddelen en andere biologisch actieve verbindingen. Deze reacties 

kunnen nuttige toepassingen vinden in de biochemie en medicinale chemie, omdat ze 

alternatieve routes bieden voor bijvoorbeeld het chemisch labelen van biomoleculen en 

de behandeling van kanker. 

 

De tot nu toe behaalde resultaten illustreren de potentie van overgangsmetaal-katalyse 

en de toepassingen ervan in biologische omgevingen. Toch is de reikwijdte nog 

enigszins beperkt wat betreft het scala van overgangsmetaal-gekatalyseerde reacties 

die in laboratoria zijn uitgevoerd voor synthetische toepassingen. Het vertalen van 
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overgangsmetaal-gekatalyseerde reacties van glazen kolven naar levende cellen is niet 

triviaal, omdat de omstandigheden in cellen sterk verschillen van de gecontroleerde en 

aanpasbare omstandigheden in een kolf. De ontwikkeling van katalytische systemen 

voor toekomstige in vivo toepassingen verloopt daarom via vele stappen. Dit begint met 

het evalueren van hun reactiviteit, selectiviteit en stabiliteit in water en onder 

biologisch relevante en biomimetische omstandigheden. Dit proefschrift is daarom 

gericht op het verkennen van overgangsmetaal-gekatalyseerde reacties die interessant 

zijn voor toekomstige in vivo toepassingen in waterige media. 

 

In Hoofdstuk 2 zijn we begonnen met het uitvoeren van styreen aziridinatie in water 

en onder biologisch relevante condities met behulp van een in water oplosbaar 

Li[CoIII(TAMLred)]-complex. Het uitvoeren van nitreen-overdracht reacties in water 

spreekt niet voor zich, omdat het meestal gepaard gaat met de vorming van 

zuurstofhoudende nevenproducten. De door kobalt-gekatalyseerde nitreen-overdracht 

reactie naar styreen gaf inderdaad styreenoxide als hoofdproduct, naast kleine 

hoeveelheden aziridine product. In een gecombineerde experimentele en theoretische 

benadering onthulden we de rol van water bij de epoxidevorming. Dit bleek plaats te 

vinden via de hydrolyse van de kobalt-nitreen-radicaal tussenproducten, waarbij 

oxyl-radicaal tussenproducten ontstaan die actief zijn in de zuurstofatoom-overdracht 

naar styreen. Op basis van de inzichten uit computationele en experimentele 

mechanistische studies ontdekten we dat de hydrolyse van nitreen-radicaal complexen 

voorkomen of gestimuleerd kan worden door de pH te veranderen. Op deze manier kan 

selectief het gewenste aziridine product (pH = 4) of het styreenoxide product (pH 

tussen 7 en 10) worden verkregen. 
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Schema 1. Aziridinatie van styreen met de [CoIII(TAMLred)]– katalysator in de water: het begrijpen en 

voorkomen van epoxidatie reacties via de hydrolyse van het nitreen (Hoofdstuk 2). 

 

Via Co(TAML)-gekatalyseerde nitreen- en zuurstofatoom-overdracht kunnen 

(respectievelijk) aziridines en epoxides selectief worden gevormd in water. Aangezien 

de meeste geneesmiddelen meerdere stereogene centra hebben, is de asymmetrische 

synthese van deze verbindingen ook van groot belang. Middels de experimenten 

beschreven in Hoofdstuk 3 probeerden we asymmetrische, radicaal-type 

zuurstofatoom-overdracht mogelijk te maken met behulp van een 

Co(TAML)-gebaseerd kunstmatig metaal-enzym. Deze werd gegenereerd door de 

verankering van een achirale, gebiotinyleerde Co(TAML)-katalysator in streptavidine. 

In aanwezigheid van iodosylbenzeen en α-methylstyreen levert het op 

Co(TAML)-gebaseerde kunstmatige metaal-enzym het corresponderende 

enantio-verrijkte epoxide op met verhoogde TTON's. Deze resultaten illustreren een 

verbetering aangaande de enantioselectiviteit en de activiteit vergeleken met 

gelijksoortige, enantiopure Co(TAML) katalysatoren. De kristalstructuren van twee 

verschillende Co(TAML) · Sav metaal-enzymen onthullen het belang van de 

niet-covalente interacties binnen de secundaire coördinatie omgeving. Deze 

beïnvloeden de precieze lokalisatie van de katalysator in het artificiële enzym, wat 

terug te zien is in de vorming van het enantio-verrijkte epoxide. 
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Schema 2. Een op Co(TAML)-gebasseerd kunstmatig metaal-enzyme voor asymmetrische radicaal-type 

zuurstofatoom-overdracht katalyse (Hoofdstuk 3). 

 

Omdat het Li[CoIII(TAMLred)-complex zure omstandigheden vereist voor selectieve 

nitreen-overdracht katalyse in water, zochten we naar een katalytisch systeem dat 

beter compatibel is met biologisch relevante en biomimetische omstandigheden. In 

Hoofdstuk 4 staan onze experimenten beschreven om te onderzoeken hoe 

koper-gekatalyseerde nitreen-overdracht in waterige media geschikt gemaakt kunnen 

worden voor toekomstige toepassingen in vivo. De Cu(I)Tpx-katalysatoren die in deze 

studie worden gebruikt vertonen een uitstekende reactiviteit voor nitreen-overdracht, 

een hoge chemoselectiviteit en voldoende tolerantie voor biomoleculen. Hierdoor kan 

de sulfimidatiereactie van thioethers onder biologisch relevante en biomimetische 

omstandigheden worden uitgevoerd. De sulfimidatie van een prodrug leverde een 

gerapporteerd medicijnmolecuul op met anti-kankeractiviteit. Hiermee werd het 

principe aangetoond voor potentiële intracellulaire toepassingen voor de synthese van 

medicijnen. Tot slot laten we in dit hoofdstuk ook zien hoe oplosbaarheidsproblemen 

met betrekking tot de katalysator in gebufferde media kunnen worden aangepakt door 

de katalysator in te kapselen in liposomen. De beschermende functie van de liposomen 
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bleek ook een positief effect te hebben op de ingekapselde katalysator en diens 

compatibiliteit met biomoleculen. 

 

 

Schema 3. Koper-gekatalyseerde sulfimidatie in waterige media: een snelle, chemoselectieve reactie met 

een goede tolerantie voor biomoleculen (Hoofdstuk 4). 

 

Tijdens ons onderzoek hebben we gemerkt dat het een behoorlijke uitdaging is om 

kinetische gegevens onder biologisch relevante en biomimetische omstandigheden te 

verkrijgen. Hoge concentraties van zouten en biomoleculen bemoeilijken de toepassing 

van de gebruikelijke analytische technieken in oplossing en alternatieve protocollen 

zijn slechts beperkt beschikbaar. Omdat gedetailleerde mechanistische gegevens 

cruciaal zijn voor het ontwikkelen van katalysatoren met het oog op in vivo 

toepassingen, hebben we een protocol ontwikkeld om de reactiekinetiek onder 

biomimetische omstandigheden te meten. Dit protocol staat beschreven in Hoofdstuk 

5 en is zeer compatibel met complexe media, omdat het gebaseerd is op gasvorming als 

hulpmiddel. Door honderden datapunten te produceren via 'bellentellen' kunnen 

reactiesnelheden worden verkregen als functie van de reactievoortgang. Dit leidt tot 

een eenvoudige beoordeling van kritieke katalysatorparameters zoals inductie- en 

deactiveringsprocessen. Bovendien laten we zien dat de voortgang van twee 

bioorthogonale chemische reacties met overgangsmetalen, waaronder de 

ruthenium-gekatalseerde olefine kruis-metathese, nauwkeurig kan worden gevolgd in 

aanwezigheid van verschillende bioadditieven, celcultuurmedia en cellysaten. Het 

protocol dat we hebben ontwikkeld is breed toepasbaar, aangezien veel 

+

biologically relevant and
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overgangsmetaal-gekatalyseerde, bioorthogonale reacties die momenteel worden 

gebruikt en ontwikkeld voor verschillende toepassingen in cellen en levende systemen 

één of meer equivalenten gas per product vormen. 

 

 

Schema 4. Gasvorming als hulpmiddel om de kinetiek van een reactie te bestuderen onder 

biomimetische omstandigheden (Hoofdstuk 5). 

 

Door het onderzoeken van overgangsmetaal-gekatalyseerde reacties in water voor in 

vivo toepassingen, heeft dit proefschrift bijgedragen aan het deelgebied van de 

bioorthogonale chemie dat gewijd is aan het aanvullen van het repertoire van reacties 

dat in de levende natuur voorkomt. Onze studies hebben de uitdagingen onthuld die 

geassocieerd worden met de uitvoering van overgangsmetaal-katalyse in waterige 

media en hoe deze kunnen worden aangepakt. Dit hebben we bereikt door een 

gedetailleerd begrip van een katalytisch systeem of door het gebruik van 

gastheersystemen zoals liposomen. Naast deze fundamentele studies hebben we 

verkennende studies uitgevoerd onder biologisch relevante en biomimetische 

omstandigheden in de context van intracellulaire synthese van geneesmiddelen. We 
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hebben een kunstmatig metaal-enzym gebaseerd op kobalt gebruikt om 

enantio-verrijkte epoxides te produceren via asymmetrische 

zuurstofatoom-overdracht en op koper-gebaseerde katalysatoren om een medicijn te 

synthetiseren via nitreen-overdracht. Daarnaast hebben we een nieuw en veelzijdig 

protocol ontwikkeld dat gedetailleerde kinetische studies in complexe reactiemedia 

mogelijk maakt, vergelijkbaar met de cellulaire omgeving, om de vertaling van 

overgangsmetaal-katalyse van glazen kolven naar cellen te vergemakkelijken. Daarom 

verwachten we dat onze bevindingen de verdere ontwikkeling kunnen ondersteunen 

van new-to-nature katalysatoren en reacties. Dit betreft zowel de katalysatoren en 

reacties die zijn onderzocht in dit proefschrift, als deze die nog moeten worden 

onderzocht in waterige media voor toekomstige toepassing in cellen en levende system. 
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months are marked as one of the highlights of my PhD to which your ideas, suggestions, advice, 

and enjoyable anecdotes have contributed tremendously. I hope our paths will cross as much 

in the future as they did in the last years. Thank you for making another trip to Amsterdam, I 

am honoured to have you in my committee. Jana, our collaboration has been a memorable 

journey. If somebody knows how to design an experiment, it must be you. I admire your vision 

and scientific attitude, I have learned a lot from you. Een andere voor mij inspirerende vrouw 

is Célia. Ik heb met ontzettend veel plezier met u samengewerkt tijdens mijn master en ik dank 

mijn gedegen achtergrond in de theoretische chemie dan ook aan u. Dank voor het vertrouwen 

en de support. Tim, ik dank jou voor je betrokkenheid. Na een kort praatje op de gang of tijdens 

een conferentie kon ik altijd een paar goede adviezen in mijn zak steken. Ik bewonder jouw 

mentaliteit en eerlijkheid. Sonja, jij hebt de ‘open-door-policy’ van onze groep direct in acht 

genomen na jouw start. Ik heb onze bescheiden theekransjes over wetenschap en carrière altijd 

erg gewaardeerd, dank hiervoor. Francesco, during my masters, you and your group have 

played a pivotal role in my humble biochemistry experience. Thank you for taking part in my 

committee. 

 

I would also like to acknowledge my collaborators for their contributions to this dissertation 
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and Jasper, thank you for your trust in my computational skills. Working on your projects has 

been a great learning experience. Max, de Co(TAML)-oxo leek een ongrijpbaar intermediair. 

Toch is het gelukt, dankzij jouw geduld en doorzettingsvermogen. Dank hiervoor. María, I am 

really happy to have met you. You are an incredibly supportive and sweet person, cheering me 

on throughout the entire project we worked on. It has been an absolute pleasure to work with 

you and Pedro, thank you for everything! 

 

I have had the honour to work with an incredible team of students. Caro, ik wist meteen dat ik 

er goed aan zou doen jou aan te moedigen om met mij samen aan een DFT project te werken, 

ook al had je geen enkele ervaring met deze techniek. Alles wat net een beetje te uitdagend leek, 

bleek jou te motiveren. Ik was dan ook vaak onder de indruk van wat je nu weer voor elkaar 

had gekregen. We konden naadloos samenwerken en maakte zelfs van een middag structuren 

tekenen in ChemDraw een feestje. Laten we zeker contact houden! Rens, dat was boffen, zo’n 

goede student! Maar, mijn hemel, wat was je eigenwijs af en toe. Echter was dit precies wat ons 
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project nodig had: een kriticus met visie, want dat ben je. Ik kan dan ook enorm genieten van 

de ongeplande brainstorm avonden waarin we moeiteloos uren achter elkaar wetenschap 

bediscussiëren, nieuwe ideeën bedenken en uitwisselen. Ik heb je dan ook maar wat graag als 

sparringpartner. Een absoluut hoogtepunt waren de Faraday Discussions in York. Geweldig om 

dat samen te doen, als collega’s. Ik dank je ook voor onze vriendschap. Theekransje halverwege 

de berg, beetje ouwehoeren op het lab, op de borrel of als de meiden moeten tutten, wij kunnen 

goed samen. Emma, nog zo’n student waarvan ik wist, daar wil ik mee samenwerken. Je bent 
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Pieter er is om te scheidsrechteren) en zonder elkaar. Je bent als een broer voor me. Jouw steun 

is onvoorwaardelijk, hoe bont we het soms ook maken samen. Ik kan altijd op je rekenen, en 

daar ben ik je enorm dankbaar voor. En bij deze: sorry dat ik altijd te laat ben... Pieter, een rots 

in de branding. Jij bent er altijd om mij gerust te stellen, aan te moedigen en om de successen 

mee te vieren. Tijdens het afronden van onze PhD’s waren we één team, één taak. Ik ben enorm 

dankbaar dat we dit, en alle andere PhD mijlpalen, samen konden doen. Boys, dank dat jullie 

mijn paranimfen willen zijn, maar hou die kopstootjes uit mijn buurt! 

 

HomKat is een bijzondere groep mensen waar hechte vriendschappen worden gesloten en 

liefdes ontluiken. Klaas. Dank voor al jouw liefde. Dank ook dat je er altijd voor me was, bent 

en zult zijn, ik zie jou echt heel erg graag. Op deze plaats wil ik ook graag jouw lieve familie 

bedanken. Sofie, Gideon, Lena, Lasse, Corry, Peter, Pier en Mirjam, jullie hebben een plekje 

in mijn hart. Tessel San (broski), jij bent altijd een voorbeeld voor me geweest. Als student was 

ik al enorm onder de indruk van jouw gedrevenheid. Toch had je ook altijd tijd om gezellig thee 

te drinken of een pion van het balkon te gooien. Onze tijd in Echtenstein 157 zal ik niet snel 

vergeten. Inmiddels timmer je hard aan je carriére en ga je als een raket. Ik heb nog steeds 

evenveel bewondering voor jouw doorzettingsvermogen en visie, ik zit maar wat graag in jouw 
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fanclub. Ik ben je ook heel dankbaar dat je in die van mij zit en dat je er altijd bent om me vooruit 

te helpen. Eddy (sunshine), to do a master project with the ‘world leader in coordination cages,’ 

that is quite something. Over the years, we have spent a lot of time together, side by side in the 

office and in the lab. Quite a shocker when you left HomKat for the U.S.A. (God bless you if it is 

good to you). But funny enough, our friendship became even closer, for which I want to thank 

you. Bin, you have been an amazing supervisor as well. You are such a sweet and good-hearted 

person. Thank you for taking such good care of me in the lab. Valentinos, when you told me 

about your research during the second-year practical labs, I was hooked. The bachelor project 

I did with you was one of the highlights of my studies. Big scale set ups to make porphyrins, 

every Friday to Bar Bukowski, it was just fun, a lot of fun (also with you Harry, I would not dare 

to forget you). This project sparked my interest in research and motivated me to proceed with 

a master’s in chemistry and eventually to do a PhD. Without knowing, you have played a crucial 

role in the start of this journey, for which I want to gratefully acknowledge you. Nicole van 

Leeuwen, samen begonnen we aan onze master en PhD. Al die tijd ben je een lieve en betrokken 

vriendin voor me geweest met altijd een lief woord of goed advies paraat. Ik wil je daar graag 

voor bedanken. Weet dat je ook altijd op mij kunt rekenen. Lukas Wolzak, op kantoor namen 

we vaak samen de stand van zaken door. Ik vond je een ontzettend fijne collega. Dank ook dat 

je de prachtige cover voor dit proefschrift wilde verzorgen, tussen de luiers van Oliver 

verschonen samen met Gera door. Het is tijd om de ‘office-queen-kroon’ weer door te geven. 

Demi, ik zie allebei jouw alter ego’s, dotje en flippie, even graag. Chocolaatje halen, shotje op de 

borrel, van de black mamba skieën, buiten een wandelingetje maken. Ik ben altijd blij om je te 

zien en samen iets te doen, met of zonder heel veel woorden. Wil ik Demi zeggen, dan zeg ik 

Maartje, en andersom. Maartje, jij had mijn zusje kunnen zijn. Samen zijn we vaak op vakantie 

geweest, mijn favoriete kamergenootje! Duizend maal dank ook voor het vertalen van mijn 

samenvatting. Selma, lekker wijffie ben je. Hart op de tong, een etentje of drankje met jou is 

altijd gezellig (gezel met Sel). Wojt, you are one of my special friends I truly love. Thank you for 

always taking care of me. I know I can always count on you. Tom, als Bèta Gamma/scheikunde 

studenten zaten we vaak in de bieb of met een bord van Smeurest in de kantine (droge rijst met 

waterige spinazie à la crème en een groente burger uit de frituur waren toch wel de grens voor 

mij). Ik ben nog altijd onder de indruk van jouw visie. Ik dank je voor jouw vele wijze lessen, 

cruciale suggesties en support, maar ook voor de gezellige (werkuitstelgedrag) praatjes op 

kantoor en in de coffee corner. Marie, tijdens de lockdown hebben we veel tijd samen 

doorgebracht op de chat van zoom en in het park. Dat was echt heel fijn en gezellig. Ik heb 

ontzettend veel respect voor jou en hoe jij dingen onderneemt. Ik ben ervan verzekerd dat jouw 

bedrijf een succes wordt. Lotte, mijn labbuurvrouw! Jij kan echt in alles en iedereen iets 
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positiefs zien, een eigenschap die niet veel van ons bezitten. Dank voor de vele gezellige uren 

op het lab. Jasslie, fakka broer. Jij bent een toffe gast, met het hart op de juiste plaats. Minghui, 

my heart melts when you show your honest interest in me and ask me how it is going. You are 

such a sweet person and an admirable chemist. Andrea, an Italian visiting student in our labs, 

that was something new and exciting for E1. Thanks for the nice times in the office and at the 

borrels, it was a pleasure to have you around. Also a big thank you to HomKat members 

Jiang-Hua (impressive how you got your chemistry into cells so quickly, well done!), Giorgia 

(queen of great costumes), Zoe (thank you for all the proof reading), Johan (koning kachelen), 

Dimitrios (you get stuff done, keep up the great work!), Shang, Jens, Daniel (the soldiers of 

lab E1.18) and Tianbo (all the best for your new adventure as a PhD student in our group) for 

the friendly and supportive working environment. Mijn dank gaat ook uit naar de InCatTers op 

E1.05. Zohar, ik dank je voor al jouw lieve zorgen en oprechte betrokkenheid. Je bent echt een 

heel mooi mens. Xavier, our French Amigo! Thank you for being always happy to help others, 

no matter how busy you are. Sander, jouw aanwezigheid in het lab is een feestje, gewoon lekker 

werken toch. 

 

Dank ook aan veel oud HomKat collega’s. Anne en Raoul (geduldig en gedegen experimeten 
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vrijdag middag om 16 uur...) en Kaj en Eliza (is het alweer tijd om de ramen te lappen? Het 

schepte toch wel een band), fijn om jullie nog steeds regelmatig te zien! Anne, dank ook dat je 

zo’n lieve vriendin bent. Samen even bijkletsen over de telefoon of in een restaurantje doet me 

altijd enorm goed. Roel, dank voor de vele goede discussies over nitreen en carbeen chemie en 

voor al je hulp als ik Bazis of Lisa weer even niet onder controle had. Dank ook aan HomKat 

girls Eline, Cat en Didjay. Eline, wij hebben samen heel wat titraties voorbereid en 

concentraties uitgerekend. Jouw behulpzaamheid is echt benoemenswaardig. Cat, thank you 

for all your help, input, and crucial suggestions concerning my projects. Our topic was truly 

challenging, but you showed me how to succeed with determination and commitment. Didjay, 

ik heb erg veel respect voor jou. En wat was het leuk om samen met jou Tessel’s paranimfen te 

zijn! Tijmen (dank voor de mooie kerstdiners, ook aan Janneke), David (king of the cluster, I 

can learn a big deal from your computational powers), Pim Linnebank (ouwenhoeren over het 

lief en leed van BN’ers gaat ons prima af), Vivek (you helped me with my first steps into the 

world of computational chemistry, for which I would like to thank you), Lukas Jongkind, (onze 

eerste ‘ontmoeting’ was me er een, voorzichtig met de Beaujolais), Julien (jouw beheersing van 

de Nederlandse taal is indrukwekkend), Arnout (de hotkeys die ik van jou heb geleerd worden 

nog steeds veelvuldig gebruikt, dank hiervoor), Joeri (altijd goed gehumeurd, jouw tosti ijzer is 
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still going strong), Marianne (dank voor jouw goede zorgen in en om het lab) en Xander (safety 

first!), thanks to you for your help and support. Ook dank aan Tiddo en Jarl Ivar voor de 

constructieve feedback op alles wat ik ook maar onder jullie neus schoof. 

 

HomKat zou niet zo soepel functioneren zonder zijn team van technicians. Simon San, when I 

was baby student, you taught me how to perform nasty reactions. When I grew older, you taught 

me the fine art of writing. I massively improved in both areas, thanks to these whispers in the 

back of head: “the less you drive, the less you crash” (this is something I passed on to my 

students as well, they are still dreaming about it…) and “iron your paper to get those wrinkles 

out, active form, em dash!” Your return to the HomKat group was one of the best things that 

could happen to me and to the group. A massive thank you! Dank ook aan Fatna en Dorette, en 

voormalig technicians Erik en Taasje, voor al jullie goede zorgen en hulp waar nodig. Ed, wij 

konden het vrijwel meteen goed vinden. We hebben dan ook heel wat uurtje met de JEOL 

gespendeerd, dat schept wel een band. Ik weet niet beter dan dat ik altijd bij jou terecht kan 

voor goed advies, over werkelijk van alles. Dank hiervoor. Andreas, grappig hoe we het 

onderwijs dat ik ooit van jou kreeg ook een aantal jaren samen hebben gegeven aan de volgende 

generatie. Dank voor alle (levens)lessen! 

 

As mentioned already, the visit to the Ward Lab at Uni Basel has been one of the highlights of 

my PhD, supported by the amazing people I have met over there. Nico, a heartfelt thank you for 

your endless help and support. I could not have done it without you. I have learned so much 

from you in only a short period of time. I truly admire your attitude, always ready and eager to 

help others no matter how busy you are, and your friendly and thoughtful personality. I really 

hope to stay in touch and catch up with you, Jasmin, and Luis Enrique from time to time. Alain, 

mon ami. From the moment I arrived you made me feel at home. Inviting me for dinners and 

drinks at KLARA, Rhein swimming, amazing brunches, bouldering afternoons, hiking, and 

camping trips (with the great company of Fabio, Fiona, and Lucas). It has been so much fun 

spending time with you, thank you for everything. Corentin, my special friend. I thank you for 

the loving friendship we developed in such short time. Dancing, road trips, city trips, lake 

swimming, BBQs, and fondue at your dad’s place (your swimming pool is still one of my 

favourite places in Switzerland), I enjoyed every second of it. Eli, my dear bird, you are the 

sweetest. Your place was like a second home to me. You are such an amazing personality, I really 

enjoy being around you. Manjistha, woman, thank you for getting me back on track when I was 

lost. You have such a big heart. You are also and admirable scientist, from which I have learned 

a lot. Thank you for everything. I would also like to thank Iori, Simon, Sophie, Snizhana, Alina, 
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Holly, Ros, Yong, Dongping, Xiang, Kun, Robin, Valérie, Boris, Claudia, Valentin, and all 

other past and present members from the Ward lab who made this visit an unforgettable 

experience. Finally, I would like to gratefully acknowledge the HRSMC Mobility Program for 

funding this visit. 

 

Another great group of people I would like to thank for the nice times in and around the 

E-building is the Flow group. Stefano and Antonio, my favourite Italians. Stefano, the trip to 

St. Andrews is probably one of the most memorable ones I have ever made. Were we crazy? Yes, 

we were crazy! But I loved it. I hope we will make many more trips together. You are really good 

to me, and I love you for that. Antonio, we have spent a lot of time together, chit chatting over 

a tea, coffee, or a beer. I really love you as my friend. Jesús, your passion for padel got us into 

extensive but exciting matches on Saturday afternoons and to many padel courts all over 

Amsterdam. It has been a lot of fun getting to know you and the others in this way. Also, many 

thanks for all your help on the road towards my postdoc, I definitely owe you. Lars, you are a 

great person. Always ready to help you out or to throw an ‘eventful’ house party. Daniele, Luca 

and Bebo, the Italian postdocs. Thank you for your help and advice. Thanks as well to Fabian, 

Tom, Aidan, Jelena, Stefan, Florian, Dmitrii, Miguel, Jonas, Cassie, Morgan, Clara, Mauro, 

and all other members of the Flow group, past and present, for the fun times. 

 

Making friends in other groups is not only fun, but also a great opportunity to share knowledge, 

experiences, and resources. Matteo, thank you for all your help and efforts preparing various 

solutions to torture my catalysts with. I always enjoyed the visits to your lab and having a chat 

with you. Vivi, in the last year of our PhDs, it was nice to share some thoughts and experiences 

together from time to time. Thank you for your support. Pim Broersen, jij bent fijn gezelschap 

bij de lunch, koffie en op de borrel. Dank voor de gezelligheid! Phebe, Canan, and Rafael, thanks 

for the nice time in the PhD platform together. I am proud of all the events we have organised! 

 

Dat ik ooit zou promoveren in de scheikunde lag niet bepaald in de sterren. Ooit begon mijn 

avontuur op de UvA bij de studie Bèta Gamma. Hannah de Valk, als vriendschap op het eerste 

gezicht nog geen ding was, dan hebben wij het uitgevonden. Samen met jou op eerstejaars 

weekend en naar de intreeweek (waar we je nog met man en macht in moesten kletsen) was 

een geweldige start van mijn studietijd. Ik dank je voor al je liefde. Hannah van de Kerkhof, ik 

ben je ontzettend dankbaar voor al jouw steun, support en geruststellende woorden. Wij 

begrepen elkaar als geen ander en konden elkaar echt alles toevertrouwen. Je hebt echt veel 

voor betekend. Marleen, ook jij bent een ontzettend lieve en loyale vriendin die altijd voor me 
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klaar staat. Even op en neer van Nijmegen naar Amsterdam voor mijn verjaardag, dat doe jij 

met liefde. Laurens, het bord aardappels met kipschnitzel en spinazie à la crème wat ik je ooit 

voorschotelde als ‘culinair hoogstandje’ zal je niet snel vergeten. Toch schepte het een band. 

Dank voor je fijne vriendschap. Sierk, Daan en Boas, ik heb echt genoten van ons Mars-project. 

Beetje hobbyen in de kassen, ouwehoeren over zoom (de dikke ogen van Daan). We hebben 

echt veel lol gehad samen. Thijs en Falco, ook jullie bedankt voor de gezellige studiejaren. Dit 

is ook de plek om Jan van Maarseveen te bedanken. Jouw colleges in het eerste Bèta Gamma 

jaar bleken een kantelpunt. Het klinkt te gek om waar te zijn, maar eindelijk begreep ik wat 

scheikunde nou echt inhield en waarom het zo tof is. Aangestoken door jouw passie en 

enthiousme voor dit vakgebied begon ik aan de major scheikunde, een keuze waar ik nooit een 

seconde spijt van heb gehad. Dank hiervoor. Tijdens deze major ontmoette ik ook Nienke. 

Samen hebben wij vele uren colleges gevolgd, gestudeerd en wat afgefietst naar de VU en weer 

terug. Ik kijk met een warm gevoel terug naar de minivakanties in Monnickendam. Rondje 

wandelen, zwemmen, venkel pizza’s, even ontspannen! Dank voor alles. Tijdens de bachelor 

heb ik ook met veel plezier bij de Burgermeester gewerkt en vele biertjes gedronken met de 

burgerfam in de stad of op de festivals waar we werkte. Speciale dank aan Miriam, Wiebe en 

Sara. 

 

Ook tijdens de master heb ik de vele uren in de collegebanken en bibliotheek niet alleen 

doorgebracht. Nicole Oudhof, wij waren een onafscheidelijk duo. Jij kon echt heel erg goed 

leren, en daar leerde ik dan weer van. Ik ben je dankbaar voor al je hulp, geduld, vertrouwen en 

liefde, je bent echt een schat. Celine, ook jouw leerde ik kennen tijdens de master. Jij bent echt 

een powervrouw. Ik heb veel respect voor hoe jij moeiteloos allerlei balletjes omhoog houdt en 

tegelijkertijd begaan bent met de mensen om je heen. Je bent een lieve, zorgzame vriendin. Eva 

Blokker, mijn naamgenootje. Ik kijk met veel plezier terug naar onze tijd op de VU. Thee drinken 

coffee room en veel te vaak een falafel wrap als we nog iets langer door wilden werken. Samen 

met Celine hebben we ook vele gezellige etentjes gehad, dank voor alles. Wowa, een man met 

een missie. Je hebt een indrukwekkende PhD gedaan, succes met de volgende stap op weg naar 

die dikke bak. Ook wil ik graag iedereen van de HRSMC bedanken, in het speciaal Wybren Jan 
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