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Abstract 

 

Natural enzymes have evolved to catalyze numerous reactions displaying unmatched selectivity and 

activity. Furthermore, nature has evolved many enzymes to work in a cascade, affording complex 

molecules from the simple starting material. However, the evolutionary process endowing these 

enzymes with such abilities took millions of years. This timescale does not match the demand for 

efficient catalytic systems to resolve societal problems in ecology, medicine, and pharmacology. 

Artificial metalloenzymes (ArMs) are an exciting solution since they combine the chemical 

versatility brought by a synthetic catalyst within a natural protein optimizable via a quick 

mutagenesis campaign. These two pivot points give artificial metalloenzyme great flexibility in 

terms of optimization since chemical fine-tuning and bio-engineering can be done to reach the 

maximal potential of ArMs. This inspired the research presented in this thesis which aims to present 

the development of a new class of ArMs. 
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Abstract:  

In vivo transition metal catalysis offers promising perspectives in various areas of research, 

including targeted drug uncaging for precision medicine and imaging. This emerging field was 

pioneered by Meggers. In 2006, he reported the deallylation of various carbamate-protected probes 

using chloro(1,5-cyclooctadiene)(η5-pentamethylcyclopentadienyl)ruthenium ([Cp*Ru(cod)Cl] 

hereafter) as a catalyst, both under physiological conditions and, most remarkably, in cellulo. This 

landmark publication sparked interest from the chemical biology community. However, 

performing in vivo catalysis is a challenging endeavor. Indeed, living systems did not evolve to 

tolerate noble metal catalysts. Precious metals are typically thiophylic and thus often poisoned by 

thiol-containing biomolecules present in the cytosol. Since then, much research has been conducted 

around cyclopentadienyl and pentamethyl cyclopentadienyl Ru-based catalysts for biological 

applications. However, efforts to further develop or improve this catalytic system remain scarce, and 

investigations concerning the catalyst’s stability and degradation mechanism are limited. The most 

studied reaction using these systems is the deallylation of N-allyloxy-protected substrates as 

initially published by Meggers and co-workers in 2006. Mascarenas and co-workers have recently 

used these systems to perform ruthenium-catalyzed thioalkyne-azine cycloadditions (RuAtAC) and 

[2+2+2] cycloadditions in the presence of living cells. Despite its promising applications, this 

catalytic system presents some limitations, and many groups have encountered challenges 

including catalyst degradation and cytotoxicity. This review summarizes the applications of CpRu-

based catalysts in chemical biology and outlines possible avenues to expand and improve the 

performance of such systems in a biological setting.  

INTRODUCTION 

In contrast to natural enzymes, homogeneous catalysts heavily rely on platinum-group metals to 

forge C–X bonds.1,2  In this context, numerous catalytic C–C cross coupling reactions have been 

developed. Many chemists have worked on the development and application of these versatile 

bond-forming reactions using specifically tailored metal catalysts.3 Among these reactions, one 

should mention: the Suzuki-Miyaura4, Mizoroki-Heck5, Negishi6, Sonogashira7, Kumada-Tamao-

Corriu8, Migita-Kosugi-Stille9, Tsuji-Trost10, Buchwald-Hartwig11, Ullmann12, Castro-Stephens13, 

Glaser14, Hiyama15, Fukuyama16, Cadiot-Chodkiewicz17, and Hirao cross-coupling18. These efforts 

culminated with the 2010 Nobel Prize in chemistry, awarded to Heck, Negishi and Suzuki.19 
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For the purpose of this review, the so-called Tsuji-Trost reaction, also known as metal-catalyzed 

allylic substitution, will be presented in more detail as it is the reaction catalyzed by the so-called 

“Meggers catalyst” which has found widespread applications for the deprotection of allylcarbamate-

protected cargoes in a cellular environment.20–22 Early developments of the allylic substitution were 

reported by Jiro Tsuji in 196523 with the functionalization of diethyl malonate using stoichiometric 

amounts of [Pd(Cl)(allyl)]2 as allyl donor, Scheme 1.23 The first catalytic allylic-substitution was 

reported in 1970 by Hata and Atkins.24,25 They performed the allylic amination of diethylamine 

using [Pd(acac)2] as a catalyst, and allylic alcohol or allyl ether as allyl source to generate the 

corresponding π-allyl complex (π-allyl hereafter). In 1972, Trost revealed the influence of the 

nucleophile’s hardness on selectivity between branched or linear products, used in combination 

with an unsymmetrical allyl moiety.26 Building on this work, Tsuji showed in 1985 that the 

formation of an 3-allyl complex using a chiral allyl moiety proceeds with inversion of 

configuration.27 Importantly, he showed that a soft nucleophile (for example carbon from enolates, 

electron-rich double bonds, or thiols) is added directly to the carbon of the coordinated 3-allyl 

complex, without prior coordination to the metal. This results in a Walden-inversion at the center 

undergoing substitution. In contrast, a hard nucleophile coordinates to the metal center, followed 

by reductive elimination, thus resulting in retention of configuration. In 1997, Takeuchi revealed 

three important factors influencing the regioselectivity (i.e. the branched vs. linear ratio) of the 

allylic substitution reaction: i) the steric interactions between the incoming nucleophile and the 

allylic termini, ii) the charge distribution of the π-allyl ligand on the metal center, and iii) the 

stability of the 2-alkene-metal complex that results from the nucleophilic addition to the 3-allyl 

moiety.28 The rules determined by Takeuchi are applied to iridium-based catalysts, they are also 

applicable to other metal-based catalysts but not equally, one of the rules might be more important 

for Ru-based catalysts. While early work on the Tsuji-Trost reaction focused mostly on Pd-based 

catalysts, it was later realized that other metals were equally versatile (e.g., Mo, Ir, Ru).29 The 

historical development of the metal-catalyzed allylic substitution and its postulated mechanism are 

presented in Scheme 1.  
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Scheme 1: a) Early milestones of metal-catalyzed allylic substitution 23–28 b) generally accepted 

mechanism for the allylic substitution with soft nucleophiles. 27 



CpRu-Catalyzed Deallylation Reactions for Biological Applications                                                                                       5 

 

In the case of ruthenium, Itoh was the first to report on the use of CpRu piano-stool complexes as 

catalysts performing -allyl complex formation from allylic halide (Cp: 5-cyclopentadienyl, 

C5H5).30 Ru-arene have also been reported as catalyst to perform in cellulo catalytic hydrogenation. 

These are not covered in this review.31–33 

The selectivity for branched or linear products resulting from an allylic substitution depends on the 

structure of the catalyst. [Cp*Ru]-catalyst precursors (Cp*: 5-pentamethylcyclopentadienyl) tend 

to produce the branched product, while the selectivity of [CpRu]-catalyst precursors is harder to 

predict.34 In the context of chemical biology, it is noteworthy that such [CpRu] piano-stool 

complexes display remarkable stability in water.35  

Since this first publication, many different ligands have been used in conjunction with CpRu-

complexes.36 In their initial study, Streu and Meggers reported that [Cp*Ru(cod)Cl] (cod: 4-1,5-

cyclooctadiene) catalyzes the deallylation of allylcarbamate-protected amines under biocompatible 

conditions (i.e. in the presence of water, air and thiols).20 Notably, they described the uncaging of the 

N-allyloxycarbamate-protected rhodamine 1 in the presence of mammalian cells and of thiophenol, 

Scheme 2. Strikingly, the reaction performed much better in the presence of thiophenol than in its 

absence, highlighting its relevance for in cellulo catalysis. This observation is not fully understood, 

but many groups have reported the use of thiols to efficiently quench the -allyl intermediate.37,38 

The reaction is conveniently monitored by fluorescence resulting from the uncaging of rhodamine 

2 in the cytosol of HeLa cells. 

 

           Scheme 2: Catalytic deallalytion of the caged rhodamine 1 in the presence of HeLa cells. 

Instead of uncaging a fluorophore, Scheme 2, one can envisage adapting this system towards the 

uncaging of a biologically active moiety, either in cellulo or in vivo. Upon catalytic deallylation of the 

substrate, an active molecule (referred to as cargo hereafter) may be released.  
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A recent review has described in a more general terms the use of metal complexes for catalytic and 

photocatalytic reactions in living cells.39 Herein, we present a comprehensive overview of the 

research triggered by the seminal study from Streu and Meggers,20 with a focus on in vitro, in cellulo 

and in vivo applications of [CpRu]-containing complexes. This review is organized as follows: 1] 

Early milestones on catalyst development, 2] Study and development of the catalytic system, 2.1] 

Development of new detection methods for in cellulo and in vivo applications, 2.1.1) Fluorescence 

monitoring, 2.1.2) Bioluminescence monitoring, 2.1.3) Auxotrophic rescue monitoring, 2.1.4) Cell 

viability monitoring 3] Further improvement of the catalytic activity via chemical modification of 

the catalyst, 3.1) modification of the first coordination sphere of the complex, 3.2) Formation of 

artificial metalloenzymes, 3.3) Formation of catalytic nanoparticles, 4] Diversification of the 

chemical reactivity of previously described complexes 5] Reported and future applications, 5.1) in 

vitro catalysis, 5.2) in cellulo catalysis, and 5.3) in vivo catalysis. This review ends with an outlook.  

1.1 Early milestones of catalyst development 

 

Building upon a publication by Kitamura and co-workers,40 the first improvement on the original 

[Cp*Ru(cod)Cl] catalyst was reported by Meggers in 2014.41 It included the following features: a 

quinoline-2-carboxylic acid (QA hereafter) as chelating ligand and a Cp ligand instead of the original 

(cod) and Cp*-moiety respectively. The resulting [CpRu(QA)(Solv)]PF6 (Solv = solvent) complex 

displayed remarkable features for in cellulo deallylation, including high turnover numbers (TON 

hereafter) and a tolerance against thiols, including glutathione (GSH hereafter). The relevance of 

GSH is linked to its presence in most mammalian cells with concentration varying between 0.1 and 

10 mM.42  Glutathione act as a redox buffer in the cytosol.43 [CpRu(NMe2-QA)]PF6 (Ru1) was 

applied to the catalytic uncaging of the alloc-protected rhodamine 3 and doxorubicin in HeLa cells, 

inphosphate buffer using 20 mM of catalyst Ru1,  Scheme 3. 
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Scheme 3: Catalytic deallylaltion of caged doxorubicin 3 in HeLa cells using Ru1. 

Using Ru1, Meggers and co-workers achieved a TON of up to 270 with a catalytic loading of 0.1 % 

(i.e. 0.5 mM). Meggers and co-workers demonstrated the beneficial role of electron-donating groups 

on the QA ligand on the reaction outcome (including reaction rate, TON). Interestingly, Kitamura 

and co-workers reported an opposite trend (i.e. that electron-withdrawing groups are beneficial for 

activity).44 Inspired by previous works from Kitamura and co-workers, Meggers proposed a 

catalytic cycle, Scheme 4.45  They highlighted the influence of the nucleophile on the reaction 

mechanism: for strong nucleophiles, the rate-limiting step is the formation of the 3-allyl complex, 

whereas for weak nucleophiles, the rate-limiting step is the attack of the nucleophile on the π-allyl 

complex. The reader is referred to the papers from Kitamura's group for a thorough description of 

this system. 46–48 
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Scheme 4: Catalytic cycle proposed by Meggers for the deallylation of allyl-carbamates, 

emphasizing the role of the nucleophile.22 

In 2017, Meggers and co-workers further improved these [CpRuL3]-based complexes for the in 

cellulo deallylation of allyl-carbamate-protected cargoes.49 The use of a substituted 8-

hydroxyquinolic (HQ hereafter) ligand in place of QA ligands led to a remarkable improvement in 

the catalytic performance of the corresponding complex. Depending on the nature of the substituent 

on the HQ moiety, the TON of [CpRu(HQ)(Allyl)]PF6 (Ru2) was up to five times higher than that of 

Ru1, accompanied with a thirty-fold higher reaction rate. In contrast to the QA-based system, 

electron-withdrawing substituents led to higher TON. For instance, using p-CO2Me-HQ (Ru3) led to 

a 10-fold increase in TON compared to the unsubstituted HQ. However, this trend was only valid to 

a certain extent. They therefore proposed the existence of an optimum electron-withdrawing effect 

beyond which the activity of the catalyst eventually decreases, Figure 1.  
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Figure 1:  Deallylation yield as a function of the Hammett constant, highlighting the importance the 

electron-withdrawing substituent on catalyst activity. 

Although Ru2 is more active than its predecessors, it was also found to be significantly cytotoxic, 

50-51  with an IC50 of 70 nM on HeLa cells (IC50 is the concentration needed to induce a decrease of 

50% of the cell viability).50 Its use in cellulo at high catalytic loadings is thus rendered problematic.  

In recent years, considerable efforts have been invested into applying the three catalytic systems 

reported by Meggers [Cp*Ru(cod)Cl], [CpRu(X-QA)(allyl)]PF6 (X = -H, -OMe or -NEt2) and 

[CpRu(X’-HQ)(Allyl)]PF6 (X’ = -H or CO2Me) to uncage various allyl-carbamate protected cargoes, 

either under physiological conditions or in cellulo. 50–57 In addition to using free complexes, different 

approaches have been pursued to expand the versatility of these Ru-based complexes. For example, 

the first coordination sphere has been subjected to many changes, from ligand functional group 

diversification to catalyst modification. Within functional group diversification, simple to complex 

variations have been attempted. Mascarenas and co-workers studied the ability of modified 

complexes to be accumulated in different cell compartments. This compartmentalization endows 

the cell with a different catalytic environment.58,59 In another approach, Duhme-Klair and co-

workers combined Ru2 derivatives with siderophores to enable endow the resulting catalyst to 

penetrate into the cytoplasm of Gram-negative bacteria.60 Many groups investigated the effect of 

modifying the catalyst’s second coordination sphere. Ward, Trefzer, and Tanaka investigated second 

coordination sphere effects through the assembly of artificial metalloenzymes (ArMs hereafter). 61–

69 Rotello and Zimmermann investigated the formation of immobilized Ru-catalysts on gold 

nanoparticles 70–74 or single-chain nanoparticles (vide infra).75,76  
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Capitalizing on the remarkable tolerance towards cellular debris present in cell lysate, other 

catalytic in cellulo applications of [CpRu]-derived complexes have been reported including: 

RuAtAC,77 [2+2+2] cycloadditions,78,79 Alder-ene reaction,79 redox isomerization. 80 These 

reactivities are also presented in this review. 

Despite the apparent diversity of biochemical applications for Ru-based complexes, the reported 

transformations for in cellulo applications predominantly involve ring-closing metathesis (RCM) of 

olefins,81 transfer hydrogenation,31–33 and the deallylation of alloc-protected substrates.20–22,37,38,58–

60,63,69,72,82–99 This review focuses on the reactions catalyzed by the three types of catalyst published 

by Meggers and co-workers: i) [Cp*Ru(cod)Cl], ii) [CpRu(X-QA)(allyl)]PF6 and iii) [CpRu(X’-

HQ)(Allyl)]PF6. In the following sections we discuss several applications of transformations 

catalyzed by Ru-based complexes, as well as some of their potential limitations. We also outline 

future perspectives for the improvement of these exciting yet complex systems. 

1.2 Study and development of the catalytic system 

 

Variation of the structures of the three piano stool complexes has opened the door to various in 

vitro, in cellulo, and in vivo applications. Various substrates were selected based on their specific and 

straightforward readout. These readouts are based either on the photophysical properties or on a 

biological response. The main readouts used in cellulo and in vivo catalysis are fluorescent 

detections, bioluminescent detection, auxotrophic rescue, and cell viability. The latter two last 

strategies rely on cell viability triggered by either the formation/release of an essential metabolite 

or an essential xenobiotic or by the release of a cytotoxic drug. A list of the Ru-based deallylation 

catalysts tested under biologically-relevant conditions is presented in Figure 2.  



CpRu-Catalyzed Deallylation Reactions for Biological Applications                                                                                       11 

 

 

Figure 2: Summary of the Ru-based deallylation catalysts presented in this review. 
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Some of the major challenges with in cellulo and in vivo catalysis include: i) determination of the 

localization and the concentration of the (active) catalyst, and ii) the quantification of product. We 

summarize below the most promising methods that have been developed and applied in this 

context. 

1.2.1 Development of new detection method for in cellulo and in vivo study. 

 

1.2.1.1 Fluorescence monitoring 

A straightforward means to quantify the concentration of an analyte in cellulo is to rely on 

monitoring a fluorescent signal. This signal can be produced either by i) the (uncaged) product itself 

or ii) the expression of a fluorescent probe that is up-regulated by an inducer which is results from 

the Ru-catalyzed deallylation reaction.  

In 2014, Mascarenas and co-workers used [Cp*Ru(cod)Cl] to catalyze the deallylation of alloc-

protected small DNA-binding molecules in cellulo.82 For this purpose, they selected a probe that 

becomes fluorescent upon deallylation and binding to the DNA of chicken embryo fibroblast (CEF) 

cells. Phenyl azo-pentadiamidine (8a), 4’,6-diamidino-2-phenylindole (10), and ethidium bromide 

(12) were selected as DNA binding molecules. The catalyst’s activity was determined for all 

substrates and their respective binding affinity, Scheme 5.   
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Scheme 5: Ru-catalyzed deallylation of DNA-binding probes: a) 7, b) 9 and c) 11 

As an extension of this work, Mascarenas and co-workers relied on Ru7 to accumulate in the 

mitochondria, thanks the presence of a phosphonium targeting moiety.58 Premliminary 

experiments revealed that catalyst Ru7 was much more active than of Ru1 for the deallylation of 

compound 1, Scheme 10. 

 

Scheme 10: Catalytic activity of Ru1 and Ru7 for the deallylation of substrate 1 

Next, the authors studied the compartmentalization in cellulo of two distinct metal-catalyzed 

reactions. The deallylation of pro-fluorophore 15 by Ru7, and the Au-catalyzed hydroarylation 

of the coumarin precursor 13 to afford 16, Scheme 6.59  
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Scheme 6: Bio-orthogonal metal-catalyzed reactions performed in cellulo. 

The fluorescent properties of select proteins as also been used for the quantification Ru-catalyzed 

deallylation. For example, Mayer and co-workers used the [CpRu]-catalyzed uncaging reaction to 

produce a non-canonical amino acid in E. coli triggering the production of the green fluorescent 

protein (GFP hereafter). The advantage of this method is the direct quantification of the catalytic 

activity via fluorescence. The in cellulo expressed GFP contains a non-cannonical amino acid (ncAA) 

which results from Ru-catalyzed uncaging of the corresponding alloc-protected ncAA, Figure 3.84 

 

                

Figure 3: Upon deallylation, the non-canonical phenylalanine amino (ncAA) acid is incorporated in 

a green fluorescent protein (GFP), enabling a direct readout of Ru-catalyzed deallylation in cellulo.  
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To compare the efficiency of various Ru-deallylation catalysts, Vrabel and co-workers used the caged 

resoruferins 21, 22, and 23 and determined the resulting fluorescence of resorufin 24 obtained 

under different catalytic conditions.98 The authors included a self-immolating ethylenediamine 

moiety between the protecting group and the resorufin fluorophore, Scheme 7. 

 

Scheme 7: Metal-catalyzed uncaging of resorufin via a self-immolating moiety. 

1.2.1.2 Bioluminescence monitoring 

Bioluminescence is the production and emission of light by a living organism. The light emitted by 

a bioluminescent organism is produced by energy released from chemical reactions occurring 

inside the organism. Capitalizing on this concept, a few groups have used this readout method to 

determine the efficiency of their catalytic system. Wender and co-workers reported a system relying 

on a [CpRu(OMe-QA)Allyl]PF6 Ru8 catalyst to uncage via deallylation the alloc-

aminoluciferine 25 to afford aminoluciferine 26 in the presence of 4T1 cells, a mouse breast cancer 

cell line, transfected with the gene of click-beetle luciferase, Scheme 8. Luciferase is an enzyme that 

catalyzes luciferin's conversion into oxyluciferin, accompanied with a luminescent signal. The 

authors could thus monitor in real-time the catalytic uncaging via luminescence spectroscopy.37  
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Scheme 8: Upon Ru-catalyzed deallylation of compound 25, the formation of various derivatives of 

aminoluciferine were detected, highlighting the complexity of the reaction. 

Ward and co-workers also have exploited the possibility of producing a bioluminescent signal to 

quantify the efficiency of their catalytic system.95 In this study, they used an ArM-based catalyst 

endowed with cell penetrative properties to perform the deallylation of compound 29. Upon 

deallylation, a gene-switch leads to the production of compound 30 and a photon, Scheme 9. This 

work will be discussed in the artificial metalloenzyme chapter. 

 

Scheme 9: ArM-based in cellulo deallylation of 29 followed by multiple biochemical pathways 

finally affording 30 and light, enabling the monitoring of the reaction. 

1.2.1.3 Auxtrophic rescue monitoring. 

Auxotrophy is the inability of an organism to produce a particular organic compound essential for 

its growth. Complementing the organism with a means to produce this compound enables to rely 

on selection to monitor the efficiency of the auxotrophic rescue. 53,83 The organic compound may be 

either be an essential metabolite or a xenobiotic, Figure 4.  
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Figure 4: Supplementing auxotrophic cells with an essential metabolite or xenobiotic enables to 

apply selection schemes to the assay. a) For a natural auxotroph, an essential metabolite is provided 

to the organism that is not able to biosynthesize it. b) Synthetic auxotrophs are engineered to 

require xenobiotics such as ncAAs or unnatural nucleobases. c) Implementation of a bio-orthogonal 

catalytic to perform an auxotrophic rescue.  

Balskus and Mayer have exploited this principle to develop different auxotrophic systems. Balskus 

relied on an E. coli auxotroph that could not produce p-aminobenzoic acid (PABA) as a result of a 

single gene deletion (either ΔpabA or ΔpabB), Figure 5a.53 Mayer and co-workers relied on a β-

lactamase variant (TEM-1.B9) whose ampicillin degradation capacity required  the presence of 

either 3-iodo-L-tyrosine (3iY) or 3nitro-L-tyrosine (3nY)). These xenobiotics were preduced via a 

Ru-catalyzed uncaging of the corresponding alloc-protected ncAAs, Figure 5b.83 

 

Figure 5: The two auxotrophic systems developed by Balskus and Mayer, respectively. 

a) Biosynthesis of aromatic metabolites in E.coli from chorismate.  b) pAddict plasmid containing a 
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-lactamase variant triggered when either 3iY or 3nY are incorporated. This selectivity is brought 

by an orthogonal translation system (OTS) selective for either of these ncAAs. 

Balskus and co-workers reported the use of a biocompatible uncaging reaction catalyzed 

by [Cp*Ru(cod)Cl] that converts alloc-PABA 31 into PABA 32 to rescue the auxotrophic E. 

coli strain, Scheme 10a. Mayer and co-workers relied on Ru8 to uncage of 33 and 34, Scheme 10b. 

They quantified the conversion of 33 into 3nY 34 by monitoring the culture's optical density (i.e. 

OD600).  

 

Scheme 10: Evaluating the efficiency of an auxotrophic rescue on different E. coli strains via two 

pathways. a) 31 Uuncaging of PABA 32 using [Cp*Ru(cod)Cl] and a 32-free M9 glycerol media. 

b) Uncaging of 33 using Ru8 as catalyst affording 34.  

1.2.1.4 Cell survival/viability monitoring. 

This method consists of determining the cell viability after treating cells with a pro-drug that, 

following its Ru-catalyzed uncaging, releases the active drug. The extent of viability (as determined 

by the OD600 enables the quantification of the catalytic efficiency. Different groups have adopted 

different strategies that rely on this method. Tanaka, Duhme-Klair and Rotello exploited this 

quantification method to estimate the efficiency of their system. Tanaka and co-workers have 
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developed an ArM-catalyzed deallylation of a pro-apoptotic peptide 35 which, upon deallylation, 

functionalizes the surface of the tumor cell SW620.69 As a result, the organism triggers the apoptosis 

of the corresponding cell, thus decreasing the cell viability of the tumor cells SW620, Scheme 11. 

This study was also applied in vivo, thus enabling the authors to quantify survival and tumor volume. 

 

Scheme 11: Cytotoxicity assay of HSA(cRGD)-Ru using SW620 cells. Deallylation of the pro-

apoptotic peptide 35 using HSA(cRGD)-Ru results in surface functionalization of SW620 and cell 

death. 

Similarly, Rotello and co-workers took advantage of this detection method to estimate the efficiency 

of their catalytic system for intra or extracellular catalysis.72 They developed nanoparticles that can 

either penetrate or not into HeLa cells. In addition, they evaluated the potency of ZnS-supported 

nanoparticles the same way, Scheme 12.100 These studies will be discussed in the corresponding 

part of the review. 
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Scheme 12: Application of the developed (Pos/Zw)-NP_Ru for the deallylation of pro-doxorubicin 

3 in the presence of HeLa cells and ZnS-based nanoparticles functionalized with [Cp*Ru(cod)Cl] 

for the deallylation of pro-mitoxantrone 36. 

Duhme-Klair and co-workers evaluated the possibility of catalyzing the deallylation of pro-drugs 

pro-moxifloxacin 38 and 39 into moxifloxacin 40. In this study, they used Ru17-21 aiming to 

increase their cellular uptake in E. coli cells, Scheme 13. They determined the most promising 

siderophore-ruthenium catalyst Ru18 resulting in the highest cell viability. 
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Scheme 13: Structure of the different components of the catalytic system used in this study. The 

alloc-protected forms of moxifloxacin 38 and 39 are uncaged and afford the antibacterial 

molecule moxifloxacin 40. Catalysis is performed using the siderophore Ru17-21, endowing the 

catalyst with cell penetrative properties. 

The previously described detection methods endow researchers with powerful tools to quantify the 

catalytic performance and optimize it. Capitalizing on these methods, many groups have worked on 

the improvement of three initial catalytic systems: i) [Cp*Ru(cod)Cl], ii) [CpRu(X-

QA)(allyl)]PF6, and iii) [CpRu(X’-HQ)(Allyl)]PF6.  

1.3 Further improvement of the catalytic activity via chemical modification of the 

catalyst 

 

1.3.1 Modification of the first coordination sphere of the complex. 

 

Few groups have worked on modifying the ligand to modulate the activity or the vectorization of 

the catalyst. These modifications rely on the variation of the bidentate ligand, either QA or 

HQ, via functional group modifications or by entirely modifying the bidentate ligand. The 5-Cp was 

also compared with 5-Cp* to estimate the influence of this ligand on catalysis. Relying on their 

elegant screening platform, see Figure 7, Mayer and co-workers screened a broad palette of 83of Ru- 

and Pd-based catalysts to determine which was the least cytotoxic and which led to the highest 

fluorescence resulting from the in cellulo expression of GFP, Figure 37.84  The catalysts Pd(OAc)2, 

[Cp*Ru(cod)Cl], [CpRu(MeCN)3]PF6 and [Cp*Ru(MeCN)3]PF6 proved less active than Ru2/4/6-9/12-

14. Importantly, the HQ-based catalysts Ru2/12-14 displayed marked cytotoxicity above a 12.5 

mM. Accordingly, the QA-based catalysts Ru4-8/2-7 (QA-based) are more attractive for work in the 

presence of E. coli cells, Figure 7. Whether such cytotoxicity is also observed with other cell types 

may be worthy of thorough investigation. 
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Figure 7: Screening platform developed by Mayer and co-workers enabling to determine the best 

biocompatible catalyst for the deallylation of alloc-protected ncAA 19. a) Catalytic deallylation of 

pro-ncAA 19. c) Yield and TON for the various catalysts at different concentrations are displayed as 

a fingerprint. 

The nature of the organic co-solvent appeared to influence the outcome of the reaction. The author 

determined that, combined with Ru8, DMSO gave the best results in the uncaging of 19. 

Importantly, Ru8 kept >50% of its initial activity after 3 hours of incubation prior to catalysis, 

illustrating its slow decay over time. The authors did not investigate other complexes' stability or 

further investigate the degradation mechanism of Ru8. Similarly, Okamoto and co-workers have 

screened multiple complexes to find the best candidate for their one-pot multiple peptide 

ligations.38 To develop this method, a library of complexes was synthesized to evaluate their 

catalytic potency toward the conversion of pro-peptide 41 into peptide 42 and, thus, their stability 

in the reaction conditions, Figure 8b and c. 
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Figure 8: Native Chemical Ligation (NCL)resulting from a Ru-catalyzed deallylytion of an alloc 

protected N-terminal cysteine, a) NCL mechanism.  b) alloc-protected peptide used in the 

study. (Gn·HCl = Guanidinium hydrochloride and MPAA = 4-mercaptophenylacetic acid). 

This screening campaign revealed that Ru1, Ru4, and Ru27 were the most efficient affording 70, 

56, and 72 TON, respectively (with a 1 % catalyst loading). The authors attributed the difference 

between Ru1 and Ru4 to a difference in electron density at the metal center resulting in higher 

stability of Ru4 towards 4-mercaptophenylacetic acid. The difference 

between Ru1/ Ru4 and Ru27 was suggest to result from steric hindrance, leading to a reduced rate 

achieved with Ru27 but increasing its stability towards MPAA. This study suggests that the higher 

electrophilicity of Ru1 and Ru4 increases the reactivity of the corresponding 3-allyl complexes 

towards nucleophiles and decreases the stability of the complexes towards MPAA. Interestingly, 

MPAA benefitted the catalysis by minimizing the transfer of an allyl moiety to the protein after 

deallylation.  

Mascarenas and Duhme-Klair modified the first coordination sphere of catalyst Ru1. They aimed to 

endow the catalyst with new properties like mitochondrial accumulation or cell penetration. 

Mascarenas and co-workers developed a derivative of Ru1 to favor its accumulation in 

mitochondria.58 One of the methyl groups of the amine moiety was replaced with a 

triphenylphosphonium moiety affording Ru7. This triphenyl phosphonium has been reported to act 

as a particularly efficient mitochondria-targeting moiety.101 For the preliminary experiment, the 

catalytic activity of the phosphonium-modified catalyst Ru7 was found to be much higher than that 

of Ru1, Scheme 15. The reasons for this difference remain to be clarified. Of note, both catalysts 
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were used in water, PBS, or lysates to convert the pro-rhodamin 1 into rhodamine 2 giving 2%, 2.5%, 

and 0.4% for Ru1 and 6%, 5%, and 5% for Ru7. 

 

Scheme 15: Substrate 1 was used as a test substrate to compare the deallylation activity 

of Ru1 and Ru7. 

An elegant strategy to render Ru-deallylation catalysts more cell permeable was explored by 

Duhme-Klair and co-workers. With this goal in mind, they used siderophores covalently linked to 

the catalyst aiming to increase the cellular uptake in E. coli, Scheme 13. They identified Ru18 as the 

most promising siderophore-ruthenium catalyst for this purpose. 

The improvement of the catalytic activity via modification of the second coordination sphere was 

explored by Ward, Tanaka, Trefzer, Rotello, and Zimmermann. Two distinct strategies were pursued: 

i) formation of artificial metalloenzymes and ii) formation of catalytic nanoparticles. 

1.3.2 Formation of artificial metalloenzymes 

 

Capitalizing on the versatility of the biotin-streptavidin couple, the Ward group has extensively used 

this system to assemble artificial metalloenzymes (ArMs hereafter). Linking a CpRu-moiety to a 

biotin ensures that, upon mixing with streptavidin, the metal is nearly irreversibly anchored within 

streptavidin. The deallylase activity of the ArM may be fine-tuned either by variation of the linker 

between the biotin and the CpRu moiety or by genetic engineering of the host protein. 

Although CpRu-deallylation catalysts have been reported to tolerate mM concentration of reduced 

thiols (e.g. glutathione), our initial studies focused on assembling and compartmentalizing the ArM 

either i) on the surface of Chlamydomonas reinhardtii or ii) E. Coli, or in the periplasm of E.coli, 

Figure 13. 96,102 These compartments contain significantly lower concentrations of reduced thiols 

and circumvent the challenge of importing the cofactor and substrate into the cytoplasm.   
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Figure 10 : Summary of the surface display strategies used to assemble ArMs at the surface of 

various cells. a) Surface functionalization of Chlamydomonas reinhardtii by a biotinylated moiety 

(1), thus allowing the supramolecular anchoring of Sav and the subsequent immobilization of a 

biotinylated cofactor forming the ArM at the surface of the cell (2). b) E. coli surface display strategy, 

Sav was genetically engineered at its C-terminus to include a truncated E. coli lipoprotein (Lpp) 

fused to the amino terminus of the five β-strand of the outer membrane protein OmpA β-strand 

from the five constitutive (1), thus allowing the assembly of the ArM at the surface by addition of 

the corresponding biotinylated cofactor (2). c) Catalytic uncaging of substrates 5 and 43 used in the 

different studies.  

Perhaps the most versatile feature of ArMs is the possibility of improving the catalytic 

performances (TON, ee, etc.) via the modification of amino acid residues in the proximity of the 

cofactor. For streptavidin (Sav hereafter), two positions are often selected for mutagenesis, e.g. 

S112, and K121, as highlighted by the X-ray the ArM Ru5 · S112M-K121A, Figure 11.  
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Figure 11: Close-up view of Ru5 · Sav S112M-K121A (PDB 6FH86161). The four monomers of Sav 

are displayed as color-coded accessible surface, the biotinylated cofactor Ru5 as stick with the Ru 

as a sphere. 

The potential of Sav E. coli surface-display was highlighted for the deallylation of various substrates, 

either affording a fluorescent coumarin 6, or for the upregulation of a protein as a result of the 

uncaging of m-aminophenol 44, which turns on the overexpression of the reporter GFP, Figure 10b 

and c. 90,96,102 Mutagenesis studies, relying on E. coli surface display, revealed marked differences 

with results obtained with purified Sav samples. Careful analysis of surface-displayed samples led 

us to conclude that the homotetrameric nature of Sav was sometimes compromised when Sav was 

displayed on the surface of E. coli.96 An alternative approach was reported by Gademan and 

cowokers, relying on Chlamydomonas reinhardtii. In this study, they covalently functionalized its cell 

surface with biotin. Next they added Sav, followed by the biotinylated catalyst Ru5. They could show 

that the resulting cells were endowed with deallylase activity, which could be monitored by the 

fluorescence resulting from the uncaging of coumarin 6.  

An alternative application of surface functionalization was reported by Tanaka and co-workers to 

target tumor cells. Their study used cRGD peptides-coated human serum albumin (HSA) as host 

protein for Ru10. cRGD peptides display high affinity for integrins, which are often overexpressed 

at the surface of tumor cells. As a result, the ArM accumulated on the surface of tumor cells. Next, 
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addition of a pro-apoptotic peptide 35 led to cell death as a result of deallylase activity by Ru10 · 

HSA(cRGD), Scheme 11. 69 Finally, the surface functionalization strategy Ru10·HSA(cRGD) 

combined with the pro-apoptotic peptide was applied for in vivo tumor therapy using mice bearing 

SW620 tumors. Co-injection of Ru10·HSA(cRGD and 35 revealed the suppression of tumor growth 

while used separately they did not influence its growth.  

In parallel to the E. coli surface-display efforts, compartmentalization of ArMs in the intracellular 

environment was investigated. While ArM-based cell surface catalysis was explored and developed, 

in the meantime, some investigations about intracellular ArM-based catalysis were undertaken. 

Two directions were followed: i) development of cell penetrative ArM and ii) periplasmic protein 

expression and subsequent formation of ArM in the periplasm. The Matile, Fussenegger, and Ward 

groups further teamed up to develop a cell penetrative artificial deallylase (ADAse hereafter) to 

perform catalysis in mammalian cells.95 They ensure cell penetration by fluorescence, Figure 14. 

Capitalizing on the tetrameric nature of Sav, the remaining biotin binding sites can be equipped 

with Ru5, thus ensuring the introduction of the ADAse in the cytosol of HEK 293 T-cells, Figure 12. 

 

Figure 12: Formation of the cell-penetrating ArM bearing a fluorophore for fluorescent monitoring 

and a polydisulfide peptide for the cell penetrative properties. 

They used HEK 293T cells that were engineered with a T3-gene switch consisting of two plasmids. 

The uncaging of the T3 hormone by Ru5 leads to the upregulation of luciferase (sec-nluc) via the 

binding of the T3 hormone to the TSR thyroid hormone receptor. The corresponding luciferase 
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expression levels were be monitored by the luminescent signal emitted in the presence of 

furimazine 29-2, which, as a result of sec-nluc releases the pyrazine 30, along with CO2 and a 

photon. In vitro screening of the ADAse revealed that Ru5·Sav S112A had the highest TON with the 

caged T3-substrate 29, Figure 13. 

 

Figure 13: An enzyme cascade within HEK 293 T cells. The fully assembled ADAse was introduced 

in the cells thanks to a fluorescently-labeled cell-penetrating polydisulfide. The deallylation of the 

caged T3-hormone by Ru5-based ArM upregulates the expression of sec-luc, which can be 

monitored by luminescence, using furimazine 29-2 as a substate. 

Capitalizing on this work, Matile and Ward improved the covalent disulfide exchange module 

responsible for the uptake of the ADAse in mammalian cells. For this purpose, they tested various 

benzopolysulfanes-based (BPS hereafter) cell-penetrating moieties.63 Upon varying the polysulfane 

ring size and the number of sulfur atoms, they identified the seven-membered ring pentasulfane 

BPS5 45. This cell-penetrating moiety was biotinylated and added to Sav. Next, the Ru5 cofactor 

was added to assemble the cell-penetrating ADAse affording 47. After incubation with HeLa Kyoto 

cells, and thorough washing to remove the cofactor in the medium, substrate 1 was added. Rapid 

appearance of fluorescence could be observed by fluorescence microscopy. Again, thorough control 

experiments led the authors to conclude that i) the ADAse is indeed internalized and ii) the uncaging 

event occurs in the cytosol of the HeLa Kyoto cells, Figure 14. 
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Figure 14:  Improvement of the in cellulo uptake of an ADAse based on the biotin-streptavidin 

technology. The screening of various benzopolysulfanes led to the identification of BPS5 45 as the 

most efficient. 

Another strategy to obtain cell penetrative ArM is incorporating them into cell penetrative capsules. 

Capitalizing on this concept, Trefzer and co-workers developed a nanoreactor using a self-assembly 

of encapsulin from M. smegmatis (StrepENCSM).68 This strategy allows the incorporation of an 

encapsulin-based nanoreactor containing an HaloTag-based ArM. This assembly of encapsulin and 

protein allows the structure to host an organometallic cofactor resulting in a nanoreactor. This 

nanoreactor was then used to perform new-to-nature reactions under biologically relevant 

conditions or in cellulo. The nanoreactor was assembled by the encapsulation of HT as host protein 

incorporating a ruthenium-based cofactor Ru16 forming StrepENCSM{HT-Ru16}  used for the 

deallylation of 48, Figure 15.   

 

Figure 15: Catalytic deallylation of alloc-protected methyl-aminocoumarin and catalytic activity 

comparison of the different constituents of the nanoreactor a) Catalytic deprotection of alloc-

aminocoumarin. b) Comparison of the activity of the nanoreactor encorporating the ArM. 
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A drastic increase in activity was observed when the reaction was performed under anaerobic 

conditions, highlighting that the cofactor is not extremely air-tolerant. However, the 

encapsulation of the cofactor is beneficial for the stability of the cofactor. This nanoreactor 

construct was applied to in cellulo catalysis on mouse monocytes J774A.1. They incubated a 

monolayer of cells with StrepENCSM{HT-Ru16} for 24 hours and, after washing the cells, added 

pro-methylcoumarin 48 to the cell supernatant. The corresponding blue fluorescence resulting 

from uncaged aminocoumarin 49 was observed in the cells in the shape of a vesicle formed by 

with StrepENCSM{HT-Ru16}, highlighting the potency of this nanoreactor. Indeed, using 

Ru16 alone, no fluorescence could be detected in cellulo. 

Another strategy explored by Ward and Jeschek to perform in cellulo catalysis with ArM is to 

express Sav directly in the periplasm of E. Coli. They combined this strategy with a double 

mutant library containing the four hundred Sav isoforms resulting from saturation mutagenesis 

at positions Sav S112X-K121X’ for the deallylation of caged aminocoumarin 5 and alloc-indole 

50, Figure 16a. 65 As can be appreciated, the identified best mutants for both substrates were 

quite similar, highlighting the broad substrate scope of the ADAse, compartmentalized in the 

periplasm of E. coli. Most importantly, the double mutants identified in the in cellulo screening 

could be validated with purified Sav variants. Up to 15-fold improved activity vs. Sav WT could 

be found for the uncaging of aminocoumarin 5 in the presence of Ru5 · Sav S112M-K121W, 

Figure 16. 
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Figure 16: Directed evolution an ADAse based on the biotin-streptavidin technology a) Substrates 

selected for the deallylation reactions. b) Heat-map of the cell-specific activity of the 400 double 

mutant ADAses at positions 112 and 121 normalized to the activity of the wild-type Sav (S112-

K121). c) Structure of the biotinylated Ru-cofactor Ru5 used in this study. d) Activity distribution 

in the Sav mutant library for the two ADAses reactions. Violins comprise 400 double mutants, with 

the 10 most active ArMs depicted as circles. e) Validation of in cellulo hits from the 400 mutant 

screens, using purified Sav double mutants. The amino acids designate mutants in positions 112 

and 121. 

This extensive library of 400 mutants can be screened in only one week using an automatized 

sequence of three steps: incubation with the cofactor, washing, and substrate addition. Up to eight 

96-well plates can be screened simultaneously. Nevertheless, this high-throughput screening 

platform faces time and material limitations as the number of mutations increase. For example, 3 

simultaneous mutation sites result in 8000 possible mutants, and 4 mutation sites result in 160000 
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possible mutants, which would take more than a lifetime to screen with the previously described 

methodology. Ward and Dittrich explored fluorescence-activated cell sorting (FACS) to address this 

challenge. For this, water-in-oil-in-water double emulsions droplets (DEs) produced by 

microfluidics allowing ultra-high-throughput screening were used.93 To validate the potential of this 

methodology, the Ward and Dittrich groups selected the ADAse based on the biotin-streptaviding 

technology, Figure 17. 

 

Figure 17:  Directed evolution of an ADAse using a microfluidics-based screening assay. a) Steps 

required to implement a high-throughput screening of an E.coli library endowed with ADAse 

activity. b)  ArM’s assembly in the periplasm of E. coli and the catalytic deallylation of caged 

coumarin 5. 

Despite the high dilution of the cells required to minimize the encapsulation of > 1 E. coli cell per 

droplet, roughly 1200 E. coli cells can be incorporated in Des per second, thus enabling the 

screening of large libraries in a fully automated fashion. For example, a 1 million variant library 

would require less than 15 minutes to be analyzed and sorted by FACS with this methodology.  This 

strategy was tested with the 400 double mutant library that was developed for the streamlined 96 

well plate screening, Figure 16b. By subjecting the same 400 mutant library to the DE microfluidic 

screening and sorting by FACS, we were delighted to identify the same five best mutants, that were 

identified during the 96 well plate screening, Figures 16 and 18.  
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Figure 18: Screening results comparison between DEs and 400-variant library. a) ArM catalyzed 

deallylation. b) fluorescence profile of the DE sorting by FACS. C) Heat-map resulting from the 

FACS sorting, followed by next-generation sequencing to determine the ADAse activity of each DE 

droplet. d) Comparison of the five best mutants determined by DEs FACS sorting and the 400-

variant library. 

The use of ArM presents numerous exciting features like increased cofactor stability, 

enantioselectivity, and increased TON, for example. Moreover, many proteins have been described 

as potential host proteins for forming ArM.103–110 Nevertheless, one of the limitations of the ArM 

technology is the need to synthesize the corresponding cofactor. Each cofactor requires a specific 

anchoring system with one linker and a metal catalyst. To accelerate the assembly of ArMs is to 

anchor the CpRu moiety to an aminoacid directly bound to the protein scaffold. With this goal in 

mind, the Ward group evaluated the potential of unnatural, unnatural amino acids (UAA). For this 

purpose and inspired by the Ru2 cofactor bearing a hydroxyquinoline ligand reported by Meggers, 

the Ward group evaluated the potential of two UAAs equipped with a hydroxyquinoline moiety 

(either HQ-Ala1 and HQ-Ala2, respectively).111,112 Using a Halotag protein (HT) endowed with 



CpRu-Catalyzed Deallylation Reactions for Biological Applications                                                                                       34 

 

either HQ-Ala1 or HQ-Ala2 in combination with an equivalent of [CpRu(MeCN)3]+. Three 

positions (F144, A145, and M175) in the hydrophobic cleft of Halotag were mutated with HQ-

Ala1 either HQ-Ala2. The resulting six ADAses were tested for the uncaging of caged coumarin 5, 

Figure 19. Compared to wild-type (WT) HT treated with [CpRu(MeCN)3]PF6 and 5, the increase in 

fluorescence was only modest: five for WT vs. eight HQ-Ala1 TON after eight hours, Figure 19. 

Strikingly, the Ru concentration (by ICP-MS) only differs by 20%, between WT-HT and HQ-Ala1-HT, 

suggesting that the [CpRu(MeCN)3]PF6-binds to multiple Lewis-basic residues on the surface of HT. 

The corresponding CpRu-HT are capable of uncaging the aminocoumarin 5, albeit with very modest 

TONs.  

 

Figure 19: An ADAse based on incorporating a hydroxyquinoline-bearing unnatural amino acid in 

HaloTag. a) HQ-Ala1 or HQ-Ala2 are incorporated into HaloTag by amber stop codon suppression. 

Incubation with [CpRu(MeCN)3]+ affords an ADAse b) Deallylation reaction catalyzed by the ADAse 

to afford aminocoumarin 6. c) Cartoon representation of a crystal structure of HaloTag (PDB: 

5Y2Y102). d) Structures of the two metal-chelating UAAs used in this project. e)  Close-up view of  
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the hydrophobic binding cleft of HaloTag (PDB: 6U32103) highlighting the positions  selected for 

incorporation of of HQ-Ala1. f) Fluorescence monitoring of the uncaged aminocoumarin 6 in the 

presence of HaloTag-WT, HaloTag-F144-HQ-Ala1, HaloTag-A145-HQ-Ala1 and HaloTag-M175-HQ-

Ala1. 

1.3.3 Catalytic nanoparticles loaded with Ru-based deallylation catalysts 

 

Toward new in cellulo applications of Meggers-type catalysts, Rotello and co-workers and 

Zimmerman and co-workers have compartmentalized ruthenium catalysts within nanoparticles 

(NPs).72,85–89,113,114 This methodology was previously evaluated – albeit without the ruthenium 

catalyst–  to enable DNA or drug release resulting from different triggers.115–118 Rotello and co-

workers developed a protein-sized catalytic system based on a gold nanoparticle core endowed 

with functional monolayers.86 These monolayers consist of three essential components, Figure 20a-

b: 

1. A hydrophobic alkane chain for the catalyst encapsulation 

2. A tetra(ethylene glycol) unit to provide biocompatibility119 

3. A dimethyl-benzyl ammonium group to ensure water solubility and to enable binding to the 

non-toxic Cucurbit[7]uril (CB[7] here after) acting as a gate-keeper 120,121 

To evaluate the potential of these NPs, the authors selected the ruthenium-catalyzed deallylation 

applied to different substrates, as displayed earlier in this review. Rotello and co-workers assembled 

catalytic nanoparticles by immobilizing a ruthenium catalyst in an AuNP. The ruthenium 

catalyst [Cp*Ru(cod)Cl] is located in the hydrophobic monolayer of the NP, affording the 

corresponding NP_Ru. They introduced a gatekeeper by shielding the surroundings of the active 

with CB[7], affording NP_Ru_CB[7]. Upon adding 1- adamantylamine (ADA), which binds tightly to 

CB[7], upregulates the deallylation activity of the NP_Ru_CB[7], Figure 20c.  
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Figure 20: a) NP, catalyst embedded in the NP giving NP_Ru, and CB[7]-capped catalyst-embedded 

NP_Ru affording NP_Ru_CB[7] and the regeneration of the catalytic activity via the use of 1-

adamantylamine ADA. b) Structure of the different constituent of the 

nanoparticules. c) Intracellular catalysis with NP_Ru converting the caged dye 1 into Rhodamine 2. 

Another way to modulate the activity of the NP_Ru is to modify the monolayer, Figure 21a, c-d. The 

structure of the protecting monolayer is affected by various non-covalent interactions. i) The long 

hydrophobic segments interact with each other via attractive van der Waals forces ii) The 

alkylammonium groups experience electrostatic repulsion with neighboring cationic groups. These 

two opposite forces govern the degree of compaction of the nanozyme monolayer and, as a result, 

their kinetic behavior. Rotello and co-workers investigated the influence of the hydrophobicity of 

the alkyl group of the ammonium group on the catalytic activity.71 Various alkyl and aryl groups 

were evaluated. Only TTMA, DMBzA, and DMTolA were soluble in PBS and thus selected, Figure 

21b. The hydrophobicity of the alkylammonium group influenced the kinetic behavior, the size of 

the nanozyme (NZ) and the ruthenium uptake was modified. 
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Figure 21: Schematic representation of the NPs.  a) Structure of the NP scaffolds endowed with an 

ammonium group. Counteracting forces affecting the degree of compaction of the NP_Ru. b) 

Structure of the different constituent of the NPs as well as the different alkyl group used to modulate 

the compaction of NP_Ru.  c) Uncaging reaction of pro-rhodamine 1 used in this study to validate 

the concept.  

 

As reported by Rotello and co-workers, an increasing concentration of substrate for TTMA-NP_Ru 

DMBzA-NP_Ru, DMMTolA-NP_Ru as well as DMBzA-NP_Ru leads to a decrease in reaction rate as 

well as substrate inhibition. The authors hypothesize that at high substrate concentration, non-

selective binding of the substrate with empty/inactive cavities in the NP produces antagonistic 

effects, reflected by allosteric regulation of catalysis. In contrast, DMTolA-NP_Ru displays 

Michaelis-Menten saturation kinetics with no substrate or product inhibition. These results suggest 

that higher monolayer compaction from increased hydrophobicity leads to a classical Michaelis-

Menten behavior.  Next, Rotello and co-workers modified the alkylammonium headgroups to favor 

cellular uptake of NZs, thus enabling either intracellular- or extracellular catalysis.72 To achieve this 

goal, the ammonium headgroups were modified to be either positively charged (Pos-NP_Ru) or 

zwitterionic (Zw-NP_Ru), Figure 22a. In the former case, cellular uptake occurs, thus leading to 

intracellular catalysis. In the latter case, the Zw-NZ does not penetrate cells, leading to extracellular 

catalysis, Figure 22b. 
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Figure 22: The charge of the ammonium headgroups of NP_Ru enable the localization of 

catalysis. a) Structure of the charged NP_Ru. b) Substrates used for intra- or extracellular 

(Pos/Zw)-NP_Ru-catalyzed uncaging. c) The surface charge of (Pos/Zw)-NP_Ru determines the 

level of internalization and thus the localization of the uncaging reaction. 

Firstly, the activity of these (Pos/Zw)-NP_Ru was evaluated and compared to the corresponding 

(Pos/Zw)-Au_NP and the substrate alone. Only the condition (Pos/Zw)-NP_Ru + 1 leads to an 

increase in fluorescence. Secondly, confocal microscopy was performed, and analyzed the reactions 

in the presence of living cells. The caged substrate 1 and 53 were selected according to two criteria: 

i) significant differences in emission wavelength to identify unambiguously both fluorophores ii) 

different cell penetration properties (1 can penetrate the cells while 2 cannot) to monitor extra- 

versus intracellular catalysis. The compartmentalization of catalysis could be readily monitored, 

confirming the validity of the designed systems. Next, they used the caged doxorubicin 3 to 

afford doxorubicin 4 in the presence of the (Pos/Zw)-NP_Ru in HeLa cells, Scheme 16. The 

confirmed that intracellular catalysis is more efficient than extracellular catalysis for releasing 

doxorubicin. 

 

Scheme 16: Application of the developed (Pos/Zw)-NP_Ru for the deallylation of caged 

doxorubicin 3 in the presence of HeLa cells. 
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In 2020 Rotello and co-workers demonstrated the possibility of controlling the extracellular 

catalytic activity of the NP_Ru through binding to a protein to form Corona-NP_Ru, Figure 23.74 The 

interaction between the protein and the corresponding NP_Ru govern the subsequent denature and 

thus the corresponding intra or extracellular activity. Formation of a hard corona structure 

from NP_Ru-1 and the protein that inhibits the extracellular activity. Formation of a soft corona 

structure from NP_Ru-2 and the protein that reduced extracellular activity. Corona-free-NP_Ru-

3 displaying high extracellular activity and enable to interaction the protein. 

 To study the efficacy of the different nazozymes, [CpRu(8-HQ)(allyl)]PF6 was selected as it was 

reported by Meggers to be more active for the in cellulo deallylation of allyl-carbamate protected 

cargoes. 49 
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Figure 23: The interaction of NP_Ru with serum proteins determines the cellular uptake and 

deallylation properties of the nanozyme. 

 

The length of the linker (the part between the thiol and the charged moiety) modulates the 

interaction between the serum protein and the hydrophobic surface, thus influencing the degree of 

protein denaturation. The shorter the linker, the more pronounced the denaturation, i.e. higher 

denaturation for Corona-NP_Ru-1 than for Corona-NP_Ru-2. The sulfonate group in NP_Ru-

3 prevents protein interaction thus preventing Corona-free-NP_Ru-3 preventing internalization 

in cells via endocytosis. The catalytic activity of these NP_Ru was evaluated for the deallylation 

of pro-rhodamine 1, Scheme 17. The authors used bovine serum albumin as an interacting protein 

to form the corresponding corona scaffold. The catalytic efficiency of Corona-NP_Ru-

1 and Corona-NP_Ru-2 is reduced in the presence of plasmatic proteins in agreement with the 

compaction degree expected by the authors. 

 

Scheme 17: Influence on bovine serum on the uncaging efficiency of Ru-loaded nanoparticles.  

 

The reversibility of the corona scaffold formation was explored.  Treatment of the Corona-

NP_Ru with trypsin led to the recovery of catalytic activity. Adding a trypsin inhibitor minimized 

the digestion of the corona protein, thus minimizing the NZ activity, Figure 24. 
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Figure 24:  Upregulation of deallylation catalysis by NZ surrounded by a protein corona. 

 

The reversibility of the binding of the corona-protein is very promising for in cellulo catalysis as it 

enables the controlled release of a drug, as highlighted with HeLa cells. Importantly, the design of 

the linker may allow modulating the compaction of the NZ. This, in turn, regulates the degree of 

silencing and partly restores the catalytic activity. After varying different parameters on their 

Au_NP, Rotello and co-workers developed ZnS-based nanoparticles for the deallylation of either 

pro-rhodamine 1 or pro-mitoxantrone 52, Figure 18.100 They observed lower cytotoxicity from ZnS-

based nanoparticles and a high degradability compared to their previous system based on Au_NP. 

Furthermore, they capitalize on the effect of thiols to rationalize the increase of catalytic activity 

when [Cp*Ru(cod)Cl] was taken up by ZnS since their degradation releases thiolate surface thus 

acting as nucleophilic surfaces. 
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Scheme 18: ZnS-based NZ for the [Cp*Ru(cod)Cl]-catalyzed in vivo uncaging of fluorophores and 

drugs as promising substitute for Au_NPs.  

 

In a similar manner using nanoparticles, Zimmerman and co-workers. Examined the potential of 

single-chain nanoparticles (SCNPs hereafter) for tandem catalysis.75  The triblock oligomer 56 was 

synthesized via reversible addition-fragmentation chain-transfer polymerization (RAFT) by amine-

functionalization of pPFPA100 with the sequential addition of building blocks 54, 55, and Jeffamine 

M-1000. The catalytic activity of SCNP Ru15 was installed by treatment 

of 56 with [CpRu(MeCN)3]PF6 in MeCN and was monitored by 1H NMR, Scheme 19. 

 

 

 



CpRu-Catalyzed Deallylation Reactions for Biological Applications                                                                                       43 

 

Scheme 19: Synthesis and installation of catalytic activity of SCNP upon addition of 

[CpRu(MeCN)3]PF6 to the triblock copolymer bearing alloc-protected hydroxyquinoline moieties. 

Next, the catalytic performance of Ru15 was compared to that of the free catalyst Ru3, Scheme 20. 

 

Scheme 20: The deallylation of caged aminocoumarin 48 catalyzed by either Ru3 or Ru15, 

highlighting the potency of SCNP for catalysis. 

The results reveal that the hydrophobic cavity provided by Ru15 benefits catalysis. Accumulation 

of the substrate in the hydrophobic pocket of the polymer-embedded catalyst Ru15 increases the 

local concentration of the substrate. This is reflected by an increase in the deallylation rate. The 

sugar-protected umbelliferone 57 can be involved in tandem catalysis, beginning with the 

deallylation affording 58 which, gets deglycosylated with β-galactosidase (β-gal), Scheme 21. 

 

Scheme 21: Tandem catalysis using Ru15 or Ru3 and β-gal to afford methyl-umbelliferone 49 as a 

result of Ru-catalyzed deallylation, self-immolation and deglycosylation. 

One limitation of the previous study is the covalent anchoring of the CpRu-moiety within the SCNP, 

which limits possible variation of the catalyst. To circumvent this limitation, Zimmerman and co-

workers anchored via non-covalent interactions the CpRu moiety to the SCNPs. They used it for 
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uncaging purposes under biologically-relevant conditions. These were equipped with non-

covalently anchored Ru14, Scheme 22.  

 

Scheme 22:  Development and application of the SCNP strategy for catalysis. a) synthesis of the two 

SCNP scaffolds with varying degrees of hydrophobicity 60 and 61 for the supramolecular anchoring 

of CpRu-based deallylation catalysts. b) Ru-catalyzed deallylation reaction of caged coumarin 48 

was performed under biologically-relevant conditions. c) Structure of Ru14.   

It is hypothesized that SCNPs are monomeric below the critical micellar concentration (CMC). The 

NZ Ru29 –which consists of Ru14 + 60 was selected as it proved more active 

than Ru30 (Ru14 + 61). Supramolecular anchoring was ensured by tethering a naphthyl-moiety to 

the Ru3 to afford Ru14. The catalyst modification with a hydrophobic side chain increases its 

uptake by SCNP 60, as reflected by the catalysis results. GSH, proposed to act as a nucleophile in the 

deallylation reaction, was added to the medium to mimic the cytosol.  

As the NZs can be tuned to penetrate the cells, many applications may be envisioned, including 

auxotrophic rescue and biochemical pathway regulation. A possible application of SCNPs could be 

the addition of a chiral moiety in the single polymer chain, which could endow the nanoreactor with 

a chiral environment that could enable enantioselective catalysis. 

1.4 Diversification of the chemical reactivity of previously described catalysts 

 

In addition to their allylic-substitution catalytic activity, CpRu-based catalysts have proven versatile 

for a variety of in cellulo catalyzed transformations.  
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The first report of a new chemical transformation catalyzed by [Cp*Ru(cod)Cl] was described by 

Teply and co-workers. They demonstrated the potential of [Cp*Ru(cod) Cl] to catalyzed [2+2+2] 

cycloadditions in different media.79 They observed that the [2+2+2] cycloaddition of alkyne 62 is 

air-tolerant and proceeds in aqueous media, Scheme 24a. They extended the scope of [2+2+2] 

cycloaddition to synthesize pyridine derivatives from alkyne 64 and malonitrile 65, Scheme 24b. 

Also, alder-ene type reaction was performed with alkyne 67 and vinyl alcohol 68 affording a 

mixture of aldehydes, Scheme 24b-c. They also attempted enyne-diazo fusion with the alkyne 72 

and the diazo compound 73 to afford bicyclic cyclopropanes aiming to extend the scope of bio-

tolerant transformations catalyzed by [Cp*Ru(cod)Cl], Scheme 24d. The main challenges 

encountered with the above reactions was related to the low solubility of the substrates, products, 

and catalysts. They eventually developed a [2+2+2] cycloaddition using the dicationic water-

soluble tri-yne 76 in E. coli cell lysates with 1% acetone to solubilize the catalyst [Cp*Ru(cod)Cl], 

Scheme 24e. 

 

Scheme 24: Applications of [Cp*Ru(cod)Cl] for cycloaddition reactions. 
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All transformations gave yield ranging from 52% to 76% from isolated yield, even in cell lysates.122 

This work paved the way for diversifying Ru-based catalyst uses in biologically relevant mediums. 

Capitalizing on this work, Mascarenas and co-workers reported on an intracellular Ru-catalyzed 

[2+2+2] cycloaddition reaction to afford a variety of fused polycyclic compounds.123 As polycyclic 

compounds, anthraquinones appeared as attractive targets as i) their aggregation results in an 

increase in fluorescence (i.e. aggregation-induced emission), and ii) they are not internalized in 

cells. Additionally, anthraquinones are bioactive, and their current therapeutic use includes 

constipation, arthritis, multiple sclerosis, and cancer.124 They selected di-yne 77 and ene-yne 78 as 

they both accumulate in HeLa cells, and the resulting fluorescent anthraquinone 79 can easily be 

monotored, Scheme 25.   

 

Scheme 25: [2+2+2] Cycloaddition of 77 with 78 in HeLa cells using either [Cp*Ru(cod)Cl] or Ru7 

to afford 79 which aggregates and produces fluorescence. 

Aiming to diversify the chemical versatility for in cellulo catalysis, Mascarenas and co-workers 

demonstrated the efficiency of a Ru-based catalyst for Ruthenium(II)-promoted azide-thioalkyne 

cycloaddition (RuAtAC).77 Click chemistry is a powerful method to functionalize biomolecules 

thanks to its high chemoselectivity. For example, the copper-catalyzed azide-alkyne cycloaddition 

enables the modification of peptides, nucleic acids, and carbohydrates. In addition, they observed 

that RuAtAc occurred without cross-reactivity with CuAAC rendering these two processes bio-

orthogonal. Capitalizing on this finding, they developed an in cellulo tandem CuAAC/RuAtAc 

reaction within E. coli cells, Scheme 26. 
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Scheme 26: Tandem CuAAC/RuAtAc cascade enabled by the bio-orthogonality of the two metal-

catalyzed processes. (with Anthr = anthracene). 

Finally, Mascarenas reported an elegant Ru-catalyzed in cellulo redox-isomerization of allylic 

alcohol 84 to afford the fluorescent ketone 85, Scheme 27.125 Interestingly, the selected Ru(IV)-

complex proved suitable for the redox isomerization of an allylic alcohol in HeLa cells. The 

mechanism of the reaction is not fully elucidated, but the authors hypothesized that the reaction is 

initiated via aquation of the precatalyst, followed by coordination of the allylic alcohol. Follows a -

hydrogen abstraction and migratory insertion to afford the corresponding ketone 85.  

 

Scheme 27: Biocompatible, redox-neutral allylic alcohol isomerization, catalyzed by a Ru(IV)-

catalyst.   

1.5 Reported and future applications 

 

1.5.1 In vitro catalysis 

The development of in vitro catalytic reactions represents an important milestone towards in 

cellulo catalysis. These inspiring results have inspired the scientific community to highlight the 

tolerance of CpRu-based catalysts towards complex biological media.  
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All transformations gave yield ranging from 52% to 76% from isolated yield, even in cell lysate 

medium containing thiols known to poison metal-based catalysts.122 This work paved the way for 

diversifying Ru-based catalyst uses in biological media. 

Protein functionalization is a field of high interest as such minor modifications often significantly 

affect the biological response of the protein. For example, the methylation of histone lysines has 

been shown to induce gene silencing or activation. 126,127 In 2010, Schultz and co-workers 

investigated the possibility of deallylating alloc-methyl lysine in modified myoglobin using 

[Cp*Ru(cod)Cl], Scheme 28.99  

 

Scheme 28: [Cp*Ru(cod)Cl] catalyses the deallylation of an alloc-protected lysine in myoglobin. 

The expression of a protein bearing an alloc- protected UAA (lysine here), followed by its catalytic 

uncaging, highlighted the possibility of performing this type of reaction on proteins in an aqueous 

media.  

1.5.2 In cellulo catalysis 

Researchers have worked for decades on developing and applying in cellulo new-to-nature 

reactions. This field opens the door to implementing the unnatural chemical pathway within living 

entities, endowing them with new features. A direct pharmaceutical application in cellulo catalysis 

is the possibility of releasing a drug from a pro-drug in the organism using new-to-nature catalysis. 

Ideally, the pro-drug should be significantly less cytotoxic and should not be metabolized by the 

organism, offering temporary protection during its vectorization. This is one possible application 

among many others rendering this research topic significant. Different readouts have been 

developed, rendering the in cellulo catalytic activity quantification accessible. It should be 

emphasized however that fluorescence readout in a cellular environment can be viewed as semi-

quantitative at best. 
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Mascarenas and co-workers have applied their DNA-intercalating deallylation reaction on chick 

embryo fibroblast cells.82 For their in cellulo study, they selected substrates 9 and 11 as the 

corresponding DNA-intercalating products 10 and 12 are fluorescence, Scheme 5. Importantly, the 

products 10 and 12 display a characteristic emission pattern upon intercalation in DNA. They then 

studied the possibility of compartmentalizing the catalyst within HeLa cells.58 Ru7 was developed 

to accumulate in the mitochondria of HeLa cells, but Ru7 was challenging to detect since its 

spectroscopic characteristics do not allow direct visualization. Thus, they developed Ru28 to 

highlight its accumulation in the mitochondria, Scheme 29.  

 

Scheme 29: Structure of the pyrene derivative of the ruthenium complex Ru28, leading to 

accumulation in the mitochondria and enabling a strightforward visulation. 

Capitalizing on this work, they revealed the possibility of simultaneously performing two 

orthogonal reactions within one HeLa cell.59 The Au-catalyzed reaction took place in the periplasm 

of HeLa cells, while the Ru-catalyzed reaction took place in the mitochondria, Scheme 6.  

Additional limitations were reported in cellulo by different groups. Wender and co-workers 

developed a bioluminescent readout system in 4T1 cells possessing the gene of click-beetle 

luciferase, allowing them to produce bioluminescence as a result of the uncaging of substrate 25 to 

afford the bioluminescent aminoluciferin 26.37 During their study, they observed the formation of a 

side product arising from a side reaction of 26 on the CpRu(3-allyl) intermediate, affording 27 and 

28. To minimize the formation of these undesirable allylation products, the authors evaluated the 

effect of pH, temperature, buffer, and external nucleophile, Scheme 30. 
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Scheme 30: Product distribution from the Ru-catalyzed cleavage of alloc-luciferine 25. In the 

presence of L-cysteine, the conversion of 25 to 26 using Ru8 decreases but prevents the formation 

of a side allylated product. 

To estimate the TON in cellulo, the authors incrementally varied the concentration of 

substrate 26 while maintaining the concentration of the catalyst. The increase in luminescence was 

correlated to the increase in substrate 26 concentration, suggesting that the reaction is indeed 

catalytic. The experimental setup also strongly suggested that, under their reaction conditions, the 

catalytic deallylation step took place extracellularly, which contrasts with Meggers's findings. 

Another limitation encountered by Mayer, Vrabel, Tanaka, and Duhme-Klair is related to i) the 

stability of the CpRu-complexes in the presence of air, and ii) the observed cytotoxicity of the CpRu. 

In their study in E. coli, Mayer observed that Ru2, Ru11-13 catalysts are cytotoxic, Figure 2. He 

additionally found that the activity of the QA-based catalysts decay upon exposure to air. Similar 

observations were reported by Vrabel and co-workers while performing the Ru3-catalyzed 

deallylation of substrates 21, 22, and 23 in HeLa cells.98  They observed a decrease in the catalytic 

activity complex Ru3 was incubated in air for 1 hour prior to catalysis.  They also determined that 

Ru3 has cytotoxicity with IC50 = 70 mM for HeLa cells. While developing the ArM-based surface 

functionalization of SW620 cells, Tanaka and co-workers observed that the catalytic activity of 

Ru10 disappeared after 2h upon exposure to air. Additionally, they observed that an ArM, resulting 

from anchoring Ru10 in HSA is markedly more stable towards air that the free cofactor. Finally, 

Duhme-Klair and co-workers, compared the Ru2-catalyzed deallylation of pro-moxifloxacin 38 with 

and without air, concluding that the catalyst is indeed air-sensitive. Accordingly, they focused their 
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subsequent work on hypoxic environments, such as intestinal bacteria, including E. coli K12, 

Scheme 13. 

1.5.3 Critical analysis of the potential of in vivo catalysis for therapeutic applications 

Among the diverse cellulo applications mentioned in this review, the controlled release of a 

cytotoxic drug through catalytic uncaging of a non-toxic prodrug to treat cancer is arguably the most 

promising but perhaps the most challenging. The catalytic deallylation strategy may fill a gap in 

personalized medicine by circumventing some challenges in chemotherapies based on antibody-

drug conjugates (ADCs). ADCs, consist of a cytotoxic (or cytostatic) drug appended to an antibody 

with a high affinity for an antigen overexpressed by cancer cells. This antigen is usually a protein 

expressed at the cancer cell's surface. Following administration of the ADC to the patient, the 

antibody accumulates at the tumor site and is subsequently internalized by cancer cells. The 

cytotoxic drug is then released inside the cell, thus providing a cancer-targeted effect while sparing 

healthy tissues. While several ADCs have reached the market, demonstrating their high therapeutic 

potential, this strategy has flaws. ADCs are known to poorly and slowly diffuse in the highly-dense 

tissues characterizing solid tumors, preventing the drug from reaching some tumors. This poor 

penetration is partly due to the capture of the ADC in perivascular tumor cells, a phenomenon often 

referred to as the “binding site barrier effect”.128 They have also been associated with off-target 

toxicity due to a premature release of the drugs.129 Moreover, the number of drug molecules that 

can be appended to the antibody without compromising its binding affinity is limited. In 

commercialized ADCs, this drug-antibody ratio rarely exceeds 4.130 Replacing the cytotoxic payload 

in ADCs with a catalyst able to convert a virtually unlimited number of non-toxic prodrugs into 

chemotherapeutic drugs appears as a logical step up. This strategy is not exactly new, with the 

first in vivo examples of antibody-directed enzyme prodrug therapies (ADEPT) dating back to 

1988.131 However, in ADEPT, the catalytic unit consists of an enzyme, often of bacterial origin. In 

addition to the potential immunogenicity of this enzyme, the size of these antibody-enzyme 

conjugates may hamper their diffusion in cancer tissues to an even greater extent than for ADCs.132 

But as highlighted in this review, metal-based catalysts have recently demonstrated their efficiency 

in biological environments, including mammalian cells.133,134 To date, most of the proof-of-concepts 

were demonstrated in isolated 2D mammalian cell cultures. However, examples demonstrating a 

real therapeutic potential in animal models remain scarce.135,136 This is probably due to additional 

challenges. First, plasma is a highly complex and oxygenated medium containing a high 
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concentration of plasmatic proteins, which can deactivate the catalyst and prevent the prodrug from 

coming into contact with the catalyst. One could argue that promising results were previously 

obtained in mammalian cell culture media. However, these media usually contain only up to 10% of 

serum. Secondly, the reaction must be compatible with very low concentrations of the catalyst. As 

mentioned earlier, antibodies diffuse poorly in tumor tissues. Therefore, the catalyst concentration 

that can be realistically accumulated in the tumor is expected to be extremely low. In vivo data 

acquired using radiolabeled therapeutic antibodies suggest that of the injected dose, only 0.01%/g 

of tissue eventually reaches the inside of the tumor. This would correspond to a maximal antibody 

concentration in the range of 100 nM at the surface of the tumor following the administration of a 

pharmacologically relevant dose of a therapeutic antibody.137 Finally, the reaction should also be 

compatible with low concentrations of substrate. In principle, caging a cytotoxic drug with an allyl 

or alloc group should decrease its biological activity by reducing its interaction with its biological 

target. However, it is unrealistic to expect that a small caging group, such as allyl, will completely 

suppress the cytotoxicity of the corresponding prodrug. In addition, the spontaneous uncaging of 

the prodrug via natural xenobiotic metabolism may also occur. For these reasons, the prodrug 

should be administered at low doses to avoid adverse effects, and its concentration in the tumor will 

remain low.  

Recently, Zong-Wan Mao and co-workers applied the catalytic deallylation of an alloc-protected 

gemcitabine prodrug using a derivative of Ru3. Once coupled to the antibody Trastuzumab, the 

catalyst should bind to the Human Epidermal Growth Factor Receptor 2 (HER2), overexpressed at 

on the surface of some cancer cell, and selectively release gemcitabine in the vicinity of tumors. 

Following a set of experiments in cellulo validating the ability of the antibody-catalyst conjugate to 

accumulate at the surface of HER2 positive cells selectively and to uncage alloc-gemcitabine, an in 

vivo proof of concept was obtained in a zebrafish embryo xenograft model.138 However, the data 

provided suggest that the biological effect is poorly correlated to the catalytic properties of the 

conjugate. Indeed, in the cytotoxicity experiment, the viability of HER2-positive cells treated with 

only 0.2 µM of the conjugate and 4 µM of alloc-gemcitabine was equal to the viability of cells treated 

with 4 µM of gemcitabine. The alloc-gemcitabine and the conjugate alone being non-toxic at these 

concentrations, one can assume that close to 100% of conversion of the alloc-gemcitabine was 

achieved. However, such a high conversion could only be neared by the authors in vitro, at a catalyst 

concentration of 10 µM, which is very far from the concentration of catalyst realistically 
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accumulated at the surface of cells. Indeed, following incubation of cultured cells with 1 µM of the 

conjugate, the amount of ruthenium was around 50 ng/107 cells (0.5 nmol/107 million cells), as 

revealed by inductively coupled plasma mass spectrometry (ICP-MS). Therefore, assuming that the 

accumulation was the same in the cytotoxicity experiment (even though the initial conjugate 

concentration was 5 times lower) and that the well volume was 100 µL, the corresponding 

concentration of Ru in wells could be expected to be around 2 nM at best. It is thus unreasonable to 

claim that a 5000 times lower catalyst concentration in cellulo may lead to the same conversion 

achieved in vitro. One could argue that the remarkable cytotoxicity achieved in this study could be 

due to a combination of the individual cytotoxicity of the alloc-gemcitabine and the antibody-

catalyst conjugate, maybe marginally complemented by the uncaging of the prodrug. 

While this study provides some evidence of the therapeutic potential of this strategy, it mostly 

reveals what features such a catalyst/prodrug system should display before even envisaging its in 

vivo evaluation: 

1) Given the deficient concentration of antibody-catalyst conjugate one could hope to accumulate at 

the tumor, the catalyst should achieve very high TONs (at least > 1000) in biologically relevant 

conditions, i.e., low concentration of the prodrug in 100% oxygenated plasma. This implies the 

catalyst should be stable in plasma for several days or weeks. Indeed, therapeutic monoclonal 

antibodies can have plasmatic half-lives of several weeks.139 Before treating the patients with the 

caged drug, one should wait until most of the antibody has been excreted to minimize the systemic 

release of the cytotoxic drug. 

2) The drug should be significantly more toxic than the prodrug to achieve acceptable toxicity in 

cancer cells, even with low TONs, without causing off-target toxicity. Ideally, the drug should have 

an IC50 100 times lower than the prodrug. This can be achieved by screening the cytotoxicity of 

many known drugs and their corresponding prodrugs or by designing a new prodrug/drug couple 

from scratch. Alternatively, larger constructs in which a single deallylation event would lead to the 

release of several cytotoxic drugs would be of interest. 

3) The prodrug should be stable to metabolism to prevent any activation, especially in the liver, 

which would lead to hepatotoxicity. This can be easily assessed in vitro using hepatic microsomes. 
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These main features are necessary for such strategies to succeed early in their development. 

Therefore, we encourage scientists working in this exciting field to rigorously put their system to 

the test to validate the above features prior to evaluating these in vivo. 

1.6  Conclusion 

 

Over the past sixteen years, [Cp/Cp*Ru]-based catalysts have demonstrated their potential for in 

cellullo uncaging reactions. Biorthogonal uncaging reactions have been studied using ruthenium 

catalysts, opening the way for the selective release of drugs. In particular, CpRu-based systems have 

performed well in deallylation reactions for numerous substrates in various cells and organelles. 

Furthermore, it was shown that the catalytic activity could easily be modulated by nanoenzymes or 

ArMs formation. Both strategies have demonstrated promising features, acting like microreactors 

or increasing the catalyst stability against biological media. However, despite good performances, 

the use of these complexes remains restricted due to their limited stability and cytotoxicity. 

Nevertheless, only a handful of reactions exploiting this catalytic system have been developed so 

far. This contrasts with the range of transformations catalyzed by similar metal complexes. The rich 

chemical toolbox accessible via ruthenium catalysis will undoubtedly be applied in cellulo to 

diversify the use of new-to-nature reactions in living organisms. Despite its wide applications in 

cellulo, more detailed studies on the in vivo fate of the complex are required. For instance, the 

oxygen-sensitivity of the complex needs to be further investigated to allow the community to design 

the next generation catalysts with significantly improved biocompatibility and catalytic 

performance in terms of TONs at low catalyst- and substrate concentrations.  
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Chapter 2: Goal of the thesis 
 

This thesis aims to use the potential of artificial metalloenzymes to implement a new-to-nature 

reaction within living organisms. The choice turned toward developing an artificial allylic aminase 

to perform the bioorthogonal enantioselective N-hetero cyclization. The artificial system used a Cp-

based RuII catalyst and streptavidin as the host protein. Chapter 3 presents a direct in 

vivo application of this system for deallylation, which uses the exact mechanism as allylic amination. 

Chapters 4 and 5 will present the subsequent study of catalyst limitations and substrate design 

influence, respectively.  
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Abstract:  

Artificial metalloenzymes (ArMs) combine characteristics of both homogeneous catalysts and 

enzymes. Merging abiotic and biotic features allows for the implementation of new-to-nature 

reactions in living organisms. Here we present the directed evolution of an artificial metalloenzyme 

based on E. coli surface-displayed streptavidin (SavSD hereafter). Through the binding of a 

ruthenium-pianostool cofactor to SavSD, an artificial allylic deallylase (ADAse hereafter) is 

assembled, which displays catalytic activity towards the deprotection of alloc-protected 3-

hydroxyaniline. The uncaged aminophenol acts as a gene switch and triggers the over-expression of 

a fluorescent GFP reporter protein. This straightforward readout of ADAse activity allowed the 

simultaneous saturation mutagenesis of two amino acid residues in Sav near the ruthenium 

cofactor, expediting the screening of 2762 individual clones. A 1.7-fold increase of in vivo activity 

was observed for Sav S112T-K121G compared to the wild-type Sav (wt-Sav). Finally, the best 

performing Sav isoforms were purified and tested in vitro. For Sav S112M-K121A, a total turnover 

number of 372 was achieved, corresponding to a 5.9-fold increase vs. wt-Sav. To analyze the marked 

difference in activity observed between the surface-displayed and purified ArMs, the oligomeric 

state of SavSD was determined. For this purpose, crosslinking experiments of E. coli cells over-

expressing SavSD were carried out, followed by SDS-PAGE and Western blot. The data suggest that 

SavSD is most likely displayed as a monomer on the surface of E. coli. We hypothesize that the 

difference between the in vivo and in vitro screening results may reflect the difference in oligomeric 

state of SavSD vs. soluble Sav (monomeric vs. tetrameric). Accordingly, care should be applied when 

evolving oligomeric proteins using E. coli surface-display.   

2.1 Introduction 

Artificial metalloenzymes140 (ArMs) are formed by the incorporation of a synthetic cofactor into a 

natural host protein.141,142 Artificial metalloenzymes combine the advantages of synthetic transition 

metal catalysts (e.g. broad range of reactivities143–151, large substrate scope, wide choice of metals) 

with the benefits of enzymes (e.g. high selectivity, high TON, aqueous compatibility, directed 

evolution, etc.).152–159 Hence, such entities can be optimized by combining both chemical and genetic 

means, which significantly broadens the range of possible optimization approaches.160 The effect of 

the chemical or biological modifications can then be evaluated via a high-throughput screening 

using various analytical readouts, including fluorescence or UPLC-MS.161,162  
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Building on the pioneering work of Meggers163,164 we performed the in vivo deallylation of an alloc-

protected aminocoumarin 5 moiety using an artificial allylic deallylase (hereafter ADAse).165 The 

catalytic system, comprising an air and thiol tolerant ruthenium (II) complex 1,166 is anchored 

within Sav displayed on E. coli’s outer-membrane.165,167 The efficiency of this system was improved 

via iterative saturation mutagenesis of the position S112 and K121.168–170 The reaction was 

monitored via the fluorescence of the uncaged aminocoumarin 4, Figure 1. We know from previous 

Sav-ArM evolution campaigns, that the iterative site-saturation mutagenesis at positions S112 and 

K121 often leads to significant improvement in catalytic performance, as these two positions lie in 

close proximity to the cofactor.160,165,171 

The possibility of expressing a protein at the surface of a cell172–175 caught our attention since, relying 

on this process, we could avoid issues encountered using periplasmic or cytoplasmic expression 

(reductive conditions, limited accessibility of the substrates and cofactors etc.). 

Previous studies have highlighted the possibility of performing chemical transformations such as 

polymerization175, deallylation176–179, hydrolysis180, hydroarylation181, carbene insertion182,183 in 

living cells environment  and performing the uncaging of a fluorophore or an inducer in living 

cells.165,184,185  More recently, we engineered a gene circuit in the cytoplasm of mammalian cells186. 

Based on these results, we aimed to develop a gene switch based on the regulatory protein DmpR187–

190 to promote the production of a protein of interest and allow us to monitor the improvement of 

the system via fluorescence. Building on these results, we set out to engineer and optimize an ArM 

whose activity could induce the overexpression of a reporter protein in E. coli. With this goal in 

mind, we selected the [CpRu]-catalyzed deallylation of amines, as pioneered by Meggers. We opted 

for an E. coli surface display of Sav to evolve the ADAse activity, relying on a fluorescent readout 

caused by the up-regulation of a green fluorescent protein reporter protein (GFP hereafter). 

 

2.2 Results and discussion 

 

To up-regulate the GFP reporter protein in E. coli, we selected a DmpR-regulated GFP construct, 

whereby binding of various aniline derivatives to the DmpR regulator, turns-on the over-expression 

of GFP, which can be conveniently used as read-out of ADAse activity, Figure 1. As a first step, we 

tested the induction capacity of various polar benzene derivatives in the presence of reporter cells 

equipped with the DmpR-regulated GFP plasmid, Figure 2a. Both 2-methylphenol and 3-
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hydroxyaniline 2 performed best, as reflected by the GFP fluorescence observed in the reporter 

cells. As allylcarbonates (to protect 2-methylphenol) are more prone to spontaneous hydrolysis 

than allylcarbamates (to protect 3-hydroxyaniline), we selected the N-allylcarbamate-3-

hydroxyaniline 3 for further studies. Next, we spiked the DmpR-GFP equipped reporter-cells with 

the wild-type ADAse consisting of cofactor 1 · wt-Sav, Figure 2b. We were pleased to observe the 

following trends: i) the alloc-protected aniline 3 does not lead to marked GFP-fluorescence in the 

reporter cells, ii) the cofactor 1 alone is not very active at deprotecting compound 3, and iii) cofactor 

1 · wt-Sav leads to increased GFP-fluorescence (1.8-fold vs. cofactor 1 alone). The GFP fluorescence 

produced in the presence of cofactor 1 · wt-Sav corresponds to the equivalent of spiking GFP-

expressing cells with >100 M 3-hydroxyaniline 2. Based on these findings, we engineered a system 

based on two plasmids: Lpp-OmpA-Sav167,191 and DmpR-GFP187,189,190, thus allowing us to screen and 

optimize the ADAse activity using a single cell. Lpp-OmpA-Sav regulates the expression and 

translocation of Sav to the surface of E. coli cells and is induced by L-arabinose, Figure 1. DmpR-GFP 

expresses a GFP reporter-protein via the binding of an inducer to the DmpR regulator Figure 1. 

 

Figure 1 Comparison of the previous and the current strategies for the optimization of ADAses 

using an E. coli surface-display construct. I) expression, translocation and integration of the Lpp-

OmpA-Sav construct on the outer membrane of E. coli cells. For clarity only one streptavidin (Sav) 

monomer is displayed. II) The biotinylated cofactor 1 binds to Sav to afford the ADAse. Previous 

work: III’) uncaging of the protected substrate 5 to yield the fluorescent coumarin 4. This work: III) 
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uncaging of an alloc- protected inducer in the presence of the ADAse releases the inducer; IV) the 

inducer diffuses into the cytoplasm of E. coli cells and induces the expression of GFP. 

 

Figure 2. (a) Induction capacity of various phenols and anilines for the DmpR regulator system. 

Reaction steps: i) E. coli DH5α cells containing the DmpR-GFP reporter plasmid were cultivated in 

LB-medium at 30 °C to a cell density of OD600 = 0.6. ii) Dilution of the cells to OD600 = 0.05-0.08, 

followed by addition of 500 μM caged inducer. iii) Incubation at 30°C, 200 rpm shaking. iv) Analysis 

of the fluorescence intensity of the cells by flow cytometry (the median value of the fluorescence 

intensity is displayed). (b) Performance of purified ADAses in the presence of reporter cells. 

Conditions: 500 μM substrate 3, 5 μM ruthenium cofactor 1, 2.5 μM wt-Sav, 30 °C, 9 h. Preparation 

of reporter cells (see SI). 

Next, we combined the previously designed E. coli surface-displayed ADAses with the 

deprotection of caged inducer 3 and the subsequent expression of GFP, Figure 3a. Control 

experiments revealed a modest background fluorescence for cells containing an empty vector (i.e. 

Lpp-OmpA plasmid without Sav gene), 2 M cofactor 1 and 500 M caged substrate 3, Figure 3b. 

Gratifyingly, in the presence of the assembled ADAse 1 · wt-Sav, a 1.7-fold increased fluorescence 

was observed. The observed fluorescence is comparable to a GFP expression level in the presence 

of ~50 µM 3-hydroxyaniline 2. These highlight the reliability of the surface-displayed ADAse for 

screening purposes.  
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Figure 3. (a) Reaction scheme and conditions for the allylic deallylation of the substrate 3 to the 3-

hydroxyaniline 2. Reaction conditions: 500 μM substrate 3, incubation of cells with 2 μM cofactor 1, 

30 °C, 16 h. Preparation of catalysis cells using a normalized OD (see SI). (b) Control experiments 

to validate the screening strategy: cells expressing Sav S112M-K121A were spiked with 10 µM, 25 

μM or 50 μM product 2. GFP-fluorescence determined in a plate reader at: λex. = 475 nm, λem. = 509 

nm. 

To validate the GFP-reporter strategy, we optimized the performance of the surface-displayed 

ADAse by simultaneously randomizing both S112 and K121 positions, Figure 4. Simultaneous 

saturation mutagenesis of two residues yields a library containing 202 = 400 different mutants in 

one pot. The screening effort (i.e. the oversampling) can be reduced by a factor ~1.8 (1724 colonies 

instead of 3066 colonies with a sequence coverage of 95%) when using the degenerate codon DNK 

instead of NNK19. This library comprises of 17 different amino acids at each position (Gln, Pro and 

His are missing), leading to a total number of 172 = 289 individual mutants.  

 

Figure 4. Crystal structure of the ADAse [CpRu(QA-Biot)(OH2)] (1) · Sav S112M-K121A (PDB 

6FH8165).The four monomeric units are displayed as transparent surface in grey, white, blue and 
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light blue. The mutated positions (S112Ma and K121Aa of monomer A) are highlighted in red and 

the position K121Ab of monomer B faces the active site is highlighted in orange (only in one of the 

two symmetry-related monomers). The biotinylated ruthenium complex is displayed as ball and 

stick. Color code: C = grey, N = blue, O = red, S = yellow, H = white, Ru = dark green sphere. The 

cofactor 1 is anchored in the Sav monomer A (grey). The closest Cβ-residue to Ru (dark green 

sphere) is K121A (red) of Sav monomer A (blue). 

The corresponding Sav library was assembled by Gibson assembly including a synthesized part of 

the Sav gene that carried the required mutations at its center (90 base pair length, DNK codons in 

positions S112 and K121) into the Lpp-OmpA plasmid (see SI). Analysis of the library revealed a 

good statistical distribution of the different amino acids, Figure S7. However, the library contained 

a background of 42% (i.e. original Lpp-OmpA plasmid, frame shifts, stop codons, inserts, unclear 

sequencing results). Thus, a coverage of 93.8% is predicted for a total of 2762 screened individual 

colonies.192 The 2762 colonies were tested and the 100 most active clones were sequenced (see SI 

for details). The 100 clones were retested in order to exclude false positives. Out of these 100 clones, 

the 10 best mutants (Sav K121D, K121E, K121G, K121N, S112M-K121R, S112M-K121T, S112T-

K121A, S112T-K121G, S112T-K121N and S112T-K121T) were selected for protein expression in the 

cytoplasm, purification and in vitro characterization. 

Since almost all double mutants were more active than wt-Sav, we also tested the corresponding 

single mutants (i.e. Sav S112M, S112T, K121A, K121G, K121N, K121R and K121T) in order to 

identify potential synergetic effects. In addition, streptavidin wild-type (wt-Sav), mutant S112M-

K121A (i.e. the best mutant identified in previous work7) as well as the cofactor 1 alone were 

included in the in vitro catalysis validation (Figure 5). Comparison of the in vivo and in vitro ADAse 

activities revealed striking differences, Figure 5. Although variable expression levels may account 

for marked differences in vivo enzymatic activities,165 past experience with Sav expression levels170 

led us to investigate an alternative hypothesis. Indeed, we surmised that fusing each Sav monomer 

(16.7 kDa) with a hydrophobic Lpp-OmpA insert (15.3 kDa) may affect the quaternary structure of 

surface-displayed Sav. Since two monomers of Sav make up the biotin-binding vestibule, (Figure 4), 

the oligomeric nature of Sav may strongly affect which close-lying mutation of surface-displayed 

Sav (quaternary structure unknown) is indeed present in purified, tetrameric Sav samples.167,193,194 
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Figure 5. Directed evolution of artificial allylic deallylases for the uncaging of protected aniline 3. 

In vitro catalysis (blue bars): Substrate 3 (500 µM), cofactor 1 (1 µM), purified Sav isoform (2 µM 

biotin-binding sites), PBS-buffer (1x, pH 7.4), 30°C, 18 h, 300 rpm shaking. Total turnover number 

(TON) determined by HPLC (Figure S3 and Figure S4). Error bars = standard deviation from 

triplicate measurements. In vivo catalysis (green bars): 500 μM substrate 3, incubation of cells with 

2 μM ruthenium cofactor 1, 30°C, 16 h. Preparation of catalysis cells (see SI). GFP-fluorescence 

determined with a plate reader at: λex. = 475 nm, λem. = 509 nm. Displayed values are normalized 

for the optical cell density (OD600). 
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Figure 6. Schematic representation of SavSD using the Lpp-OmpA display system and the 

crosslinking approach. (a) Crosslinking with bis(sulfosuccinimidyl) suberate (BS3), which mainly 

targets lysines, fixes the oligomeric state of the surface-displayed SavSD. Subsequent lysis of the cell 

membrane, releases the crosslinked constructs into solution that are analyzed by SDS-PAGE and 

western blot (see Figure 7). Depending on the surface-displayed quaternary structure of SavSD, three 

different sizes, (a) 32 kDa, (b) 64 kDa and (c) 128 kDa can be expected for the monomer, dimer and 

tetramer, respectively. 

To assess the quaternary structure of surface-displayed Lpp-OmpA-Sav, we set out to: i) treat the E. 

coli cells with a crosslinking agent, ii) lyse the cells and iii) analyze the protein-content by SDS-page 

and Western blot to identify the Sav-containing bands. Although surface display is a widely used 

strategy in protein expression and optimization, the quaternary structure of oligomeric, surface-

displayed, proteins should to be addressed on a case-to-case basis.191,195,196 

To minimize the adventitious assembly of homotetrameric Sav following cell lysis and workup, the 

cells were treated with bis(sulfosuccinimidyl) suberate (BS3), a protein cross-linking agent,197 to fix 

the oligomeric state of SavSD prior to cell lysis, Figure 6. Similar studies have highlighted the 

crosslinking of E. coli outer membrane proteins using cleavable crosslinkers to yield oligomeric 

proteins.198–200 Exploratory crosslinking experiments highlighted the superiority of the anionic BS3 
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vs. the commonly used glutaraldehyde.197,198 The SavSD as well as the empty vector as negative 

control– were expressed in E. coli at 25 °C for 24 h in shaking flasks. The cells were harvested and 

the pellets were washed with PBS, and resuspended in PBS before cross-linking with BS3 (8 mM, 30 

min, 25°C) (See SI for details). The cross-linking was quenched by addition of 1 M Tris-buffer, the 

cell suspension centrifuged, the supernatant discarded and the cell pellet was resuspended in lysis 

buffer, which is supposed to release the Sav from the cellular environment and render it in the 

supernatant. The suspension was centrifuged and the supernatant was set aside for analysis. One 

part of the supernatant was loaded onto the gel (Figure 7, lane 6/9) and one part was denatured 

(SDS sample buffer, 95 °C, 30 min), Figure 7, lane 7/10. The remaining cell pellet was resuspended 

in 8 M urea to ensure the recovery of any additional protein that might have been retained in the 

cell debris from lysis, centrifuged and the supernatant was subjected to analysis, Figure 7, lane 8/11. 

For comparison, purified protein wt-Sav (pp-Sav) was subjected to cross-linking with BS3. The 

resulting protein samples were analyzed by SDS-PAGE, Figure 7. To validate the BS3 crosslinking 

strategy, control experiments using purified wt-Sav were carried out. The pp-Sav samples that were 

first denatured and then crosslinked, mainly appear as monomers and partly as dimers, Figure 7, 

lane 5. In contrast, the denatured pp-Sav sample that was not crosslinked, mainly migrates as 

monomer, dimer, as well as tetramer and higher oligomers on the SDS-PAGE, Figure 7, lane 2. 

Importantly, the pp-Sav samples that were crosslinked before the denaturation step retain the 

tetrameric structure, Figure 7, lane 4. We thus conclude that BS3 crosslinking strategy permanently 

fixes the oligomeric state of Sav which is not affected by subsequent denaturation.  

For SavSD, the electrophoresis results performed on a crosslinked SavSD sample, strongly suggest 

that SavSD is present as a monomer on the surface. Indeed, the denatured samples (Figure 7, lane 10 

and 11) display a prominent band at about 32 kDa, which corresponds to the molecular weight of 

monomeric SavSD (Lpp-OmpA-Sav 31.925 kDa). In contrast, for the non-denatured SavSD sample 

(Figure 7, lane 9) faint bands at higher molecular weight are visible. Despite the chaotropic nature 

of the SDS-page analysis, the remarkable stability of homotetrameric Sav drives its oligomerization 

(tetramer and higher oligomers), as observed for the pp-Sav, Figure 7, lane 1-5.201 Based on these 

qualitative observations, we hypothesize that the Lpp-OmpA-Sav is not displayed as a 

homotetramer on the outer membrane of E. coli. Accordingly, care should be applied when 

optimizing the performance of surface displayed oligomeric (artificial) enzymes, especially if their 

active site lies at the interface between monomers, as is the case for streptavidin, Figure 4. 
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Figure 7. Western blot analysis of the quaternary structure of SavSD. Crosslinking of SavSD, followed 

by SDS-PAGE (14% polyacrylamide gel) and western blot (anti-Sav rabbit polyclonal antibody used 

at a 1:200 dilution). Lane 1 and 2 weren’t cross-linked. For lane 3 to 11, except for lane 5, all samples 

were crosslinked with BS3 prior to any additional treatment. All denatured samples were treated 

under the same conditions: SDS sample buffer, 95°C, 30 min. 1) pp-Sav, 2) denatured pp-Sav, 3) 

crosslinked pp-Sav, 4) crosslinked and then denatured pp-Sav, 5) denatured and then crosslinked 

pp-Sav, 6) empty vector, supernatant, 7) empty vector, denatured supernatant, 8) empty vector, 

denatured cell pellet 9) SavSD, supernatant, 10) SavSD, denatured supernatant, 11) SavSD, denatured 

cell pellet. 

2.3 Conclusion 

 

An E. coli surface-displayed artificial allylic deallylase has been engineered to turn on a gene-switch 

leading to the upregulation of GFP. The ADAse activity was genetically optimized by simultaneous 

site saturation mutagenesis of positions S112 and K121. The most active surface-displayed ADAase 

(Sav- S112T-K121G) revealed a 1.7-fold improvement compared to the wild type Sav ADAse. 

Validation of surface-displayed ADAse activity, performed on purified Sav samples revealed marked 

differences between SavSD and pp-Sav data. Using pp-Sav, the best variant was Sav S112M-K121A 



Directed Evolution of a Surface-Displayed Artificial Allylic Deallylase Relying on a GFP Reporter Protein             67 

 

with a 5.9-fold increased (and TON = 372) catalytic activity compared to the ADAse based on wild 

type. The differences in activity between surface-displayed ArMs and purified samples–reflected by 

GFP fluorescence and 3-hydroxyaniline 2 detected by HPLC may be the result of multiple 

parameters: i) SavSD expression levels, the presence of side-products, including the formation of N-

allylated 3-hydroxyaniline6 and iii) oligomeric nature of SavSD. Experimental evidence presented 

herein strongly supports the latter hypothesis. 

 

2.4 Supplementary information 

 

Instruments and materials 

All commercially-available chemicals were purchased from Sigma-Aldrich, Acros Organics, Fluka, 

Fluorochem or Merck and used without further purification. Deuterated solvents were purchased 

from Cambridge Isotope Laboratories Inc. The water was purified with a Milli-Q-System (Millipore). 

Antibiotics were purchased from Applichem GmbH, DNase I was from Roche Diagnostics AG, IPTG 

was from Apollo Scientific, biotin-4-fluorescein was from ANAWA Trading SA and Agarose/SDS-

PAGE markers were from New England BioLab Inc. Restriction enzymes, DNA polymerases and 

ligases were purchased from New England BioLab Inc. Antibodies were purchased from GenScript. 

The nitrocellulose membrane was purchased from GE Healthcare. The PierceTM Silver Stain kit was 

purchased from Thermo Fisher Scientific. Primers were ordered from Microsynth AG. The double 

site saturation library was purchased from EUROFINS. Thin layer chromatography (TLC) was 

performed on Merck TLC Silica gel 60 F254 plates, using a UV-detector (254 nm or 360 nm). Basic 

KMnO4 solution was used for the staining. Column chromatography was performed using silica gel 

(Merck Silica gel 60 (0.040-0.063 mm)). NMR spectra were recorded on a 400 MHz and 500 MHz 

Bruker Advance spectrometer at room temperature and evaluated with MestReNova. Chemical 

shifts (δ) are quoted in parts per million (ppm) and referenced to the residual solvent peaks. Scalar 

coupling (J) is reported in Hertz (Hz). High resolution mass spectra (HRMS) were measured on a 

Bruker maXis 4G. Mass-spectral analysis of the expressed streptavidin mutants was performed on 

a Bruker Daltonics, ESI/micrOTOF MS. Fluorescence/Absorbance spectroscopy was performed on 

a TECAN infinite M1000 Pro. PCR reactions were performed with an Eppendorf Mastercycler 

Gradient. Agarose gel electrophoresis chambers and SDS gel electrophoresis chambers and were 

purchased from Bio-Rad Laboratories Inc. The gels were visualized with the software Quantity One. 
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DNA sequencing (Sanger cycle sequencing/capillary electrophoresis) was performed by Microsynth 

AG. E. coli BL21(DE3) were purchased from Stratagene (Agilent), E. coli NEB5α cells were purchased 

from New England Biolabs and E. coli TOP10(DE3) cells were a gift from Dr. Markus Jeschek (DBSSE 

ETH Zu rich, Switzerland). Cells were chemically treated according to the Hanahan method using 

RbCl. Affinity column chromatography (purification of the expressed streptavidin mutants) was 

performed on an A ktaprime Plus chromatography system, using a 2-iminobiotin sepharose column. 

Flow cytometry analysis was performed on a BD LSR Fortessa SORP (Special Order Research 

Product). High-throughput screening was performed with a Voaflo96 pipetting station from Integra.  

 

Synthesis 

 

Expression and purification of streptavidin isoforms 

Streptavidin isoforms were expressed in E. coli BL21(DE3) cells containing pET11b_SAV plasmids 

and purified as described elsewhere.202 The number of free biotin-binding sites was determined 

by titration with biotin-4-fluorescein.203 

 

Synthesis of the biotinylated ruthenium cofactor 

The biotinylated ruthenium cofactor [CpRu(QA-Biot)(OH2)] 1 was prepared in situ by mixing 

solutions of [CpRu(MeCN)3]PF6 and biotinylated ligand 6 in a 1:1 ratio in DMF and subsequent 

incubation for 10 min at room temperature (Figure S1). The biotinylated ligand 6 was synthesized 

as described by Heinisch et al.102  

 

 

Figure S1: In situ formation of the biotinylated ruthenium cofactor [CpRu(QA-Biot)(OH2)] (1).  

 

Synthesis of the caged hydroxyaniline substrate 3 
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At 0°C, allyl chloroformate (3.90 ml, 4.42 g, 36.7 mmol, 2.0 eq.) was added dropwise to a stirred 

suspension of 3-aminophenol (2, 2.00 g, 18.3 mmol, 1.0 eq.) in a mixture of dry diethyl ether (100 

ml) and dry THF (20 ml). A white precipitate was formed immediately. The reaction mixture was 

stirred an additional 2 h at room temperature. The precipitate was removed by filtration. The filtrate 

was evaporated under reduced pressure. The resulting brown oil was solubilized in diethyl ether 

(20 ml) and the resulting organic phase was washed with solutions of HCl (1 M, 20 ml), saturated 

NaHCO3 (20 ml) and water (20 ml). The organic phase was dried over Na2SO4 and the solvent was 

evaporated to yield a brown oil. The residue was purified by flash column chromatography (SiO2, 

ethyl acetate/cyclohexane 1:3) to afford the product as a white crystalline solid (3, 792 mg, 4.1 

mmol, 22% yield). NMR and HRMS spectra are displayed in Figure S2.  

 

1H NMR (500 MHz, Chloroform-d δ/ppm): 7.30 (s (broad), 1H, 10), 7.13 (t, J = 8.1 Hz, 1H, 7), 6.81 

(s (broad), 1H, NH), 6.68 (ddd, J = 8.0, 2.1, 0.9 Hz, 1H, 6), 6.58 (ddd, J = 8.1, 2.4, 0.9 Hz, 1H, 8), 6.52 

(s (broad), 1H, OH), 5.95 (ddt, J = 17.2, 10.4, 5.7 Hz, 1H, 2), 5.36 (dq, J = 17.2, 1.5 Hz, 1H, 1), 5.26 

(dq, J = 10.4, 1.3 Hz, 1H, 1), 4.67 (dt, J = 5.7, 1.4 Hz, 2H, 3). Solvents: Chloroform (7.26), cyclohexane 

(1.43).  

 

13C NMR (126 MHz, Chloroform-d δ/ppm): 156.77 (1C, 9), 153.62 (1C, 4), 138.69 (1C, 5), 132.07 

(1C, 2), 129.98 (1C, 7), 118.54 (1C, 1), 110.86 (1C, 8), 110.58 (1C, 6), 106.03 (1C, 10), 66.17 (1C, 3). 

Solvents: Chloroform (77.28, 77.03, 76.77).  

 

HRMS (ESI-MS, pos.) m/z: [M + H]+ calculated for C10H12NO3: 194.0812, found: 194.0811.  
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Figure S2: a) 1H-NMR, b) 13C-NMR and c) HRMS spectrum of compound 3.  
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Design of a caged DmpR substrate 

Induction capacities of various phenols and anilines 

E. coli DH5α cells containing the DmpR/GFP reporter plasmid were cultivated in LB-medium at 30°C 

to a cell density of OD600 of 1. The cell culture was diluted to OD600 = 0.05-0.08 in fresh media and 

aliquoted (1 mL) in fresh tubes. Each tube was supplemented with the putative inducer (500 μM) 

and incubated overnight at 30°C, 200 rpm (12-13 h). The GFP fluorescence intensities and OD600 

values of appropriately diluted samples were recorded in a Tecan M2000 microtiter plate reader; 

the OD-normalized fluorescence intensity values obtained with each putative inducer are displayed 

in Figure 2a. 

In vitro catalysis 

Stock solutions 

Biotinylated ligand 6:  5 mM in DMF 

[CpRu(MeCN)3]PF6:   5 mM in DMF 

Ruthenium cofactor 1: 0.2 mM in DMF (4 µL of ligand 6 stock was mixed with 4 µL 

[CpRu(MeCN)3]PF6 stock and 92 µl DMF and incubated for 5 

min) 

Sav isoform: 0.4 mM free biotin-binding sites in PBS-buffer 

Substrate:    50 mM substrate 3 in DMF 

Product:    20 mM product 2 in DMF 

Internal standard:   12.5 mM phenol in DMF 

Inhibitor:    10.4 mM potassium isocyanoacetate in water 

PBS buffer:    50 mM NaH2PO4/Na2HPO4 (set to pH 7.4), 0.9 % NaCl 

 

Catalysis experiment 

Buffer (245 µL), protein (1.25 µL, 2 µM final concentration) and ruthenium cofactor 1 (1.25 µL, 1 

µM final concentration) were added in this order to a 2 mL vial. The solution was incubated at room 

temperature for 10 min (formation of the ADAse). The substrate 3 (2.5 µL, 500 µM final 

concentration) was added (1.5% final DMF content). The vials were closed and incubated in a 

thermoshaker (30°C, 18 h, 300 rpm shaking). The inhibitor was then added to the reaction (240 µL, 

5 mM final concentration). Accordingly, no catalytic activity for cofactor 1 ∙ Sav-S112M-K121A 
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spiked with inhibitor was detected95) followed by the internal standard (10 µL, 250 µM final 

concentration). The sample was then subjected to HPLC analysis Figure S3. The peak areas of the 

product and the internal standard in the HPLC chromatogram were integrated and the total 

turnover number (TON) was determined by comparison to a calibration curve displayed in Figure 

S4. 

Evaluation by HPLC 

Solvents:  MilliQ-water +3% MeCN + 0.1% TFA (Solvent A) 

MeCN + 0.1% TFA (Solvent B) 

Column:  Agilent Eclipse XDB-C18, 5 µm particles, 4.6 x 150 mm 

Oven temperature: 40°C 

Flow rate:   1 ml/min 

Run time:   22 min 

Gradient:  0 min (10% B), 5 min (10% B), 7 min (30% B), 15 min (30% D), 17 min (10% 

B), 22 min (10% B) 

Injection volume:  10 μL 

Absorption:  280 nm 

Retention times: Product 2: 1.82 min, Internal standard (Phenol): 9.49 min, Substrate 3: 11.77 

min 

 

 

 

 

a) 

b) 
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Figure S3: HPLC chromatogram (absorption at 280 nm) of a) Substrate 3, b) Product 2 and c) 

Internal standard. 

 

c) 
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Figure S4: Calibration curve of product 2 as a function of the peak areas of the product and the 

internal standard determined by HPLC.  
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Design, cloning and transformation of streptavidin and reporter plasmids 

Summary of plasmids used in this study 

Table S1: Plasmids composition.  

Abbreviation 
Plasmid 

backbone 
Gene Inducer 

Resistance 

marker 

Origin of 

replication 

P1 pSEVA DmpR 
3-OH-

anilline 
Ampicillin 

p15A 

P2 pBAD33 
Lpp-

OmpA-Sav 
L-arabinose Chloramphenicol 

pBR322 

 

Cloning of reporter plasmid P1 

 

Double-stranded synthetic DNA fragment encoding the dmpR gene (codon-optimized) 

from Pseudomonas sp. and promoter sequences Pr and Po from Pseudomonas sp. was purchased 

from IDT DNA. The fragment was introduced in a modified pSEVA131 backbone (p15a ori, 

ampicillin antibiotic cassette, promoterless sfgfp) by Gibson assembly method. The expression of 

the fluorescent protein is controlled by the Po inducible promoter. Vector amplification was 

achieved using the Phusion high-fidelity PCR mastermix with GC buffer, primers (5`-

GGATCCTAATTAATTAAAGGCATCAAATAAAACG) and (5`-CTTGGACTCCTGTTGATAGATC). The 

inserted sequence was confirmed after plasmid isolation using QIAquick Miniprep plasmid 

purification kit. 

Cloning of Sav display plasmid P2  

For streptavidin expression and insertion into the outer membrane, a fusion construct consisting of 

the E. coli lipoprotein (Lpp), a truncated version of the E. coli outer membrane protein A (OmpA) 

and full-length streptavidin (Sav) was cloned into an L-arabinose inducible pBAD33 vector 

backbone as described by Heinisch et al.102  
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Preparation of GFP reporter cells (NEB5α-P1): 

Plasmid P1 was transformed into chemically competent NEB5α (NEB) cells following the 

manufacturer´s protocol.  

 

Preparation of catalytically competent GFP reporter cells (Top10(DE3)-P1-P2)  

Plasmids P1 (1 µL of ~100 ng/µL stock solution) and P2 (1 µL of ~100 ng/µL stock solution) were 

co-transformed into chemically competent Top10(DE3) cells (50 µL) by heat shock treatment (42 

°C) and cells were incubated on LB-agarcam,amp plates (35 µg/mL chloramphenicol, cam; 50 µg/mL 

ampicillin, amp) overnight at 37 °C.  

 

Catalysis with GFP reporter cells 

Stock solutions 

Biotinylated ligand 6:  5 mM in DMF 

[CpRu(MeCN)3]PF6:   5 mM in DMF 

Ruthenium cofactor 1: 1 mM in DMF (20 µL of ligand 6 stock was mixed with 20 µL 

[CpRu(MeCN)3]PF6 stock and 60 µl DMF and incubated for 5 

min at room temperature) 

Sav isoform: 2 mM free biotin-binding sites in water 

Substrate:    10 mM substrate 3 in DMF 

Product:    10 mM product 2 in DMF 

LB-phosphate buffer: 50 mM NaH2PO4/Na2HPO4, pH 7.4 (10.1 mL Na2HPO4 (200 mM), 

2.4 mL NaH2PO4 (200 mM) and 37.5 mL LB medium were mixed 

together) 

 

Preparation of GFP reporter cells (NEB5α-P1) 

NEB5α_pDmpR cells were freshly picked from an LB-agaramp plate or from a glycerol stock to 

inoculate LBamp medium for preparation of an overnight culture. In the next morning, in a 250 mL 

baffled shake flask 20 mL LBamp-medium were inoculated with the overnight culture (600 µL) and 

incubated at 37 °C, 250 rpm, until ~OD600 = 0.6 was obtained (~2.5 h). Prior to the catalysis 

experiments the GFP reporter cells were stored on ice.  
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Catalysis experiment 

In a 96-well plate deep well plate, Sav (2 mM, 2.5 µL of stock solution; 10 µM final concentration) 

were mixed with Ru-cofactor (2.5 µL, 1 mM; 5 µM final concentration). The mixture was incubated 

for 5 min. Next, substrate 3 (25 µL, 10 mM; 500 µM final concentration), LB-phosphate (20 µL) and 

reporter cells (450 µL) were added and the plate covered with a porous seal to start the reaction. 

The plate was incubated (30 °C, 300 rpm). After 9 hours, aliquots of the reaction were transferred 

to a TECAN plate reader to determine the GFP fluorescence (excitation: 488 nm, emission: 509 nm) 

and the OD600.  

 

Double site saturation mutagenesis library generation 

A double site saturation mutagenesis library of Sav including positions S112 and K121 was selected 

for the optimization of ADAse displayed on the E. coli surface. A two-step process was anticipated 

as a suitable library generation strategy:  

 

generation by the company EUROFINS of a Sav gblock library of a 90 bp length and comprising DNK 

codons in positions S112 and K121 and  

Gibson assembly of P2 plasmid backbone and the Sav gblock library.  

 

To reduce the screening effort, a focused Sav gblock library was designed containing degenerate 

codons DNK in both positions S112 and K121. The degenerate codon DNK codes for all 20 amino 

acids except Gln, Pro and His. Gibson assembly was carried out with the P1 backbone (obtained by 

PCR amplification with primers Gibson_backbone_fw and Gibson_backbone_rv) and the Sav gblock 

library to obtain the library for the in vivo screening. 

 

DNA sequence of Sav – turquoise = gblock library purchased from Eurofins, and red = positions 

S112 and K121. 

catgaccggtggccagcagatgggtcgtgatcaggcaggtattaccggcacctggtataatcagctgggtagcacctttattgttaccgcaggc

gcagatggtgcactgaccggtacgtatgaaagcgcagttggtaatgcagaaagccgttatgttctgacaggtcgttatgatagcgcaccggca

accgatggtagcggcaccgcactgggttggaccgttgcatggaaaaataactatcgtaatgcacatagcgcaaccacctggtcaggtcagtat

gttggtggtgcagaagcacgcattaatacccagtggctgctgaccagcggcaccaccgaagcaaatgcctggaaaagcaccctggttggtcat
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gatacctttaccaaagttaaaccgagcgcagcaagcattgatgcagcaaaaaaagccggtgtgaataatggtaatccgctggatgcagttcag

cag 

 

Primers used: 

Gibson_backbone_fw: caaccaccacgtcttcgtgcgtaattatgggtcacc 

Gibson_backbone_rv: gttggtcatgatacctttaccaaagttaaaccgagcgc 

 

PCR reaction to amplify P2 backbone with Gibson primers 

To amplify the P2 plasmid backbone a PCR reaction was carried out using the conditions depicted 

in Table S and Table S.  

 

Table S2: General PCR conditions.  

Reagents 1 PCR reaction (µL) 

Q5 buffer, 5x 5 

dNTPs (10 mM) 0.5 

Gblock_backbone_fw (10 µM) 0.5 

Gblock_backbone_rv (10 µM) 0.5 

Plasmid prep template P2 (25 ng/µL) 1 

Q5 Hot Start DNA polymerase (2 U/µL) 0.25 

ddH2O 15.25 

DMSO (8% final) 2 

Total volume  25 

 

Table S3: General PCR thermocycling protocol.  

Initial denaturation 95 °C 2 min 

25 cycles  

Denaturation 95 °C 30 s 

Annealing 70 °C 15 s 

Extension 72 °C 5 min 

Elongation 72 °C 10 min 
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Hold 8 °C   

 

After the PCR, DpnI (10 units) was added to the sample in order to digest the template P2. The 

mixture was incubated at 37°C for 2 h followed by incubation at 80°C for 20 min (heat inactivation 

of the digestion enzyme). The sample was then purified following the manufacturer´s protocol 

(Macherey-Nagel Nucleo Spin PCR clean up).  

 

Gibson cloning of Sav gblock library into backbone P2 

For a final amount of ~4000 clones 4x 20 µL Gibson reaction were set up in parallel using a 5-fold 

excess of the Sav gblock library (insert, 0.15 pmol final amount per 20 µL reaction) vs. the PCR 

amplified P2 backbone (0.03 pmol final amount per 20 µL reaction). The Gibson reaction was 

carried out following the manufacturer´s protocol (New England Biolabs; incubation at 50°C for 60 

min).  

 

Transformation of Sav library plasmid P2 and GFP reporter plasmid P1 into Top10(DE3) 

cells 

The transformation procedure was carried out in two steps. First, the Gibson-assembled Sav library 

plasmid P2 was transformed with E. coli DH5α cells, and then isolated. In parallel, chemically-

competent E. coli Top10(DE3) cells which already contain the GFP reporter plasmid P1 were 

prepared. Finally, the isolated P2 plasmid was transformed with the Top10(DE3) cells.  

A volume of 2 x 5 µL Gibson reaction mixture was transformed with 2 x 50 µL chemically ultra-

competent E. coli DH5α cells (New England Biolabs) using a heat shock method (42 °C). Afterwards, 

the cells were taken up in 2 x 1 mL LB-medium (containing 34 µg/ml chloramphenicol) and 2 x 50 

µL thereof were transferred onto LB-agarcam plates and incubated at 37 °C overnight. The remaining 

2 x 950 µL were incubated overnight (37 °C, 250 rpm). On the two LB-agar plates ~2500 colonies 

were counted, which corresponds to a total number of ~47000 individual clones present in the 

liquid culture. The plasmids were then isolated following the manufacturer´s protocol (Macherey-

Nagel Nucleo Spin Plasmid kit). A minimal amount of the isolated plasmid (1 ng) was transformed 

into chemically competent E. coli TOP10(DE3) cells (50 µL) which already contain the P1 plasmid 

using a heat shock method (42 °C). In this way it should be guaranteed that the final cells only 
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contain one individual streptavidin clone per cell. Afterwards, the cells were taken up in 1 mL LB-

medium (containing 34 µg/mL chloramphenicol and 100 µg/mL ampicillin) and 20 µL thereof were 

transferred onto LB-agarCam, Amp plates and incubated at 37 °C overnight. The remaining 980 µL were 

incubated overnight (37 °C, 250 rpm). On the LB-agar plate ~70 colonies were counted, which 

corresponds to a total number of ~3400 individual clones present in the liquid culture.  

 

Sequencing and evaluation of the library 

2 x 96 colonies from the final library (section 0) were sequenced and the amino acid distributions 

at the positions S112 and K121 were evaluated (Figure S5). 58% of the sequenced colonies were 

desired single or double mutants, 12% contained the initially used template (K121A), 17% 

contained a frame shift within the gene, 4% contained an unwanted stop codon or an insert and 9% 

of the sequencing gave unclear results.  

 

 

Figure S5: Amino acid distribution of the prepared streptavidin double site saturation library at 

positions S112 and K121.  

The relative amino acid frequencies calculated from 162 sequenced colonies are displayed. The 

expected amino acid frequencies were calculated based on the degenerate codon DNK.  

 

We applied the following equation to calculate the number of transformants which need to be tested 

in order to obtain a certain coverage of the library (Equation S1).204  
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𝑇 =  −𝑉 ∗
1

𝑆
∗ ln(1 − 𝑃𝑖)  

Equation S1: Estimation of the number of colonies to be screened to reach a certain coverage of 

the library.  

T: Number of transformants to be tested, V: Number of variants within the library, S: Percentage of 

correct sequences within the library, Pi: Percentage of coverage.  

 

Two degenerate DNK codons at the positions S112 and K121 lead to a total number of variants 

within the library of V = 242 = 576. With S = 58% of correct sequences in the library and a total 

number of T = 2762 analyzed transformants, we obtained a percentage of coverage of Pi = 93.8%.  

High throughput screening of surface-displayed ADAses  

The 96-well plate assay was carried out following a modified protocol described by Jeschek et al.94  

 

Stock solutions: 

Biotinylated ligand 6:  5 mM in DMF 

[CpRu(MeCN)3]PF6:               5 mM in DM 

Ruthenium cofactor 1: 2 mM in DMF (e.g. 60 µL of ligand 6 stock was mixed with 60 µL 

[CpRu(MeCN)3]PF6 stock and 30 µl DMF and incubated for 5 

min at room temperature) 

PBS buffer:    50 mM NaH2PO4/Na2HPO4 (set to pH 7.4), 0.9 % NaCl 

LB medium: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 100 µg/mL 

ampicillin, 34 µg/mL chloramphenicol 

Modified Studier 5052 medium: 25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 2 

mM MgSO4, 0.5% glycerol, 15 g/L tryptone and 10 g/L yeast 

extract, 100 µg/mL ampicillin, 34 µg/mL chloramphenicol 

Cofactor buffer (2 µM): 2 µM ruthenium cofactor 1 in PBS buffer 

Atto 565-Biotin buffer (2 µM): 2 µM Atto 565-Biotin in PBS buffer 

Substrate buffer (500 µM):  500 µM substrate 3 in modified Studier 5052 medium 
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Cell cultures and protein expression: 

All pipetting steps were performed with a 96-well pipetting station from Integra.  

In a 96-flat well-plate, 120 µL of LB-medium were inoculated with fresh colonies of Sav cells 

(Top10(DE3): pBAD33_Lpp-OmpA-Sav + pDmpR_GFP). Each 96-flat well plate contained 90 

colonies and 6 control samples (3x: empty cells; 3x: Sav S112M-K121A). After incubation overnight 

(37 °C, 200 rpm), 100 µL of LB-medium were added to the preculture plate. 300 µL of modified 

Studier 5052 medium were filled into a fresh 96-deep well plate and then inoculated with 10 µL 

preculture. The main cultures were incubated at 37 °C for 3.75 h at 380 rpm followed by addition of 

30 µL of a 2 % L-arabinose solution (0.2 % final concentration) and incubation for 4 h at 25 °C and 

380 rpm. The optical density OD600 of the culture after streptavidin expression was determined to 

be 7 – 8.  

 

 

Cofactor loading: 

The plate was centrifuged (5 min, 10°C, 3.200 g), the supernatant was discarded and the pellets 

were resuspended in 600 µL ice-cold PBS buffer. In case of a subsequent determination of the 

streptavidin expression level, an aliquot of 50 µL was transferred into a new 96-deep well plate (was 

only done for the final hits). The plate was centrifuged (5 min, 10°C, 3.200 g), the supernatant was 

discarded and the pellets were resuspended in 600 µL cofactor buffer. The cells were incubated on 

ice for 30 min. Finally, the plate was centrifuged (5 min, 10°C, 3.200 g), the supernatant was 

discarded and the cell pellets were washed 2 x in 600 µL ice-cold PBS buffer.  

 

Catalysis: 

The pellets were resuspended in 200 µL substrate buffer (or modified Studier 5052 medium 

containing a defined amount of product 2), the 96-deep well plate covered with a porous cover slide 

and incubated at 30 °C, 380 rpm for 16 h. The optical density OD600 of the culture at the beginning 

of the catalysis was determined to be 11-12. After the catalysis, 10 µL of the reaction mixture were 

mixed with 190 µL PBS buffer in a transparent 96-flat well plate. The optical density OD600 of the 
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cells as well as the GFP fluorescence (excitation = 475 nm, emission = 509 nm) were measured using 

a TECAN plate reader.  

 

 

Determination of the relative Sav expression levels: 

The plate containing the 50 µL aliquots (from section 0) was centrifuged (5 min, 10°C, 3.200 g), the 

supernatant was discarded and the pellets were resuspended in 50 µL Atto 565-Biotin buffer. The 

cells were incubated on ice for 30 min. The plate was centrifuged (5 min, 10°C, 3.200 g), the 

supernatant was discarded and the cell pellets were washed 2 x in 600 µL ice-cold PBS buffer. The 

pellets were resuspended in 200 µL PBS buffer and 150 µL of the cell suspension was transferred 

into a flat 96-well plate. The Atto 565 fluorescence of cells was measured in a plate reader (TECAN, 

excitation at 565 nm and emission at 590 nm, Figure S6).  

 

Evaluation of the screening results 

The variation of ADAse activity/GFP expression level of a 96-deep well plate containing 96 times 

the wt-Sav ADAse was determined. No notable discrepancy of the GFP expression level vs. position 

within the 96-well plate was observed.  

The 10 best hits from the library screening (K121D, K121E, K121G, K121N, S112M-K121R, S112M-

K121T, S112T-K121A, S112T-K121G, S112T-K121N, S112T-K121T), the according single mutants 

(S112M, S112T, K121A, K121R, K121T) as well as the wild-type (wt-Sav), the mutant S112M-K121A 

and the empty vector control were selected and rescreened (Figure S6) 
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Figure S6: Determination of the relative Sav expression levels on the surface of E. coli cells.  

The relative Sav concentrations on the E. coli cell surface were determined via labelling with the 

biotinylated Atto 565-Biotin dye (section 0). Displayed are the mean values of the Atto 565-

fluorescence (excitation = 565 nm, emission = 590 nm) ± 1 standard deviation of a measurement 

with eight repetitions.  

 

Crosslinking Experiments 

 

Preparation of the crosslinked samples 

 

Precultures of E. coli TOP10(DE3) cells containing the plasmid for the Lpp-OmpA-Sav, and the empty 

vector, were prepared in LB-medium (34 μg/ml chloramphenicol) and incubated overnight at 37°C 

and 300 rpm shaking in a 15 mL culturing tube. The modified Studier 5052 medium (25 mL, 34 

μg/ml chloramphenicol) was inoculated to an OD600 of 0.05 in a 250 mL baffled shake flask. The 

main culture was incubated (37°C, 300 rpm) until an OD600 of 0.4 – 0.8 was obtained (~2 h). The 

Sav expression was induced by addition of 0.2% L-arabinose and Sav was expressed for 24 h at 25°C 

and 300 rpm. 
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Cells (OD600 = 5.0) from the cultivation were transferred into Eppendorf tubes, spun down and 

washed with ice-cold PBS (2x 500 µL). The pellets were then resuspended in 100 µL PBS and 

crosslinked with BS3 (40 µL from a 25 mM stock solution, 8 mM final concentration) and incubated 

at room temperature for 30 min before the crosslinking was terminated with Tris-buffer (1 M, pH 

7, 150 µL). The cell suspension was centrifuged and the supernatant discarded. Following, B-PER 

(200 µL) was added to the pellet and incubated for 1 h at 30 °C. After incubation, the samples were 

clarified by centrifugation (21’100 g, 15 min). The supernatant was separated and 10 µl were 

directly taken for analysis (sample 1). 10 µL were denatured in SDS sample buffer (6 x La mmli 

Buffer, 95 °C for 30-45 min) to give sample 2. The remaining pellet was resuspended in urea (200 

µL, 8 M in 20 mM Tris-HCl buffer) and incubated for 30 min at 37°C. After incubation, the samples 

were clarified by centrifugation (21’100 g, 15 min) and the supernatant was denatured (6 x La mmli 

Buffer, 95 °C for 30-45 min) to give sample 3.  

 

Purified protein controls 

 

All control samples were prepared from purified and lyophilized wt-Sav (pp-Sav). A stock solution 

of pp-Sav (2 mg/mL) was prepared in PBS. For samples 2-6, 10 µL of the stock solution was 

crosslinked with BS3 (4 µL from a 25 mM stock solution, 10 mM final concentration) and incubated 

on ice (5 min). The reaction was terminated with Tris-buffer (1 M, pH 7, 10 µL). If B4F was added, 

B4F (2 µL) and La mmli-buffer (20 µL, 6x conc.) otherwise only La mmli-buffer (20 µL, 6x conc.) were 

added. If the probe was denatured, the sample was incubated at 95 °C for 30-45 min prior to the 

loading on the gel. Sample e) was first denatured, then crosslinked and B4F added.  

 

SDS-PAGE and Western Blot 

 

Two identical gels were loaded with 10 μL of each prepared sample and then run at 140 V for ~50 

min. After completion, one gel was stained with a PierceTM Silver staining kit according to 

manufacturer’s protocol. 

The second gel was transferred to a nitrocellulose membrane at 45 V overnight. After completion of 

the transfer, the membrane was quickly rinsed with water and blocked with TBST (Tris-buffered 
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saline + 0.5% Tween 20) containing 4% BSA (25 mL) at RT for 1.5 h. After rinsing the membrane 

twice with TBST the membrane was incubated in fresh TBST (20 mL) containing the primary 

antibody (100 µL of a polyclonal serum). After thorough washing with TBST (4 x 10 min) the 

membrane was incubated in fresh TBST (20 mL) containing the secondary antibody fused with HRP 

(10 µL). After washing the membrane with TBST (4 x 10 min) the detection was carried out 

according to manufacturer’s protocol. 

 

 

Figure S10. SDS-PAGE analysis of the quaternary structure of SavSD (visualized by silver staining). 

Lane 1 and 2 weren’t cross-linked. For lane 3 to 11, except for lane 5, all samples were crosslinked 

with BS3 prior to any additional treatment. All denatured samples were treated under the same 

conditions: SDS sample buffer, 95°C, 30 min. 1) pp-Sav, 2) denatured pp-Sav, 3) crosslinked pp-Sav, 

4) crosslinked and then denatured pp-Sav, 5) denatured and then crosslinked pp-Sav, 6) empty 

vector, supernatant, 7) empty vector, denatured supernatant, 8) empty vector, denatured cell pellet 

9) SavSD, supernatant, 10) SavSD, denatured supernatant, 11) SavSD, denatured cell pellet. 

 

Deconvoluted mass spectra of the purified proteins 

K121D (expected MW: 16412.82 g/mol) 
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K121E (expected MW: 16426.84 g/mol) 

 

 

 

K121G (expected MW: 16354.78 g/mol) 
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K121N (expected MW: 16411.83 g/mol) 

 

 

 

S112M-K121R (expected MW: 16498.03 g/mol) 

 

 

 

S112M-K121T (expected MW: 16442.95 g/mol) 
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S112T-K121A (expected MW: 16382.83 g/mol) 

 

 

S112T-K121G (expected MW: 16368.81 g/mol)  
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S112T-K121N (expected MW: 16425.86 g/mol) 

 

 

 

S112T-K121T (expected MW: 16412.86 g/mol) 
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Abstract 

 

In the past 16 years, metal-catalyzed deallylation has proved helpful in the study of biological 

processes in cellulo and the early development of innovative therapeutic catalytic strategies. This 

reaction is catalyzed by a class of Ru(II)-precatalysts and has been claimed to be compatible with 

air, water, and thiol-containing compounds such as glutathione. However, little is known about the 

actual influence of biological components on the outcome of this reaction. The results presented 

herein show that the co-solvent used in this reaction can drastically affect the stability of the 

complex in air and so the conversion, while the presence of glutathione helps reduce the formation 

of allylated by-products. In addition, while this catalyst class has been described as air-stable, we 

show this is not the case. In the presence of air, the complex is deactivated and oxidizes thiol into 

disulfide. A mechanism for this degradation pathway is proposed. 
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3.1 Introduction 

 

In 2006, Meggers and co-workers reported the use of [Cp*RuII(cod)Cl] (Cp* = cyclopentadienyl and 

cod = cyclooctadiene) to catalyze the deprotection of alloc-protected amines in the presence of 

thiol and air.205 In 2014, Meggers reported the use of [CpRuII(NMe2-QA)(solv)] (QA = quinaldic 

acid) 1 or [CpRuIV (NMe2-QA)(3-allyl)] 2 for the same reaction and proposed a catalytic cycle, 

Figure 1.41  

 

Figure 1: Proposed mechanism for the Ru-catalyzed deallylation of Alloc-protected amines. I] 

Coordination of the alloc-protected amine to 1. II] Oxidative addition of the allyl moiety to the 

Ru(II)-center affording the Ru(IV)(3-allyl) complex 2 and the uncaged amine R-NH2. III] 

Nucleophilic addition on 2 resulting in a coordinated Ru(II)(2-alkene) complex. IV] Regeneration 

of the Ru(II) catalyst by alkene-displacement by the solvent (solv). Adapted from Meggers and co-

workers.22 

In 2009, Kitamura and co-workers investigated how the substituent on the chelating ligand affects 

catalytic activity.44 They found that electron-withdrawing groups are beneficial to the activity. 

However, Meggers and co-workers found that electron-donating groups are beneficial to activity. 

This difference may be caused by the different substrates used in these studies:41 According to 

Meggers’ work, a strong donating group on the ligand benefits the deallylation of electron-poor 

allylic substrates. In Kitamura’s case, electron-withdrawing solid groups on the ligand favored the 

reaction for electron-rich allylic substrates.  
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While thiols are generally poisonous to soft-metal-based catalysts, the CpRu-based deallylation 

catalysts reported by Meggers were shown to maintain their activity in cellulo, despite the 

presence of millimolar concentrations of reduced glutathione (GSH hereafter) in the cytoplasm of 

aerobic cells 41,49,56,57,62,65,68,69,206,207. The functionalization of 3-allyls with thiols nucleophiles using 

these catalysts was described.48,208 This inspired multiple studies, whereby derivatives of catalysts 

1 or 2 were used to uncage a variety of alloc-protected cargoes in cellulo, including fluorophores, 

drugs, hormones, amino acids, etc.54,56,57,61,62,64–69,76,206,207,209–212   

In 2010, Waymouth and co-workers formulated a more detailed description of the catalyst’s 

behavior in the presence of solvent and oxygen.213 They also showed that the reaction did not 

proceed to completion in the presence of oxygen, possibly due to the oxidative degradation of the 

ruthenium complex. This suggested a possible competition between catalyst oxidative 

degradation and deallylation reactions. Wender and co-workers also observed another issue with 

the system, arising from a side reaction linked to the nucleophilic nature of the uncaged amine. 

Indeed, the uncaged primary amine may act as a parasite nucleophile, which attacks the 2-alkene 

to afford the corresponding (di)- allylated amine.  Aiming to improve the performance of CpRu(II)-

based deallylation catalysts, we set out to investigate how the presence of GSH, O2, and the nature 

of the co-solvent affect the reactivity and the stability of Ru(II) intermediate 1 and the resulting 

product distribution, using a coumarin derivative as a substrate. 

3.2 Results and Discussion 

 

It has been observed, both in our lab and elsewhere, that air affects Ru-catalyzed reactions 

involving 3-allyl precursors. Moreover, the solvent also has a pronounced effect on the reactivity 

and stability of the complex in the presence of air.84 To probe this further, we performed a set of 

1H NMR experiments in the presence/absence of air and using different organic co-solvents. The 

resulting 1H NMR spectra highlight the strong influence of the solvent on the stability of catalyst 

1, Figure 2. 
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Figure 2: 1H NMR spectra of catalyst 1 recorded in different deuterated solvents: a) Structure of 

catalyst 1. B) 1H NMR recorded in the absence of air. C) 1H NMR recorded following 15 min of 

exposition to air. Additional peaks can be observed in the case of MeCN and DMF, but not in DMSO. 

Figure 2b) displays the 1H NMR of 1 recorded in different solvents without air. Figure 2c) displays 

the NMR spectrum of the same sample exposed to air for 15 minutes. An apparent degradation of 

1 is observed when DMF and MeCN are used as solvents. The NMR spectrum recorded in DMSO 

remains unchanged following exposure to air, raising the question of the solvent`s influence on the 

stability of the complex. 

According to Meggers, the Ru-based catalytic deallylation reaction is more efficient in the presence 

of thiols, which act as strong nucleophiles. Thiols react faster than water or the reaction product 

with the allyl from Ru(IV) intermediate 2 and thus regenerate 1 more quickly, Figure 1.41,49 This 

finding sparked our interest since thiols, such as reduced glutathione (GSH), are present at high 

concentrations in intracellular environments and have thus impeded our work on intracellular 

catalysis using artificial metalloenzymes.92  We thus set out to probe the mechanistic role of thiols, 

specifically glutathione, in more detail. 

First, the stability of Ru(II) intermediate 1 in the presence of GSH was evaluated in deuterated 

water by mixing GSH (100 eq. vs. 1) with Ru(II) intermediate 1 in the presence/absence of air. 
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While no significant change was observed in the 1H NMR spectrum in the absence of air, the 

oxidized form of GSH, GSSG, was detected in the presence of air, Figure 3. Thus, in air and Ru(II) 

intermediate 1, GSH is oxidized into GSSG. In the absence of air, it remains in its reduced form. 

Ru(II) intermediate 1 is required for this oxidation process as triplet dioxygen does oxidize GSH 

(see Supporting Information). 

 

Figure 3: 1H NMR spectra of GSSG, GSH, and the conditions used to study the formation of GSSG 

from GSH in D2O + 1% co-solvent (here, MeCN). a) 1H NMR of GSSG. b) 1H NMR of GSH. c) 1H NMR 

of GSH + 5 mol% 1 without exposure to O2 and d) 1H NMR of GSH + 5 mol% 1 after exposure to O2. 

The signal at 3.02 ppm corresponds to the NMR standard dimethylsulfone. Sample preparation: 

total volume 500 μL, 475 μL D2O, 20 μL GSH (50 mM stock solution), 5 μL (10 mM stock solution) 

prepared in inert conditions. After the reaction, 100 μL of dimethylsulfone (6 mM stock) was 

added to the tube (with exposure to air). 

These results show that GSH is oxidized into GSSG in the Ru(II) intermediate 1 and air presence. 

If the complex itself can oxidize GSH in cellulo, it could support the use of this catalyst for the 

uncaging of a cytotoxic drug.214 Indeed, it has been shown that the oxidation of GSH into GSSG 

inside cells can affect its redox balance, eventually leading to cell death.215 The release of a 

cytotoxic drug from a non-cytotoxic pro-drug would thus be combined with the perturbation of 
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the redox environment of the cells by oxidizing GSH into GSSG. However, for this to be useful, the 

reaction should be catalytic. A set of reactions was therefore performed with different complexes 

to investigate whether GSH oxidation is indeed catalytic, Figure 4. 

 

 

Figure 4: 1H NMR-Quantification of glutathione oxidation catalyzed by CpRu catalysts 1-4. Three 

parameters were varied, temperature, co-solvent, and catalyst. Reaction conditions: [GSH] = 10 

mM; [CpRu(QA)(] 1  = 1 mol%, co-solvent = 1%; final volume = 500 μL.  

The results in Figure 4 indicate that GSH oxidation, in the case of MeCN and DMF, is enhanced by 

catalysts 1-4. This suggests that the Ru-based catalyst activates oxygen, enabling the oxidation of 

thiols. This oxidative process could partly explain why these deallylation catalysts have been 

reported to be active in cellulo and even mammalian cells.  Indeed, the Ru-catalyzed oxidation of 

GSH may minimize the detrimental effect of GSH on the soft metal center. Strikingly, when DMSO 

is used as a co-solvent, GSH is oxidized even without any catalyst. It should be noted that Walker 

and co-workers have previously reported the spontaneous oxidation of DMSO by GSH.216 To 

exclude the role of contaminants present in DMSO, we confirmed this reactivity by performing the 

reaction with five different sources of DMSO and in the absence of oxygen, Figure S4. The effect of 

oxygen on the catalytic deallylation reaction remains to be elucidated. With this goal in mind, we 
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narrowed the study to catalysts 1 and 2 bearing a quinaldic acid chelate and their precursor 4, as 

HQ-based complexes have been reported to be cytotoxic.84,98  

The Ru-catalyzed deallylation of the alloc-protected coumarin 5 was selected as a test reaction to 

study the influence of oxygen on the reaction. The use of DMSO as a co-solvent was inspired by 

Meggers’s standard conditions, even though DMSO spontaneously oxidizes GSH. We then 

compared the catalytic activities of catalyst 1, 2, and 4 in DMSO for the deallylation of 5 in the 

presence and absence of glutathione and air, Figure 5 (see Table S1 for details). Based on the 

results presented above, using DMSO as a co-solvent might affect the concentration of reduced 

GSH in the reaction mixture. However, the concentration of DMSO used was fourteenfold that of 

GSH (140 mM vs. 10 mM for GSH), thus favoring the formation of GSSG. 

 

 

Figure 5: Deallylation of the alloc-protected coumarin 5 with CpRu-based catalysts in 1% DMSO 

in water, highlighting the distribution of the various aminocoumarin products 6-8. 
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Much information can be extracted from this experiment. Firstly, the catalytic activity 

with 1 and 2 is partly decreased, and 4 severely so, by the presence of air. Ru(II) intermediate 1 is 

more sensitive to the presence of air than Ru(IV) intermediate 2, probably due to the difference 

between RuII and RuIV stability against oxygen.217 Secondly, the product repartition is dependent 

on the presence of GSH. The formation of product 8 is prevented when GSH is used, while 

product 7 is always formed even in the presence of GSH. Additionally, GSH forms an active catalyst 

with pre-catalyst 4 without air but loses its activity when exposed to air. Finally, the presence of 

GSH does not impede the overall conversion. However, the potential role of GSH here is highly 

attenuated by the large consumption of GSH by DMSO, leaving only a fraction of the initial GSH 

loading.  

A possible explanation for forming products 7 and 8 could be the following. The formation of 

product 7 occurs during the deallylation step. Product 6 is formed and remains near the 

CpRu(IV) 2, preferentially acting as a nucleophile. This contrasts the formation of 

product 8, which requires intermediate 7 to act as a nucleophile while remote from the 

CpRu(IV) 2 moiety.  

The presence of air does not affect the catalyst when DMSO is used as a co-solvent, which is 

reflected in Figure 8. Nevertheless, the 1H NMR spectrum of Ru(II) intermediate 1 in DMF or MeCN 

displayed a lack of stability against oxygen. We then investigated the influence of these solvents as 

co-solvent of the reaction using Ru(II) intermediate 1 as a catalyst, Figure 9. 
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Figure 6: Deallylation reaction in different solvents illustrates the product conversion and 

distribution with the respective TON) indicated for each condition.  

The data from Figure 6 show that the co-solvent’s nature has a noticeable effect on reactivity 

(detailed results in Table S2). As was highlighted above by 1H NMR, the catalyst is less stable in 

MeCN and DMF in the presence of air, revealing variable stability, possibly due to the coordination 

strength of the solvent. For MeCN and DMF, more monoallylated amine 7 is produced without GSH. 

Additionally, the diallylated amine 8 is barely detectable in the presence of GSH. In the case of 

DMSO, the same trend is observed when GSH is used, even if DMSO, might consume a part of GSH, 

Figure 6. Although the presence of GSH improved the selectivity, it decreased the overall 

conversion for DMF and MeCN, Figure 6.  Even though GSH reduces the overall conversion, the 

increase in selectivity renders the reaction monitoring more accessible. As a result, the presence 

of GSH in cells is beneficial since it minimizes the formation of (di)-allylated amine-products 7-8. 

From the previous experiments (Figure 4- 6), the following information can be gathered: i) The 

formation of GSSG from GSH requires O2 unless DMSO is used as a co-solvent. ii) The deallylation 

proceeds better when DMSO is used as a co-solvent. iii) GSH provokes a slight decrease in the 

overall conversion but drastically increases the selectivity of the reaction. As a result, three 

reactions occur in the presence of air and GSH: i) deallylation. ii) disulfide formation. iii) oxidative 

degradation of the complex. These three processes compete with each other during catalysis. If 

these reactions compete, the oxygen consumption rate should vary in the presence or absence 

of 5 and GSH. To further investigate this theory, oxygen consumption (oxygraphs) monitoring 
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during catalysis was carried out using an oxygen-sensing probe and different reaction conditions, 

Figure 7.  

The oxygraphs obtained reveal a high similarity for the evolution of the oxygen consumption rate 

when MeCN and DMF are used as co-solvents. In the presence of the Ru(II) intermediate 1 alone, 

the oxygen consumption is rapid, and the Ru(II) intermediate 1 is almost wholly consumed after 

3 and 1.5 minutes in DMF and MeCN, respectively, since 75 mM of oxygen was consumed for both 

conditions. If we consider a stoichiometry of 1:1 for Ru(II) intermediate 1 to air, from 100 mM of 

Ru(II) intermediate 1 initially added, 75% were consumed in the abovementioned timescale. On 

the other hand, when Ru(II) intermediate 1 is used in the presence of GSH (red curve), the oxygen 

rate consumption is lowered due to a possible coordination between GSH and Ru(II) 

intermediate 1. This coordination prevents the oxidative degradation of Ru(II) intermediate 1 via 

the formation of GSSG. This leads to an increased lifetime of Ru(II) intermediate 1 in the presence 

of air. Oxygen consumption was recorded for 2 hours and 7.5 hours in DMF and MeCN, respectively. 

When Ru(II) intermediate 1 is used with caged substrate 5, the oxygen consumption is lower than 

in the previous two cases since the deallylation does not require oxygen. The initial profile features 

a fast decrease in oxygen concentration. It then stabilizes before decreasing again for DMF. The 

oxygen concentration decreases for around 30 minutes. A similar pattern is observed in MeCN. 

After 50 minutes, no oxygen consumption was apparent. This supports a potential competition 

between the catalyst’s oxidation and the CpRu-catalyzed deallylation of caged coumarin 5. When 

Ru(II) intermediate 1 was used in the presence of GSH and substrate 5, the oxygen consumption 

rate was even slower than in the previous cases. In the case of DMF, a transient plateau was again 

 

Figure 7: Oxygraphs measurement of Ru(II) intermediate 1 in different conditions in water with 

1% co-solvent and no head space (GSH 10 mM, substrate 5 1 mM and Ru(II) intermediate 1 0.1 

mM). The black curve corresponds to Ru(II) intermediate 1 alone. The red curve corresponds to 

Ru(II) intermediate 1 in the presence of GSH. The blue curve corresponds to Ru(II) intermediate 

1 in the presence of GSH and substrate 5. The green curve corresponds to Ru(II) intermediate 1 in 

the presence of substrate 5. 
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observed, but for a lower duration. We hypothesize that GSH induces a different competition 

between the deallylation reaction and the formation of GSSG. The oxygen decrease was visible for 

5.5 hours for MeCN and DMF.  

Regarding the oxygraphs for the condition where DMSO was used as a co-solvent, a low and slow 

decrease in oxygen concentration was observed over 4 h for catalyst 1 alone. The behavior was 

almost identical when Ru(II) intermediate 1 was used in the presence of GSH or substrate 5. Both 

the nucleophile and substrate lead to a slow consumption of oxygen over 11 hours. When Ru(II) 

intermediate 1 was used with GSH and substrate 5, the oxygen consumption was faster than for 

the conditions mentioned above and lasted for ten hours. Introducing a substrate or thiol may 

induce a ligand exchange from DMSO with the Lewis-basic reagent. This ligand exchange promotes 

the formation of an intermediate, which may be affected by oxygen. Nevertheless, the incomplete 

conversion of GSH into GSSG excess O2 reveals that Ru(II) intermediate 1 for this transformation 

degrades into fewer active species. The oxygraphs are an efficient means to quantify the oxygen 

consumption but do not give any insight into the nature of the degradation product.  

The oxygen sensitivity of Ru(II) intermediate 1 is apparent by the naked eye as revealed by a rapid 

color change from red to brown to green upon exposure of Ru(II) intermediate 1 solution to air. 

This suggests that Ru(II) intermediate 1 is converted into different species in the presence of 

oxygen. To monitor the evolution of these species, UV-Vis monitoring was carried out under 

different conditions, Figure 8. Ru(II) intermediate 1 was dissolved in DMSO, DMF, or MeCN in the 

presence or absence of air and/or GSH and diluted with water to mimic the catalytic conditions, 

Figure 8 (The reader can also refer to Figure S5-11 for the UV-vis spectrum in the presence of 

GSH). 

 

 

Figure 8: UV-Vis spectrum of Ru(II) intermediate 1 in water and 1% of co-solvent. The blue curve 

represent Ru(II) intermediate 1 without air. The orange curve represent Ru(II) intermediate 1 

after 1h exposure to air. The grey curve represent Ru(II) intermediate 1 after 2h exposure to air. 

The yellow curve represent Ru(II) intermediate 1 after 15h exposure to air. 
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 Irreversible changes in the UV-Vis spectra after air exposure highlight its gradual conversion to 

an oxidized species. The interaction of Ru(II) intermediate 1 with oxygen was similar in MeCN and 

DMF according to the UV-vis spectrum. For both co-solvents, abs displayed a notable variation and 

the corresponding absorbance. They stabilized after 2h, meaning that the final state of the complex 

is reached after 2h following exposure to air. Nevertheless, the spectrum in the presence of DMSO 

displayed increased stability upon oxygen exposure. Ogo and Ferraro have previously reported 

different studies on various [Cp*Ru]-based complexes and their reactivity with O2, Figure 9a.218–220 

These studies led them to conclude that, in the presence of O2, a [Cp*Ru]-peroxo complex is 

endowed with oxidative properties. The resulting peroxo-complexes catalyzed the oxidation of 

phosphite, phosphine, and guanosine-5’-monophosphate (GMP). Based on their work, we propose 

a similar pathway to rationalize the reactivity of Ru(II) intermediate 1 in the presence of air. A first 

intermediate is formed upon exposure of Ru(II) intermediate 1 to oxygen (9 hereafter). It can be 

converted back to Ru(II) intermediate 1 in the presence of a reductant, Figure 9b.33–35 After 2 h of 

exposure, a second hypothetical intermediate is formed since further variation of abs was 

observed (10 or 11 hereafter). No further modification of the UV-Vis spectrum was observed, even 

upon standing overnight. This suggests that 10 or 11 is the final state of the catalyst. Considering 

the oxidation of 9 to 11, two hypotheses can be formulated: formation of a decarboxylated peroxo-

ruthenium(IV) core (11-1) or oxidation of the ligand (11-2), Figure 9b. 

 

Figure 9: Oxidative deactivation of Ru(II) intermediate 1 in the presence of dioxygen. Starting on 

the left with Ru(II) intermediate 1, I) Ligand substitution with O2. II) Oxidation of the catalyst with 

O2 forming a Ru(IV) peroxo intermediate 9. III-1) Conversion of 9 into 10 by action of a reductant. 
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IV) Reduction of 10 into Ru(II) intermediate 1 via reduction. III-2) Proposed irreversible 

degradation pathway via decarboxylative degradation affording 11-1 or via ligand oxidation 

pathway affording 11-2. 

In the case of the formation of an oxidized species 11-1 form, a decarboxylative pathway would 

be required to convert 9 to 11-1 irreversibly. The regeneration of 1 from 9 requires a reductant, 

water itself might act as a reductant, leading to the formation of H2O2. To investigate the possible  

 

H2O2 formation, an assay using Horseradish Peroxidase (HRP hereafter) was performed. This 

assay did not reveal the formation of H2O2, Figure S12-14. However, another reducing agent may 

be responsible for this transformation. Regarding the ligand, the pyridine moiety could form an N-

oxide species, which inhibits the catalytic process. To confirm this hypothesis, an MS-MS 

experiment was carried out with the oxidized complex to investigate the location of the oxidation 

site, Figure S15-19. The MS-MS experiment revealed that the ligand is not oxidized in the presence 

of oxygen. Nevertheless, fragments presenting a peroxo and an oxo structure, as well as a 

decarboxylated ligand, were identified from mass-matching. This supports the hypothesis of a 

coupled oxidative-decarboxylative deactivation of Ru(II) intermediate 1. Nevertheless, MS-MS 

analysis also revealed that the 5-cyclopentadienyl moiety was absent from these fragments. Loss 

of the Cp-moiety may be part of the deactivation pathway. Overall, two hypotheses about the 

deactivation of the catalyst can be made. i) Cp-Removal and ii) ruthenium oxidation. Moreover, the 

regeneration of Ru(II) intermediate 1 from 9 via 10 requires a reductant. Unfortunately, water 

itself does not act as a reductant since the HRP experiment did not reveal the formation of H2O2. 

However, another reductant in this study fulfills the requirement since we have demonstrated that 

GSH is converted into GSSG in the presence of air and Ru(II) intermediate 1. As a result, based on 
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the data gathered in this study and the literature, we propose a mechanism combining the 

deallylation reaction and the catalyst oxidation pathway, Figure 10.  

This experiment disproved the formation of 11-2 but was consistent with the formation of 9 and 

10 and a hypothetical degradation through 11. According to the mechanism outlined in Figure 10 

and previous work,37 thiols decrease the overall conversion for the deallylation process. This might 

be due to a possible competition between deallylation and thiol oxidation. Considering that the 

degradation pathway still occurs, this affects the deallylation, resulting in a reduced conversion. It 

was shown above that the glutathione present in the intracellular medium does not affect the 

reaction. On the contrary, it reduces the parasitic allylated product. However, there are also thiols 

in the extracellular medium. This is the case, for example, with albumin, which has a cysteine 

(cysteine 34) exposed to the solvent. This cysteine is often used to carry out Michael additions in 

situ.221 We tested the effect of bovine serum albumin (BSA) on the reaction, Figure 11.   

 

Figure 10: The proposed combination of two catalytic cycles. On the left is the catalytic cycle 

proposed by Meggers, and on the right is a mechanism for the thiol oxidation and possible 

degradation of the complex, resulting in an inactive ruthenium species. From this cycle, it is 

possible to regenerate the active catalyst.  
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Figure 11: Determination of the total conversion of the deallylation of substrate 5 using catalyst 

1 under different conditions (BSA = bovine serum albumin). 

The conversion in the presence of BSA is lower than in the presence of GSH. We hypothesize that 

BSA binds via hydrophobic interactions to the Ru(II) intermediate 1 or the substrate 5. Indeed, 

the primary function of albumin is to adsorb hydrophobic substrates to vectorize them in the 

organism. This effect may be problematic for reactions occurring in the extracellular medium. As 

described previously, one of the most ambitious applications for these CpRu-based deallylation 

catalysts is their use to uncage cytotoxic drugs via deallylation.21 To do so, it is highly desirable to 

accumulate the catalysts at the cell surface or in the cytosol of cancer cells. Essential features of 

such catalysts include i) non-toxicity, ii) efficient uncaging of prodrugs in the presence of oxygen, 

as well as, all metabolites present either in the extracellular medium or the cytosol, and iii) 

maintaining high catalytic activity at low concentrations (i.e. < 5 mM). Meggers and co-workers 

reported that analogs of Ru(IV) intermediate 3 were 10 times more efficient than analogs of Ru(IV) 

intermediate 2 at uncaging alloc-protected amines in biological media.21 Building on these 

findings, Mao and co-workers uncaged an alloc-protected gemcitabine prodrug in a zebrafish 

embryo xenograft model.222 However, catalyst 3 was also highly cytotoxic in HeLa cells, with an 

IC50 of 70 nM.216 The increase in activity of catalyst 3 may be counterbalanced by its increased 

cytotoxicity. To test this hypothesis, we compared the cytotoxicity of Ru(IV) intermediate 2 and 3 

in CT26 cells (mouse colon carcinoma cell line). To mimic the experimental conditions reported 

by Meggers and co-workers to assess the efficiency of Ru(IV) intermediate 2 and 3, the 

experiments with CT26 cells were performed in the presence of air and 0.5 % v/v of DMSO.21 As 
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summarized in Figure 12a, Ru(IV) intermediate 3 is only slightly more cytotoxic than Ru(IV) 

intermediate 2, with IC50s of 360 ± 2 and 531 ± 8 nM, respectively. To compare the efficiency of 

Ru(IV) intermediate 2 and 3 in the presence of CT26 cells, we used the alloc-gemcitabine 12 

previously described by Mao and co-workers.222 The cytotoxicity of gemcitabine 13 and its caged 

analog 12 was determined. Gemcitabine 13 was about 500 times more toxic than alloc-

gemcitabine 12, with IC50 of 12.1 ± 0.2 nM and 5.86 ± 0.05 µM, respectively, Figure 12b. Next, an 

experiment was initiated by incubating CT26 cells with 1 µM of alloc-gemcitabine 12 –where no 

cytotoxicity was observed. Then, the CT26 cells were treated with increasing concentrations of 

either Ru(IV) intermediate 2 or 3 in the presence of 1 µM of alloc-gemcitabine 12, Figure 12c. To 

minimize the cytotoxicity effect of the Ru(IV) intermediate 2 or 3, their concentration was kept 

below 100 nM. As can be appreciated in Figure 12d, the catalytic activity of both deallylation 

Ru(IV) intermediate 2 and 3 is similar. A significant reduction in cell viability was only observed 

at a catalyst concentration > 50 nM for both catalysts. At a catalyst concentration of 100 nM, 

corresponding to a 10% catalyst loading, the cell viability was reduced to 64% and 56% for Ru(IV) 

intermediate 2 and 3, respectively. Under these conditions, we can safely assume that neither the 

Ru(IV) intermediate 2 or 3 nor the alloc-gemcitabine 9 contribute significantly to the reduction in 

cell viability. Inspection of Figure 10A reveals that such a reduction of cell viability is observed 

with a concentration of gemcitabine 13 in the 10 nM range. Under these experimental conditions 

[substrate 12] = 1mM, [Ru(IV) intermediate 2 or 3] = 100 nM, [product 13] = 10 nM–, we conclude 

that the conversion is roughly 1%, which corresponds to a TON = 0.1! We cannot exclude at this 

stage that the cytotoxicity observed in this assay results from a synergistic combination of the 

individual cytotoxic effects of the prodrug 12, gemcitabine 13, and the Ru(IV) intermediate 2 or 

3.  

These control experiments reveal that, while analogs of Ru(IV) intermediate 3 have been reported 

to be more efficient than analogs of Ru(IV) intermediate 2 in vitro, significant improvement in 

catalytic activity in biological media is required before they can be considered safe for clinical 

applications in medicine. 
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3.3 Conclusion 

 

Since its initial report by Meggers in 2006, the CpRu-catalyzed deallylation system presented 

herein has been widely applied in chemical biological applications. Over the years, the system has 

revealed some of its limitations, including i) catalyst oxidation by dioxygen, ii) undesirable 

allylation of the uncaged amine present in the product iii) thiol oxidation, and iv) limited catalytic 

activity in (extra)-cellular media. Although qualitative, this study reveals that the catalysts 1-4 are 

 

Figure 12: CT26 cell viability assays in the presence of alloc-gemcitabine 12, Ru(IV) 

intermediate 2 or 3 and gemcitabine 13 a) CT26 cells viability following 72 h of incubation with 

Ru(IV) intermediate 2 or 3. b) CT26 cells viability following 72 h of incubation with alloc-

gemcitabine 12 or gemcitabine 13. c) Deallylation of caged-gemcitabine 12 to gemcitabine 13, 

catalyzed by Ru(IV) intermediate 2 or 3. d) CT26 cells viability following 72 h of incubation 

with 1 µM of alloc-gemcitabine 12 and increasing concentrations of Ru(IV) intermediate 2 or 3. 

**** P < 0.0001, ** P < 0.01 (unpaired t-test). 
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neither oxygen nor thiol-resilient. A complex kinetic interplay between catalyst oxidation and 3-

allyl formation is presented. Future work in the group will explore the relation between substrate 

complexity and catalytic outcome, which is necessary. While the in cellulo applications of these 

catalysts remain limited, they significantly contributed to the coming-of-age of in cellulo catalysis. 

A thorough understanding of the mechanism and the associated side reactions will eventually 

enable the field to reach its maturity.   

 

3.4 Supplementary information 

 

I]  Synthesis of substrates and complexes: 

 

1) Synthesis of ethyl 3-hydroxyphenyl)carbamate: 

 

Reproduced from Griffiths and Rynckelynck. 223 

Ethyl chloroformate (11.7 g/10.3 mL, 1.2 eq) was added dropwise to a stirred suspension 

of 3-aminophenol (10g, 1eq) in 600 mL of a mixture of dry diethyl ether and dry THF (5:1). 

A white precipitate (probably the corresponding amine hydrochloride) formed quickly. 

The reaction mixture was stirred an additional 2 hours at room temperature. The 

hydrochloride was removed by filtration. The filtrate was evaporated under vacuum to 

give a colorless oil. The oil was solubilized in 300 mL diethyl ether and the resulting 

organic phase was washed with solutions of HCl (1 M, 200 mL), saturated NaHCO3 (200 

mL) and water (200 mL). The organic phase was drier over Na2SO4 and the solvent was 

evaporated and the residue dried under high vacuum for 2hm wielding a colorless-white 

crystalline solid (8.8 g, 54.1%). The crude was directly used for the next reaction without 

further purification. 

1H NMR (500 MHz, Chloroform-d) δ 7.32 (s, 1H), 7.13 (t, J = 8.1 Hz, 1H), 6.70 – 6.62 (m, 

2H), 6.57 (ddd, J = 8.2, 2.4, 0.9 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H). δ=3.5 

& 1.21 (diethylether). 
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2) Synthesis of ethyl (4-(chloromethyl)-2-oxo-2H-chromen-7-yl)carbamate: 

 

Reproduced from Griffiths and Rynckelynck223.  

Ethyl 4-acetoacetate (8.799 g/7.27 mL, 1.1 eq) was added dropwise to a stirred 

suspension of 3-carboethoxyaminophenol (8.8 g, 1 eq) in sulfuric acid (70%, 250 mL)) on 

ice. The black mixture (probably the batch of Ethyl 4-acetoacetate was too old) was stirred 

overnight at room temperature. The dark orange mixture was then poured on ice water 

(400 mL) and stirred for 20 minutes. The precipitate (white greenish slurry) was then 

filtered and washed with methanol (75 mL) and chilled diethyl ether (2 times 75 mL). The 

solid was then dried overnight under high vacuum to afford a white solid (2 g, 14.6%). The 

crude was directly used for the next reaction without further purification. 
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1H NMR (500 MHz, DMSO-d6) δ 10.20 (s, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.60 (d, J = 2.1 Hz, 

1H), 7.42 (dd, J = 8.8, 2.1 Hz, 1H), 6.51 (d, J = 0.8 Hz, 1H), 4.98 (d, J = 0.9 Hz, 2H), 4.17 (q, J 

= 7.1 Hz, 2H). 

 

 

 

3) Synthesis of sodium (7-((ethoxycarbonyl)amino)-2-oxo-2H-chromen-4-

yl)methanesulfonate: 

 

Reproduced from Griffiths and Rynckelynck223.  

A suspension of 4-chloromethyl-7-carbethoxyaminocoumarin (2 g, 1 eq) and Na2SO3 

(3.694 g, 5 eq) in a mixture of acetone (35 mL) and water (25 mL) was stirred under reflux 

for 24 hours. After cooling, solvents were evaporated under vacuum to leave a yellowish-



The two Janus faces of CpRu-based deallylation catalysts and their application for in cellulo prodrug 
uncaging. 112 

§ 

white sticky mass. The mass was suspended in hot methanol (75mL) and filtrated while 

warm. The filtrate was dried over Na2SO4, solvent evaporated and the residue dried 

several hours at high vacuum to give a yellowish-white powder (2.48 g, 100%). 

1H NMR (500 MHz, DMSO-d6) δ 10.12 (s, 1H), 9.89 (s, 1H), 7.85 (d, J = 8.8 Hz, 1H), 7.55 (d, 

J = 2.1 Hz, 1H), 7.34 (dd, J = 8.8, 2.2 Hz, 1H), 6.24 (s, 1H), 4.21 – 4.08 (m, 4H), 4.00 (s, 2H), 

1.31 – 1.22 (m, 5H). 

 

4) Synthesis of (7-amino-2-oxo-2H-chromen-4-yl)methanesulfonic acid: 

 

Reproduced from Griffiths and Rynckelynck223.  

Concentrated sulfuric acid (5 mL) and acetic acid (7.5 mL) were added to sodium 7-

carbethoxyaminocoumarin-4-methanesulfonate (2.48 g, 1 eq) and the mixture was heated 

with stirring at 100 °C overnight (first green suspension which got solubilized upon 

heating).  After cooling, the solution (dark-pink black) was poured into ethanol (75 mL) 
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and gave a beige precipitate. The solid was filtered off, washed with ethanol (once 20 mL) 

and dried at high vacuum to give a beige powder which was used without further 

purification. 

1H NMR (500 MHz, DMSO-d6) δ 7.56 (d, J = 8.7 Hz, 1H), 6.52 (dd, J = 8.7, 2.2 Hz, 1H), 6.42 

– 6.36 (m, 1H), 5.94 (s, 1H), 3.87 (s, 3H). 

 

 

5) Synthesis of triethyl-l5-azaneyl (7-(allylamino)-2-oxo-2H-chromen-4-

yl)methanesulfonate: 

 

The (7-amino-2-oxo-2H-chromen-4-yl)methanesulfonic acid (crude from the previous 

reaction) (0.588 mmol, 1eq) was dissolved in triethylammonium bicarbonate buffer 

(TEAB, 3 mL), the mixture is bubbling, at the end of the bubbling allylbromide (0.502 



The two Janus faces of CpRu-based deallylation catalysts and their application for in cellulo prodrug 
uncaging. 114 

§ 

mmol, 1 eq) was added to the reaction mixture and the solution was stirred for 3 h at room 

temperature. The reaction was then acidified to pH 4 using AcOH and then filtered. The 

reaction mixture was then purified by preparative reverse phase HPLC and the collected 

fraction were gathered and lyophilized to give a white powder (12 mg, 5.4% yield). (Low 

yield due to incomplete consumption of the starting material plus lack of selectivity of 

formation between mono and di-allylated product). 

1H NMR (500 MHz, Deuterium Oxide) δ 7.56 (d, J = 8.9 Hz, 1H), 6.72 (dd, J = 8.9, 2.3 Hz, 

1H), 6.49 (d, J = 2.3 Hz, 1H), 6.15 (s, 1H), 5.97 (ddt, J = 17.3, 10.4, 5.2 Hz, 1H), 5.30 (dq, J = 

17.3, 1.7 Hz, 1H), 5.22 (dq, J = 10.4, 1.6 Hz, 1H), 4.32 (s, 2H), 3.84 (dt, J = 5.2, 1.7 Hz, 2H), 

3.20 (q, J = 7.3 Hz, 6H), 1.28 (t, J = 7.3 Hz, 9H). 

 

13C NMR (126 MHz, D2O) δ 164.8, 155.8, 152.7, 149.1, 134., 126.8, 116.1, 111.9, 109.9, 

108.9, 97.7, 52.5, 46.6, 44.9, 8.2. 
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6) Synthesis of triethyl-l5-azaneyl (7-(diallylamino)-2-oxo-2H-chromen-4-

yl)methanesulfonate: 

 

 

The (7-amino-2-oxo-2H-chromen-4-yl)methanesulfonic acid (crude from the previous 

reaction) (0.1963 mmol, 1 eq) was dissolved in TEAB (triethylammonium bicarbonate 

buffer, 3 mL), the mixture is bubbling, at the end of the bubbling allylbromide (0.9815 

mmol, 5 eq) was added to the reaction mixture and the solution was stirred for 3 h at room 

temperature. The reaction was then acidified to pH 4 using AcOH and then filtered. The 

reaction mixture was then purified by preparative reverse phase HPLC and the collected 

fraction were gathered and lyophilized to give a white powder (10 mg, 10.8% yield).  
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1H NMR (500 MHz, Deuterium Oxide) δ 7.65 (d, J = 9.1 Hz, 1H), 6.84 (dd, J = 9.2, 2.6 Hz, 

1H), 6.64 (d, J = 2.5 Hz, 1H), 6.17 (s, 1H), 5.95 (ddt, J = 17.2, 10.5, 4.6 Hz, 2H), 5.27 – 5.17 

(m, 4H), 4.35 (s, 2H), 4.09 (dt, J = 4.1, 1.8 Hz, 3H), 3.24 (dq, J = 31.7, 7.3 Hz, 6H), 1.29 (t, J 

= 7.3 Hz, 8H). 

 

13C NMR (126 MHz, D2O) δ 165.0, 155., 152.2, 149.0, 132.7, 126.8, 115.9, 110.3, 109.6, 

108.2, 97.8, 52.5, 52.5, 46.6, 8.2. 
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7) Synthesis of sodium triethyl-l5-azaneyl (7-(((allyloxy)carbonyl)amino)-2-oxo-

2H-chromen-4-yl)methanesulfonate: 

 

 

Reproduced from Meggers et al22.  

The (7-amino-2-oxo-2H-chromen-4-yl)methanesulfonic acid (crude from the previous 

reaction) (0.392 mmol , 1 eq) was dissolved in TEAB (triethylammonium bicarbonate 

buffer, 3 mL), the mixture is bubbling, at the end of the bubbling allylchloroformate (1.96 

mmol, 5 eq) was added to the reaction mixture at 0 °C and the solution was stirred for 1.5 

h at 0 °C and then 2 h at room temperature. The reaction was then acidified to pH 4 using 

AcOH and then filtered. The reaction mixture was then purified by preparative reverse 
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phase HPLC and the collected fraction were gathered and lyophilized to give a white 

powder (25 mg, 15% yield).  

1H NMR (500 MHz, Deuterium Oxide) δ 7.75 (d, J = 8.8 Hz, 1H), 7.42 (d, J = 2.2 Hz, 1H), 

7.21 (dd, J = 8.8, 2.2 Hz, 1H), 6.44 (s, 1H), 6.04 (ddt, J = 17.3, 10.6, 5.4 Hz, 1H), 5.42 (dq, J = 

17.3, 1.6 Hz, 1H), 5.33 (dq, J = 10.5, 1.4 Hz, 1H), 4.70 (dt, J = 5.3, 1.5 Hz, 2H), 4.41 (d, J = 0.7 

Hz, 2H), 3.20 (q, J = 7.3 Hz, 6H), 1.28 (t, J = 7.3 Hz, 10H). 

 

 

9) Synthesis of lithium 4-(dimethylamino)quinoline-2-carboxylate: 

 

4-(dimethylamino)quinoline-2-carboxylic acid (1 eq, 1.16 mmol) was dissolved in 

methanol (4 mL) followed by LiOH (1 eq, 1.16 mmol) and the resulting solution was 

stirred at room temperature overnight. A white precipitate appeared, the mixture was 
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centrifuged, the solid and the supernatant were separated and the solid was washed with 

acetone and centrifuged again (3 x 2 mL). 

The resulting product was obtained as a white powder (220 mg, 0.99 mmol, 85%). 

NMR: 1H NMR (500 MHz, DMSO) δ 8.06 (dd, J = 8.5, 1.3 Hz, 1H), 7.84 (d, J = 8.7 Hz, 1H), 

7.66 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H), 7.53 – 7.47 (m, 2H), 3.03 (s, 6H). The peak at 2.08 ppm 

correspond to acetone. 

 

10) Synthesis of CpRu(NMe2-QA)(MeCN): 

 

adapted from Meggers et al. 22 

Lithium 4-(dimethylamino)quinoline-2-carboxylate (15.3 mg, 1eq) and 

tris(acetonitrile)cyclopentadienylruthenium hexafluorophosphate (30 mg, 1eq) were 
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dissolved in acetone at room temperature overnight in the glovebox. The reaction mixture 

was then centrifuged to remove the white precipitate, the supernatant was collected and 

dried under vacuum. The resulting purple solid was washed with Et2O (3 x 1 mL), the 

supernatant discarded and the solid dried under vacuum to afford a purple solid (24 mg, 

79%). 

1H NMR (600 MHz, DMSO) δ 8.53 (dd, J = 8.8, 1.3 Hz, 1H), 8.16 (dd, J = 8.5, 1.4 Hz, 1H), 7.83 

(ddd, J = 8.5, 6.8, 1.4 Hz, 1H), 7.65 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.33 (s, 1H), 5.48 (s, 3H), 

4.51 (s, 5H), 3.16 (s, 7H), 2.08 (s, 2H, free acetone). 

 

11) Synthesis of [CpRu(NMe2-QA)(allyl)]PF6: 
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adapted from Meggers et al.22  

Allyl 4-(dimethylamino)quinoline-2-carboxylate (17.7 mg, 1eq) and 

tris(acetonitrile)cyclopentadienylruthenium hexafluorophosphate (30 mg, 1eq) were 

dissolved in dichloromethane at room temperature overnight in the glovebox. The 

reaction mixture was evaporated and the resulting yellow solid was washed with Et2O (3 

x 1 mL). the was solid dried under vacuum to afford a yellow solid (31 mg, 79%). 

1H NMR (600 MHz, Acetonitrile-d3) δ 8.24 (dd, J = 8.5, 1.5 Hz, 1H), 7.89 (ddd, J = 8.6, 6.8, 

1.5 Hz, 1H), 7.69 – 7.58 (m, 2H), 7.30 (s, 1H), 6.10 (s, 5H), 4.55 (d, J = 10.9 Hz, 1H), 4.51 (tt, 

J = 10.8, 6.0 Hz, 2H), 4.32 (d, J = 10.7 Hz, 1H), 4.24 (dd, J = 6.1, 2.9 Hz, 1H), 4.03 (dd, J = 6.1, 

2.9 Hz, 1H), 3.32 (s, 7H). 

 

13C NMR (151 MHz, CD3CN) δ 132.0, 128.1, 127.2, 125.6, 123.3, 107.4, 102.7, 95.8, 69.1, 

64.1, 43.3, 0.7, 0.6, 0.4, 0.3, 0.2. 
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11) Synthesis of [CpRu(CO2Me-HQ)(allyl)]PF6: 

 

adapted from Meggers et al. 21 

methyl 8-(allyloxy)quinoline-5-carboxylate (16.8 mg, 1eq) and 

tris(acetonitrile)cyclopentadienylruthenium hexafluorophosphate (30 mg, 1eq) were 

dissolved in dichloromethane at room temperature overnight in the glovebox. The 

reaction mixture was evaporated and the resulting orange solid was washed with Et2O (3 

x 1 mL). the was solid dried under vacuum to afford an orange solid (32 mg, 83.7%). 
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1H NMR (600 MHz, Methylene Chloride-d2) δ 9.72 (dd, J = 8.9, 1.1 Hz, 1H), 8.74 (dd, J = 5.1, 

1.2 Hz, 1H), 8.25 (d, J = 8.6 Hz, 1H), 7.67 (dd, J = 8.8, 5.1 Hz, 1H), 6.95 (d, J = 8.6 Hz, 1H), 

5.98 (s, 6H), 4.48 – 4.38 (m, 2H), 4.31 – 4.22 (m, 3H), 3.90 (s, 3H). 

 

13C NMR (151 MHz, CD2Cl2) δ 165.8, 155.1, 139.6, 136.0, 130.8, 125.3, 115.2, 111.3, 98.8, 

95.6, 69.2, 64.0, 53.8, 53.6, 53.4, 53.2, 53.1, 51.8. 
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11) Synthesis S-allyl glutathione: 

 

adapted from Palvannan  et al.224  

Glutathione (3.25 mmol, 1 eq) was dissolved in 2 M NH4OH solution (24 mL) followed by 

the addition of allyl bromide (14 mmol, 4.3 eq) at 0°C, the resulting solution was stirred 

at 0 °C for 2 hours and filtered. The filtrate was concentrated in vacuo to a small volume 

and filtered. The solid was washed with ethanol and dried in vacuo. A white crude powder 

was obtained (1 g). Portion of this crude was purified by preparative liquid 

chromatography to afford a white fluffy powder. 

1H NMR (500 MHz, Deuterium Oxide) δ 5.84 (ddt, J = 17.2, 10.0, 7.2 Hz, 1H), 5.25 – 5.15 

(m, 2H), 4.58 (dd, J = 8.6, 5.1 Hz, 1H), 3.87 (d, J = 3.7 Hz, 2H), 3.79 (t, J = 6.3 Hz, 1H), 3.22 



The two Janus faces of CpRu-based deallylation catalysts and their application for in cellulo prodrug 
uncaging. 125 

§ 

(dt, J = 7.2, 1.1 Hz, 2H), 3.03 (dd, J = 14.2, 5.1 Hz, 1H), 2.84 (dd, J = 14.1, 8.7 Hz, 1H), 2.62 – 

2.48 (m, 2H), 2.17 (td, J = 7.7, 6.3 Hz, 2H). 

 

 

II]  Ru-catalyzed deallylation and UPLC-MS monitoring: 

 

Conditions without glutathione: 

In a 2 mL-vial, MQ-water (89 L), along with a stock solution of substrate 5 (10 L of a 10 

mM stock solution in water, 0.1 mol), and the catalyst 1 or 2 (1 L of 1 mM stock solution, 

0.001 mol, in a given co-solvent (acetonitrile, DMF or DMSO)). The vial was placed in a 

thermoshaker at 25 °C and shaken at 600 rpm for 15 h. Then, part of the reaction mixture 

(25 L) was diluted in a 2 mL-vial containing MQ-water/Acetonitrile (130 L total, 50:50). 

The internal standard (10 L of a 0.1 mM biphenyl stock solution, 0.001 mol) was added, 
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the vial was vortexed and then transferred into another 2 mL-vial containing a 100 L 

inlet. The resulting solution was subjected to UPLC-MS analysis. 

 

Conditions with glutathione: 

In a 2mL-vial was added 69 L of MQ-water followed by 10 L solution of 5 (10 L of a 10 

mM stock solution in water, 0.1 mol), glutathione (20 L solution of 50 mM stock solution 

in water, 1 mol) and the catalyst 1 or 2 (1 L of 1 mM stock solution, 0.001 mol, in a 

given co-solvent (acetonitrile, DMF or DMSO)). The vial was placed in a thermoshaker at 

25 °C and 600 rpm for 15 h. After 15 h, 25 L of the reaction mixture was dissolved in a 2-

mL vial containing 65 L of MQ-water/Acetonitrile (50:50) and then The internal 

standard (10 L of a 0.1 mM biphenyl stock solution, 0.001 mol) was added , the vial was 

vortexed and then transferred into another 2mL-vial containing a 100 L inlet and the 

final vial was subjected to UPLC-MS analysis. 

 

Table S1: Results from the catalyst 1,2 and 4 screening comparison. The results are from 

independent triplicates measured by UPLC. 
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Table S2: Results from the co-solvent screening comparison. The results are from 

independent triplicates measured by UPLC. 

 

UPLC-MS conditions:  

Elution system: 

A: MQ-water + 0.1% formic acid 

B: Acetonitrile + 0.1% formic acid 

Gradient used: 

The flow was kept at 0.55 mL/min for the whole run. 

Initial: 99% A /1% B => 1.5 min: 99% A /1% B =>4 min: 75% A /25% B =>6 min: 30% 

A /70% B =>9 min: 30% A /70% B =>9.5 min: 99% A /1% B =>10 min: 99% A /1% B 

Standard curves: 
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Figure S1: Standard curve of 5, 6, 7 and 8. 

 

Figure S2: UPLC-MS traces of 5, 6, 7, 8 and the corresponding MS analysis. The UV 

spectrum was taken at 254 nm. The last spectrum represents the analysis of a Ru-

catalyzed deallylation reaction. 

III] Glutathione oxidation monitored by 1H NMR: 
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Influence of the co-solvent on 1 stability 

 

A solution of 10 mM of catalyst 1 was prepared in the corresponding solvent (DMSO, DMF or 

MeCN) without air (in this experiment, samples were prepared in the gloveboxe having a N2 

atmosphere). A 1H NMR was recorded for each solvent and afterward the corresponding NMR 

sample was exposed to air for 15 minutes prior resubmission to 1H NMR .  

 

Ru-catalyzed oxidation in the presence of air 

 

D2O (395 L) was added to a 2mL vial followed by a solution of glutathione (100 L, 50 

mM stock solution in D2O) and a solution of the corresponding catalyst (5 L, 10mM stock 

solution in the corresponding deuterated co-solvent or not deuterated co-solvent). The 

resulting solution was placed in a thermoshaker and stirred at 300 rpm (37°C, 15h). Then, 

a solution of standard (100 L, 6mM stock solution of Dimethyl sulfone in D2O) was added 

to the vial, the resulting solution was vortexed, and subjected to a quantitative 1H-NMR 

analysis using a relaxation delay time d1=30s. The peak used for the quantification is the 

CH2 proton in -position of the disulfide bond. 
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1H NMR: 

  

Figure S3: 1H NMR of GSH and GSG respectively, highlighting the reference signal 

(dimethyl sulfone) and the methylene signal used for quantification of conversion. 

Effect of DMSO on glutathione oxidation: 

D2O (395 L) was added to a 2mL vial followed by a solution of glutathione (100 L, 50 

mM stock solution in D2O) and not deuterated DMSO (5 L, coming from different 

sources). The resulting solution was put in a thermoshaker at 37°C for 15h. After 15h, a 

solution of standard (100 L, 6mM stock solution of Dimethyl sulfone in D2O) was added 

to the vial, the resulting solution was vortexed and then transferred into a 6mm NMR tube. 

The NMR tube was then subjected to a quantitative NMR analysis with d1=30s. 
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Figure S4: GSH conversion in the presence of different DMSO sources. 

IV] Oxygen evolution experiment: 

Experimental procedure: 

Depending on the measurement, GSH could be added with or without 5. 

The oxygraphs were measured with a catalytic loading of 1% versus GSH to mimic the 

NMR conditions. 

360 L of glutathione (1 eq, 18 mol) were added in a 2-mL sealed cap vial followed by 

180 L of substrate 5 solution in water (0.1 eq, 1.8 mol), the vial volume was then 

adjusted to 1782 mL with MQ-water prior sealing. Finally, once the probe is in place, 18 

L of catalyst 1 solution (in either MeCN, DMF or DMSO, 0.01 eq, 0.18 mol) was added 

and the oxygen decay measured. 

V] UV-vis experiment on 1 in different solvent: 

10 L of catalyst 1 solution (in either MeCN, DMF or DMSO, 0.1 M) was added in a 

quartz-cuve for UV measurement and diluted with 990 L of MQ-water. The UV-vis 

measurement were taken according to the condition displayed on each spectrum. 

MeCN as co-solvent: 
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Figure S5: Evolution of 1 with GSH in the absence or presence of air. Superimposition 

makes the curves indistinguishable from each other. 

DMF as co-solvent: 

 

with GSH: 
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Figure S6: Evolution of 1 with GSH in the absence or presence of air. Superimposition 

makes the curves indistinguishable from each other. 

 

DMSO as co-solvent: 

 

with GSH: 
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Figure S7: Evolution of 1 with GSH in the absence or presence of air.  

UV-Vis spectrum profile comparison depending on the solvent: 

Without air/GSH: 

 

 

Figure S8: Evolution of the UV-Vis spectrum of 1 after one night (5h for MeCN). In black: 

DMSO, green: DMF and red: MECN. 
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Without air with GSH: 

 

Figure S9: Evolution of the UV-Vis spectrum of 1 after one night (5h for MeCN). In blue: 

DMSO, brown: DMF and red: MECN. 

With air without GSH: 

 

Figure S10: Evolution of the UV-Vis spectrum of 1 after one night (5h for MeCN). In red: 

DMSO, blue: DMF and black: MECN. 

With air and GSH: 
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Figure S11: Evolution of the UV-Vis spectrum of 1 after one night (5h for MeCN). In 

green: DMSO, blue: DMF and red: MECN. 

VI] H2O2 determination by HRP titration: 

The quantification of H2O2 was carried out via a Horseradish Peroxidase assay using the 

oxidation of TMB as a quantitative readout for the presence of H2O2 the analysis of the 

oxidation product of TMB. Horseradish peroxide catalyses the oxidation reaction between 

TMB and H2O2 and from the oxidation product of TMB the quantification of H2O2 is 

followed. For the experiment different vials were prepared. One containing only 

[CpRuII(NMe2-QA)(solv)] 1  , one containing [CpRuII(NMe2-QA)(solv)] 1   and the TMB and 

a last one containing [CpRuII(NMe2-QA)(solv)] 1, the TMB and the HRP and the reactions 

were shaken at 37°C at 700rpm for 1h30 in a thermoshaker.  

Vial 1: [CpRuII(NMe2-QA)(solv)] 1   (5 L, stock solution of 1 mM in DMF, final 

concentration 10 M) was added in MQ-water (409 L) in a 2mL vial equipped with a 

screw cap. After 1h30, TMB solution (5 L, from a stock solution of 50 mM in DMF, final 

concentration 500 M) and HRP solution (76 L, 263 U/mL stock solution in water, final 

concentration 20 U/mL) were added to the vial. The solution was subjected to UV-Vis 

analysis to detect the presence of oxidized TMB (max = 650 nm). 

Vial 2: [CpRuII(NMe2-QA)(solv)] 1 (5 L, stock solution of 1 mM in DMF, final 

concentration 10 M)  was added in MQ-water  (414 L) in a 2mL vial equipped with a 

screw cap followed by TMB solution (5 L, from a stock solution of 50 mM in DMF, final 



The two Janus faces of CpRu-based deallylation catalysts and their application for in cellulo prodrug 
uncaging. 138 

§ 

concentration 500 M). After 1h30, HRP solution (76 L, 263 U/mL stock solution in 

water, final concentration 20 U/mL) were added to the vial and the UV-vis measurement 

was done. 

Vial 3: [CpRuII(NMe2-QA)(solv)] 1 (5 L, stock solution of 1 mM in DMF, final 

concentration 10 M)  was added in MQ-water  (414 L) in a 2mL vial equipped with a 

screw cap followed by TMB solution (5 L, from a stock solution of 50 mM in DMF, final 

concentration 500 M). and HRP solution (76 L, 263 U/mL stock solution in water, final 

concentration 20 U/mL) were added to the vial and the UV-vis measurement was done. 

After 1h30 the UV-vis measurement was done. 

To confirm that the assay could indeed detect the formation of H2O2 identical three vials 

described above were spiked after 90 min with 10, 20 and 30 mM of H2O2. This was 

meant to mimic 1, 2 and 3 TONs.. 

 

 

Figure S12: UV-Vis trace resulting from vial 1, spiked with varying amounts of H2O2. In 

green: catalysis result; in red: result mimicking the formation of 1 eq. H2O2 per cat 1; in 

black: result mimicking the formation of 2 eq. H2O2 per cat 1 and in blue: result mimicking 

the formation of 3 eq. H2O2 per cat 1. 
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Figure S13: Result from vial 2 type preparation. In green: catalysis result; in red: result 

mimicking the formation of 1 eq. H2O2 per cat 1; in black: result mimicking the formation 

of 2 eq. H2O2 per cat 1 and in blue: result mimicking the formation of 3 eq. H2O2 per cat 1. 

 

Figure S14: Result from vial 3 type preparation. In green: catalysis result; in red: result 

mimicking the formation of 1 eq. H2O2 per cat 1; in black: result mimicking the formation 

of 2 eq. H2O2 per cat 1 and in blue: result mimicking the formation of 3 eq. H2O2 per cat 1. 
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VII] MS-MS experiment to determine the oxidation site on the catalyst: 

 

 

Proposed adduct:  
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Figure S15: MS-MS experiment of 1 in MECN, comparison of the measured mass with 

the proposed structure showing a match. 

 

 

Proposed structure:  
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Figure S16: MS-MS experiment of 1 in MECN, comparison of the measured mass with 

the proposed structure showing a match 
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Proposed structure: 

 

Figure S17: MS-MS experiment of 1 in MECN, comparison of the measured mass with 

the proposed structure showing a match 

 

Proposed structure: 
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Not found. 

Figure S18: MS-MS experiment of 1 in MECN, comparison of the measured mass with 

the proposed structure showing a mismatch 

 

Proposed structure: 



The two Janus faces of CpRu-based deallylation catalysts and their application for in cellulo prodrug 
uncaging. 145 

§ 

 

Not found. 

Figure S19: MS-MS experiment of 1 in MECN, comparison of the measured mass with the 

proposed structure showing a mismatch 

VIII] Cell experiments: 

Cell culture: 

CT26 cells were cultured in DMEM Glutamax medium (Gibco, Life Technologies, USA) 

supplemented with 10 % of fetal calf serum (Gibco) and 1% penicillin-streptomycin 

(Gibco) and maintained in a humidified atmosphere at 37 °C and 5 % of CO2. 

 

Cytotoxicity assay: 

Cells were seeded at a 4,000 cells/well density in 96-well plates (100 μL/well) and were 

incubated at 37 °C, 5% CO2 for 24 h. The medium was replaced by test compound dilutions 

in fresh medium (100 μL/well) and cells were incubated at 37 °C, 5% CO2 for 72 h. The 

concentration of DMSO in each dilution was kept constant (0.5%). The medium was 

replaced with 100 μL of fresh medium containing resazurin (0.2 mg/mL). After 4h of 

incubation at 37 °C, 5% CO2, plates were read using a Tecan Infinite M1000 PRO (Tecan 

Group AG) microplate reader (λexc = 540 nm; λread = 590 nm). Fluorescence data were 

normalized using untreated cells as 100% as negative controls, data were fitted using 

GraphPad Prism Software and IC50s were calculated by non-linear regression. 
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Chapter 5: Ruthenium-catalyzed enantioselective allylic 

amination in biologically relevant conditions 

 

Alain Baiyoumy, Giuletta Minzer, Thomas R. Ward. 

Department of Inorganic chemistry 24a Mattenstrasse Basel 4058 
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Abstract:  

Within the last several years, numerous new-to-nature reactions have been accomplished 

in living systems using transition metal catalysts. Ruthenium compounds have attracted 

considerable attention for this purpose due to the balance they strike between good 

activity and biocompatibility. Here, we explore the ruthenium compound [CpRu(QA–

NMe2)solv]PF6 (QA = 2-quinolinecarboxylate) (Ru1) as a catalyst for intramolecular 

allylic amination reactions in cellulo. Although Ru1 is unstable under aerobic conditions, 

its stability can be improved by anchoring within the protein streptavidin to generate the 

artificial metalloenzyme (ArM) biot-Ru-Sav. Through judicious tuning of the substrate 

structure, it is possible to enhance the desired reactivity such that it can be achieved using 

the free Ru1 catalyst in cell-free extract. Finally, through directed evolution, we identify 

several biot-Ru-Sav ArMs that perform the desired reaction in E. coli. cell lysate with 

moderate enantioselectivities and enhanced conversion rates. 

 

4.1 Introduction 

Since the 2006 discovery of Cp*Ru(cod)Cl (Cp* = pentamethylcyclopentadienyl, cod = 1,5-

cyclooctadiene) as a robust catalyst for allylcarbamate cleavage in cellulo, ruthenium 

compounds have been widely studied as catalysts for transformations in biological 

systems.20,214 Much of this chemistry has been developed using Cp*Ru(cod)Cl as well as 

Kitamura-type catalysts*225,226 [CpRu(QA–R)allyl]PF6 (Cp = cyclopentadienyl; QA = 2-

quinolinecarboxylate)22 and [CpRu(HQ–R′)allyl]PF6 (HQ = 8-hydroxyquinolinate), 

21developed by Meggers and colleagues. To date, deallylation, Ru(II)-promoted azide–

alkyne cycloaddition,77 [2+2+2] cycloaddition,79,123 Alder-ene,79 and redox 

isomerization125 reactions have been explored with these three catalyst systems in 

biological media Scheme 1a-d.  Nevertheless, different studies have reported some 

limitations linked to the stability of these complexes and their cytotoxicity.60,84,98 

Our laboratory and others have also investigated ruthenium compounds as co-factors in 

artificial metalloenzymes (ArMs) for ring-closing metathesis and deallylation reactions.91–
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96,102,227 Pioneered by Kaiser228 and Whitesides229 in the 1970s, ArMs are hybrid systems 

consisting of an organometallic co-factor embedded in a protein scaffold. They can 

combine the advantageous features of both homogeneous and enzymatic catalysis.230 

Capitalizing on the exceptional affinity of biotin for streptavidin, we have developed 

numerous new-to-nature reactions using ArMs consisting of a biotinylated co-factor 

embedded within streptavidin (Sav) scaffolds. Optimization of these systems can be 

readily carried out using chemical and genetic means by either tuning the biotin anchor 

or through mutations of the host protein. 

We were interested in expanding the scope of in cellulo reactivity achievable with 

ruthenium-based catalysts. We drew inspiration from the ruthenium-catalyzed 

intramolecular allylic amination developed by Kitamura and co-workers, Scheme 1f, 231 

which employs a CpRu/(R)-Cl-Naph-PyCOOCH2CH=CH2 catalyst (Naph = naphthalene; Py 

= pyridine). However, this reactivity proceeded efficiently only at temperatures ≥70 °C 

and in organic solvents when allylic alcohol derivatives were used as substrates.232 To 

demonstrate analogous intramolecular allylic amination in cellulo, we initially sought a 

ruthenium catalyst that would be robust in air and water, in the presence of thiols, and 

operate efficiently at lower temperatures.37,60,84,98 We turned to the compounds 

[CpRu(QA–R)L]PF6 (R = –NMe2) where L = solvent or allyl; Meggers have shown the latter 

to be robust and highly active for the cleavage of allyloxycarbonyl-protected amines 

under biological conditions. 22,135 

Here, we develop a biocompatible platform for intramolecular allylic amination using 

[CpRu(QA–NMe2)solv]PF6 (Ru1) as a catalyst, Scheme 1g. Through judicious substrate 

modification, it is possible to render the desired reactivity competitive with complex 

oxidation under aerobic conditions and in the presence of cell-free extract. Through the 

design and genetic optimization of an ArM featuring a biotinylated catalyst (biot-Ru) 

embedded in streptavidin, it is possible to improve the reaction conversion and 

enantioselectivity.  



Ruthenium-catalyzed enantioselective allylic amination in biologically relevant conditions          149 

§ 

 

Scheme 1: Four prominent Ru-based compounds developed for in cellulo catalysis, the 

previous work from Kitamura and co-workers and our work a) an example of a 

deallylation reaction, with R = -H, -OMe or -NEt2 and R’ = -H, -4-Cl, -5-Cl, -CO2Me and -

NO2.21,22,72,100 b) RuAtAc developed by Mascarenas and co-workers.233 c) [2+2+2] 
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cycloaddition developed by Mascarenas and co-workers123 inspired from Teply and co-

workers.79 d) Alder-ene reaction developed by Teply and co-workers.79 e) Allylic 

amination developed by Kitamura and co-workers. 231 f) Our work.  

4.2 Results and Discussion 

. 

 

Scheme 3: Previous catalyst and substrate system used by Kitamura and co-workers 

(left) and the substrate and catalysts explored in this work (right). 

 

We initially explored the N-allylation reaction with catalyst Ru1 using the allylic acetate 

substrate 1-tBu. Using 1 mol% Ru1 under air-free conditions at 37 °C in phosphate-

buffered saline (PBS, pH = 7.4) with 1.5% N,N-dimethylformamide (DMF) as co-solvent, a 

turnover number (TON) >80 was achieved (Figure 1). However, when the same reaction 

was performed with air, catalysis was effectively shut down. Using the biotinylated 

catalyst biot-Ru, low turnover could be achieved in air, and only slight improvement was 

observed when using a biot-Ru–Sav artificial metalloenzyme featuring the co-factor 

embedded in wild-type Sav.  
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Figure 1: Results from preliminary analysis of the ruthenium-catalyzed allylic amination 

reaction carried out in PBS with 1.5% DMF at 37 °C using 1 mol% of Ru1 (left), biot-Ru 

(middle), or biot-Ru-Sav (right) as catalyst. The influence of air on the reaction was 

studied and quantified by HPLC. Results represent the average value of triplicate repeats, 

and error bars represent the standard deviation between them. 

 

Based on unpublished results from our group about the complex reactivity and stability, 

oxidation of ruthenium compounds in air is unavoidable but is in kinetic competition with 

the desired reactivity. Considering this, we envisioned two approaches to enhance the 

rate of the desired N-allylation: i) reducing the steric bulk of the aniline protecting group 

and ii) increasing the π-allyl formation capacity of the allylic system (Figures 2 and 3). 

We initially explored changing the carbamate alkyl group from tert-butyl to methyl, ethyl, 

isopropyl, n-propyl, or n-butyl (substrates 1-Me through 1-nBu). Using the same suite of 

R groups, we also explored substrates featuring a urea functional group (substrates 2-Me 

through 2-nBu). Reactions were initially screened using Ru1 with a lower catalyst loading 

of 0.1% to demonstrate the potency of this reaction for its eventual demonstration in cells, 

Figure 2. In unpublished work from our lab as well as a previous study from another 
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group,84 the use of dimethyl sulfoxide (DMSO) as a co-solvent was found to enhance the 

stability of Ru1, and thus, all reactions were run in PBS with 1.5% DMSO instead of DMF. 

 

 

Figure 2: Impact of substrate electronics and steric bulk on the ruthenium-catalyzed 

allylic amination reaction. Results were obtained from HPLC. Results represent the 

average value of triplicate repeats, and error bars represent the standard deviation 

between them. 

 

The results from screening the 12 substrates are given in Figure 2. In the case of the 

carbamate substrates, the reaction efficiency increased overall with decreasing alkyl 

group size from tert-butyl to methyl. The decrease in steric hindrance around the allylic 

system might explain the increase in catalytic activity by increasing the accessibility of the 

allylic system to the Ru complex. However, changing the alkyl group will also change the 

lipophilicity of the substrate and, therefore, its solubility in the aqueous reaction medium, 

and thus, the TONs in Figure 2 represent an interplay of substrate accessibility and 

solubility. The urea substrates were found to be much less soluble than the carbamate 

analogs, and thus, deciphering a trend in the corresponding TON is more complex.  
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Given these results, we selected substrate 1-Me for subsequent exploration of the impact 

of the substrate leaving group on the reaction efficiency. Variants of 1-Me featuring an 

amide or diethylphosphoryl leaving group (1a and 1b, respectively; Figure 3) were 

explored. The highest TON was achieved with substrate 1b, however, this result is 

ascribed to its instability under the reaction conditions—indeed, in pure buffer 

solution, 1b was found to convert to 3-Me. The turnover of substrate 1-Me was slightly 

higher than 1a, so substrate 1-Me was chosen for further Sav-based ArM screening using 

biot-Ru as a co-factor.  

 

 

Figure 3: Impact of the substrate leaving group on the ruthenium-catalyzed allylic 

amination reaction. Analyses were performed using HPLC. Results represent the average 

value of triplicate repeats, and error bars represent the standard deviation between them. 

 

We also designed a second co-factor, biot-Ru-HQ (Figure 4), which is based on the 

ruthenium hydroxyquinolate catalyst from Meggers and colleagues, Scheme 1.21 We 
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selected a random pool of Sav mutants to screen the catalytic performance of ArMs 

featuring biot-Ru and biot-Ru-HQ co-factors. In our initial screenings, we found that 

DMF enhances the catalytic activity when used in the presence of protein, and so DMF was 

used as a co-solvent in all subsequent reaction studies, Figures S13–14.  

 

 

Figure 4: Results of ruthenium-catalyzed allylic amination using free biot-Ru or biot-Ru-

HQ (control) or the same co-factors embedded in random Sav mutants. Analyses were 

performed using HPLC. Results represent the average value of triplicate repeats, and error 

bars represent the standard deviation between them. 
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As seen in Figure 4, similar activity was observed for both co-factors. As such, we 

selected biot-Ru for the remainder of this study, given its relatively simple synthesis, and 

because of concerns surrounding the potential cytotoxicity of hydroxyquinoline-based 

ligands such as in biot-Ru-HQ.84,98  

As E. coli cells contain between 1-10 mM glutathione (GSH hereafter)234, we decided to 

examine the activity of the biot-Ru-Sav system under more biologically relevant 

conditions by adding GSH to the reaction mixture. From an initial screening campaign 

without of thiol using a few mutants, S112A-K121E was found to afford the highest 

substrate conversion and product enantioselectivity (see Figures S13–14 in the 

Supporting Information for more details). With this mutant in hand, we used lyophilized 

cell-free extract from an empty E. coli vector to estimate the resilience of the catalytic 

system to intracellular conditions (5 mg/mL of cell-free extract in PBS was used). We 

evaluated the catalytic activity in 10 mM of glutathione (GSH hereafter), Figure 5. 

 

 

Figure 5: Impact of various thiol sources on ruthenium-catalyzed allylic amination using 

free biot-Ru (left, control) or biot-Ru embedded within a Sav S112A-K121E scaffold 

(right). Results represent the average value of triplicate repeats, and error bars represent 

the standard deviation between them. 
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It is clear from Figure 5 that high concentrations of thiols have a deleterious effect on the 

catalyst TON. Indeed, the reaction was nearly shut down with 10 mM of glutathione, 

Figure 5, solid yellow data. This may be due to a competition between nucleophilic attack 

by carbamate and glutathione, intermediate I-2, Scheme 4. 

 

Scheme 4: Mechanism of the ruthenium-catalyzed allylic amination. I) Ru1 interacts 

with the substrate through ligand exchange and forms I-1. II) Oxidative addition of the 

ruthenium complex forming the 3-allyl complex I-2 and acetic acid as a side product. 

III) Intramolecular allylic amination from the carbamate on the 3-allyl intermediate 

forming I-3, IV) Ligand exchange of the desired product with the solvent forming Ru1 

and 3-R. 

However, the reaction was found to proceed (albeit with a low TON) in the presence of 

cell-free extract (Figure 5, solid green data), which suggested that it might be possible to 

perform the reaction in intracellular conditions. Toward this end, we tuned the activity of 

the ArM by genetic optimization using site saturation mutagenesis at positions S112 and 

K121 in Sav. Based on the above promising results obtained with mutant Sav S112A-
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K121E and preliminary screenings with double mutant Sav S112A-K121N as well as Sav 

K121N, we decided to screen S112A-K121X and S112X-121N combinations to optimize 

our ArM. We were also interested in exploring Sav S112X-K121D mutants, given that D 

(aspartic acid) and N (asparagine) are structurally similar amino acids, but D bears a 

negatively charged side chain at physiological pH, Figure 6. 

 

Figure 6: Illustration of the structures of different amino acid residues (at physiological 

pH) chosen for Sav mutant screening and ArM optimization. 

The screening campaign used cell lysate from E. coli transformed with the corresponding 

plasmid. Figure 7 illustrates the adopted workflow from cytoplasmic expression to cell 

lysate isolation and the final results from the screening campaign. 
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Figure 7: Presentation of the screening procedure as well as the results obtained. a) 

Workflow for the cytoplasmic expression of Sav in 24 well plates (upper) as well as the 

reaction condition for allylic amination (lower) and b) the corresponding screening 

results, represented in dual graph format with TON in blue bars and ee in orange dots. XY 

presents mutations S112X and K121Y. The mutants are classified in the following order: 

Special cases (C. G, P), amino acids with polar uncharged side chains (S, T, N, Q), amino 

acids with electrically charged side chains (R, H, K and D, E) and amino acids with 

hydrophobic side chains (A, V, I, L, M, F, Y, W). Results represent the average value of 

duplicate repeats, and error bars represent the standard deviation between them. 

This campaign revealed that some synergistic effects are observed for some mutant 

combinations at position S112X-K121Y, which improve the enantioselectivity and/or the 

TON. In particular, for S112A-K121X mutants, the residues K121D, K121N, and K121V 

afforded the most significant improvement in enantioselectivity over wild type (WT). Of 

these, K121D and K121V afforded the best TON interestingly, S112A-K121E did not afford 

any improvement in enantioselectivity compared to WT. This difference between the 

purified protein presented before and this one is probably linked to the expression level 

of S112A-K121E in a 24-well plate. The majority of ArMs featuring Sav S112X-K121N 

mutants afforded enantioselectivities above 50%; of these, ArMs with S112W-K121N and 

K121N mutants performed most optimally, achieving enantioselectivities of 

approximately 60%. 
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Interestingly, relative to ArMs based on S112X-K121N mutants, ArMs featuring S112X-

K121D mutants exhibited moderate enantioselectivity but much lower TONs. It is possible 

that the negatively charged aspartate stabilizes the π-allyl reaction intermediate and 

slows down the allylic amination kinetics such that the catalyst degradation is 

favored.60,84,217 Finally, we found that an ArM featuring the Sav S112Q-K121D mutant 

affords the highest enantioselectivity (ee 62%, TON 9). In comparison, a Sav S112M-

K121N scaffold afforded the optimal combination of activity and enantioselectivity with 

an 11.7-fold increase in activity compared to WT (53% ee,  TON  47 versus  22% ee,  TON  

4 for Sav WT).  

4.3 Conclusion 

Herein, we report the first ruthenium-catalyzed allylic amination in E. coli cell lysate. 

Challenges include the limited substrate scope of such reactions, as well as the need for 

judicious catalyst design to achieve desired reactivity in biologically relevant conditions. 

However, these results also highlight the possibility of realizing more complex new-to-

nature cell reactions. Future optimization of the presented system will benefit from a two-

pronged approach involving further substrate design and optimization as well as new 

catalyst design for biological applications. 

4.4 Supplementary information 

I]  Synthesis of substrates and complexes: 

 

1) Synthesis of methyl (E)-2-(4-hydroxybut-2-en-1-yl)benzoate 

 

 

 

A solution of CuCN(LiCl)2 was prepared in the absence of air in a sealed tube with CuCN 

(171 mg, 1.91 mmol), LiCl (162 mg, 3.82 mmol) in THF (4 mL) for 20 minutes.  
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Methyl 2-iodobenzaote (20g, 76.3 mmol) was dissolved in THF (70 mL), and the solution 

was cooled to -40°C. To this cooled solution was added iPrMgCl (2M in THF, 45.8 mL, 91.6 

mmol). The resulting orange solution was stirred at -40°C for 20 minutes, and then the 

previously prepared CuCN(LiCl)2 solution and 2-vinyloxirane (9.22 mL, 114 mmol) were 

added at the same temperature. After 20 minutes, a saturated solution of (NH4)2SO4 (40 

mL) was added. The mixture was warmed to room temperature and stirred for 30 

minutes. 

The resulting blue precipitates were removed by filtration using a frited funnel and 

vacuum. The recovered biphasic solution was separated using a separating funnel. The 

aqueous layer was washed 3 times with TFH (30 mL). The organic phases were combined 

and dried over Na2SO4 and concentrated under a vacuum to afford a crude oil of methyl 

(E)-2-(3-hydroxyallyl)benzoate. The crude was used for the next step without further 

purification. 

13.1 g of crude product was recovered. 

 

2) Synthesis of (E)-2-(4-hydroxybut-2-en-1-yl)benzoic acid 

 

 

Methyl (E)-2-(4-hydroxybut-2-en-1-yl)benzoate (13.1 g, 63.5 mmol) and KOH (4.63 g, 

82.6 mmol) were dissolved in MeOH/water (1:1, 120 mL). After 15 h stirring at r.t, the 

mixture was concentrated in vacuo. The residue was partitioned between ether (120 mL) 

and water (120 mL). The aqueous layer was washed with diethyl ether (40 mL), acidified 

by adding NaHSO4, and extracted with EtOAc (3x 80 mL). The combined organic layers 

were washed with brine (80 mL). The organic solution was dried over Na2SO4, and then 

filtered over cotton. The organic phase was then reduced under vacuum to afford a pale 

yellow oil (15.5 g crude). The crude was directly used for the next step without 

purification.  

3) Synthesis of (E)-2-(4-acetoxybut-2-en-1-yl)benzoic acid 
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(E)-2-(4-hydroxybut-2-en-1-yl)benzoic acid (15.5 g, 80.6 mmol, contains impurities from 

the previous reaction) was dissolved in Py (6.51 mL, 80.6 mmol) and Ac2 O (7.57 mL, 80.6 

mmol). The solution was stirred at rt for 12 h. The concentration of the whole mixture in 

vacuo afforded crude (E)-1-acetoxy-4-(2-carboxyphenyl)but-2-ene as pale yellow oil. The 

crude was purified by column chromatography with a gradient of AcOEt in cyclohexane 

from 20% to 60 In 35 column volume. The product was recovered firstly as transparent 

oil, which after one night in the freezer turned into a white solid (8 g). 

NMR: 1H NMR (500 MHz, CD3CN) δ 7.91 (dd, J = 8.1, 1.4 Hz, 1H), 7.53 (td, J = 7.6, 1.5 Hz, 

1H), 7.41 – 7.29 (m, 2H), 5.98 (dtt, J = 15.4, 6.6, 1.3 Hz, 1H), 5.60 (dtt, J = 15.6, 6.4, 1.5 Hz, 

1H), 4.48 (dq, J = 6.3, 1.1 Hz, 2H), 3.81 – 3.73 (m, 2H). 

 

4) Diversification via Curtius rearrangement 

 

 

 

 

This step was the keystone of the synthetic diversification of the scaffold. Instead of 

performing the reaction in tBuOH from the original paper, we performed the reaction in 

toluene to trap the isocyanate and then quench with the corresponding nucleophile. 

(E)-2-(4-acetoxybut-2-en-1-yl)benzoic acid (1 eq) was dissolved in toluene (1 mL per 

50mg of starting material), followed by triethylamine (1.1 eq) and diphenyl 

phosphorylazide (DPPA) (1.1 eq). The reaction was stirred at reflux for 16h, and then the 

isocyanate was quenched with the corresponding nucleophile (1.2 eq). The crude was 

purified by column chromatography from a solid loading. 
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Purification method for carbamates: slow gradient of AcOEt in cyclohexane from 0% to 

35% 

Purification method for urea-containing molecules: slow gradient of AcOEt in 

cyclohexane from 5% to 35% 

 

 

 

NMR: 

Carbamates 

1-Me: 

  

1H NMR (500 MHz, CDCl3) δ 7.75 (s, 1H), 7.27 (td, J = 7.6, 1.8 Hz, 1H), 7.15 (dd, J = 7.5, 1.7 

Hz, 1H), 7.09 (td, J = 7.4, 1.3 Hz, 1H), 6.47 (s, 1H), 5.90 (dtt, J = 15.3, 6.1, 1.4 Hz, 1H), 5.59 

(dtt, J = 15.7, 6.3, 1.8 Hz, 1H), 4.55 (dq, J = 6.2, 1.2 Hz, 2H), 3.77 (s, 3H), 3.40 – 3.35 (m, 

3H), 2.06 (s, 3H), 1.57 (s, 1H). 

13C NMR (126 MHz, CDCl3) δ 170.78, 132.58, 130.12, 127.69, 126.19, 77.23, 64.46, 52.44, 

34.94, 20.96. 

Rf: 0.216 (cyclohexane/AcOEt 8/2) 
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1-Et:  

 

1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H), 7.26 (dd, J = 15.4, 1.7 Hz, 2H), 7.15 (dd, J = 7.6, 

1.7 Hz, 1H), 7.08 (td, J = 7.5, 1.3 Hz, 1H), 6.43 (s, 1H), 5.91 (dtt, J = 15.1, 6.1, 1.3 Hz, 1H), 

5.59 (dtt, J = 15.7, 6.3, 1.7 Hz, 1H), 5.30 (s, 2H), 4.55 (dq, J = 6.2, 1.3 Hz, 2H), 4.22 (q, J = 

7.1 Hz, 2H), 3.41 – 3.35 (m, 2H), 2.06 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 170.77, 132.59, 130.08, 127.65, 126.14, 64.49, 34.87, 20.96, 

14.60. 

Rf: 0.304 (cyclohexane/AcOEt 8/2) 

 

1-iPr:  

 

1H NMR (500 MHz, CDCl3) δ 7.77 (s, 1H), 7.25 (td, J = 7.7, 1.7 Hz, 1H), 7.14 (dd, J = 7.6, 1.7 

Hz, 1H), 7.07 (td, J = 7.4, 1.3 Hz, 1H), 6.39 (s, 1H), 5.91 (dtt, J = 15.1, 6.1, 1.4 Hz, 1H), 5.58 

(dtt, J = 15.6, 6.3, 1.7 Hz, 1H), 5.01 (hept, J = 6.3 Hz, 1H), 4.55 (dq, J = 6.3, 1.3 Hz, 2H), 

3.37 (dd, J = 6.2, 1.6 Hz, 2H), 2.05 (d, J = 6.7 Hz, 4H), 1.32 – 1.23 (m, 6H). 

13C NMR (126 MHz, CDCl3) δ 170.95, 153.69, 132.59, 130.02, 127.60, 126.10, 124.46, 

77.23, 68.80, 64.51, 34.80, 22.11, 21.01 (d, J = 12.1 Hz). 

Rf: 0.372 (cyclohexane/AcOEt 8/2) 

 

1-tBu: 

 

1H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 8.2 Hz, 1H), 7.27 – 7.19 (m, 2H), 7.13 (dd, J = 7.6, 

1.7 Hz, 1H), 7.05 (td, J = 7.5, 1.3 Hz, 1H), 6.32 (s, 1H), 5.91 (dtt, J = 15.2, 6.1, 1.4 Hz, 1H), 

5.59 (dtt, J = 15.6, 6.2, 1.7 Hz, 1H), 4.55 (dq, J = 6.2, 1.2 Hz, 2H), 3.37 (dd, J = 6.2, 1.5 Hz, 

2H), 2.06 (s, 3H), 1.51 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ 170.76, 153.21, 136.28, 132.65, 129.96, 127.53, 126.05, 

124.25, 80.44, 77.22, 64.54, 34.83, 28.35, 28.35, 20.97. 

Rf: 0.451 (cyclohexane/AcOEt 8/2) 

 

1-nPr: 

 

1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H), 7.29 – 7.21 (m, 1H), 7.15 (dd, J = 7.6, 1.7 Hz, 
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1H), 7.08 (td, J = 7.4, 1.3 Hz, 1H), 6.53 – 6.38 (m, 1H), 5.91 (dtt, J = 15.2, 6.2, 1.4 Hz, 1H), 

5.59 (dtt, J = 15.7, 6.3, 1.7 Hz, 1H), 4.55 (dq, J = 6.0, 1.2 Hz, 2H), 4.12 (t, J = 6.7 Hz, 2H), 

3.38 (dd, J = 6.4, 1.6 Hz, 2H), 2.05 (s, 3H), 1.70 (h, J = 7.2 Hz, 2H), 0.97 (t, J = 7.5 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 170.76, 154.19, 136.00, 132.60, 130.05, 127.64, 126.14, 

124.60, 77.23, 66.93, 64.49, 34.88, 22.30, 20.95, 10.34. 

Rf: 0.373 (cyclohexane/AcOEt 8/2) 

 

1-nBu: 

 

1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H), 7.29 – 7.21 (m, 1H), 7.15 (dd, J = 7.7, 1.7 Hz, 

1H), 7.08 (td, J = 7.5, 1.3 Hz, 1H), 6.50 – 6.37 (m, 1H), 5.91 (dtt, J = 15.2, 6.2, 1.3 Hz, 1H), 

5.59 (dtt, J = 15.6, 6.2, 1.7 Hz, 1H), 4.55 (dq, J = 6.3, 1.2 Hz, 2H), 4.16 (t, J = 6.7 Hz, 2H), 

3.38 (dd, J = 6.1, 1.5 Hz, 2H), 2.06 (s, 3H), 1.71 – 1.61 (m, 2H), 1.47 – 1.36 (m, 2H), 0.96 (t, 

J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 170.75, 154.19, 136.00, 132.59, 130.05, 127.64, 126.14, 

124.59, 77.23, 65.24, 64.48, 34.87, 31.00, 20.95, 19.09, 13.76. 

Rf: 0.412 (cyclohexane/AcOEt 8/2) 

 

Urea-containing molecules: 

2-Me: 

1H NMR (500 MHz, CDCl3) δ 7.46 (dd, J = 8.0, 1.3 Hz, 1H), 7.29 – 7.24 (m, 2H), 7.21 (dd, J 

= 7.6, 1.8 Hz, 1H), 7.16 (td, J = 7.4, 1.4 Hz, 1H), 6.08 (s, 1H), 5.88 (dtt, J = 15.3, 6.1, 1.4 Hz, 

1H), 5.55 (dtt, J = 15.6, 6.0, 1.7 Hz, 1H), 4.67 (s, 1H), 4.53 (dq, J = 6.1, 1.3 Hz, 2H), 3.39 

(dd, J = 6.2, 1.5 Hz, 2H), 2.81 (d, J = 4.8 Hz, 3H), 2.06 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 171.17, 156.87, 136.31, 133.47, 132.68, 130.66, 127.89, 

126.18, 126.06, 125.99, 77.23, 64.79, 34.89, 27.04, 21.05. 

Rf: 0.227 (cyclohexane/AcOEt 2/8) 

 

2-Et: 

1H NMR (500 MHz, CDCl3) δ 7.47 (dd, J = 8.0, 1.3 Hz, 1H), 7.29 – 7.24 (m, 2H), 7.21 (dd, J 

= 7.6, 1.7 Hz, 1H), 7.15 (td, J = 7.4, 1.3 Hz, 1H), 6.03 (s, 1H), 5.89 (dtt, J = 15.1, 6.1, 1.3 Hz, 
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1H), 5.55 (dtt, J = 15.5, 6.0, 1.7 Hz, 1H), 4.69 (s, 1H), 4.53 (dq, J = 6.1, 1.2 Hz, 2H), 3.39 

(dd, J = 6.1, 1.6 Hz, 2H), 3.27 (qd, J = 7.2, 5.6 Hz, 2H), 2.06 (s, 3H), 1.13 (t, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 171.19, 156.10, 136.38, 133.22, 132.66, 130.65, 127.87, 

126.19, 125.89, 125.80, 77.22, 64.83, 35.21, 34.88, 21.06, 15.44. 

Rf: 0.386 (cyclohexane/AcOEt 2/8) 

 

2-iPr: 

1H NMR (500 MHz, CDCl3) δ 7.50 – 7.45 (m, 1H), 7.30 – 7.23 (m, 4H), 7.20 (dd, J = 7.5, 1.7 

Hz, 1H), 7.14 (td, J = 7.4, 1.3 Hz, 1H), 5.95 (s, 1H), 5.89 (dtt, J = 15.1, 6.0, 1.4 Hz, 1H), 5.54 

(dtt, J = 15.5, 6.1, 1.8 Hz, 1H), 4.54 (dq, J = 6.0, 1.3 Hz, 2H), 3.99 (dp, J = 7.8, 6.5 Hz, 1H), 

3.39 (dd, J = 6.2, 1.6 Hz, 2H), 2.06 (s, 3H), 1.15 (d, J = 6.5 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 171.22, 136.47, 132.60, 130.66, 127.86, 126.22, 125.70, 

125.54, 64.88, 42.25, 34.90, 23.27, 21.07. 

Rf: 0.164 (cyclohexane/AcOEt 1/1) 

 

2-tBu: 

1H NMR (500 MHz, CDCl3) δ 7.48 (dd, J = 8.0, 1.3 Hz, 1H), 7.24 (dd, J = 7.7, 1.7 Hz, 2H), 

7.18 (dd, J = 7.6, 1.7 Hz, 1H), 7.11 (td, J = 7.4, 1.3 Hz, 1H), 5.94 – 5.85 (m, 2H), 5.54 (dtt, J 

= 15.6, 6.1, 1.8 Hz, 1H), 4.66 (s, 1H), 4.54 (dq, J = 6.1, 1.3 Hz, 2H), 3.38 (dd, J = 6.0, 1.6 Hz, 

2H), 2.06 (s, 3H), 1.35 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ 171.26, 155.14, 136.79, 132.61, 132.43, 130.58, 127.75, 

126.16, 125.33, 125.25, 64.95, 50.69, 34.88, 29.31, 21.09. 

Rf: 0.382 (cyclohexane/AcOEt 1/1) 

 

2-nPr: 

1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H), 7.30 – 7.23 (m, 2H), 7.15 (dd, J = 7.7, 1.7 Hz, 

1H), 7.08 (td, J = 7.4, 1.3 Hz, 1H), 6.45 (s, 1H), 5.91 (dtt, J = 15.2, 6.1, 1.4 Hz, 1H), 5.59 

(dtt, J = 15.6, 6.3, 1.7 Hz, 1H), 4.55 (dq, J = 6.2, 1.2 Hz, 2H), 4.12 (t, J = 6.7 Hz, 2H), 3.41 – 

3.35 (m, 2H), 2.06 (s, 3H), 1.75 – 1.65 (m, 2H), 0.97 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 170.76, 136.01, 132.59, 130.06, 127.64, 126.15, 124.59, 

77.22, 66.93, 64.49, 34.89, 22.30, 20.95, 10.34. 



Ruthenium-catalyzed enantioselective allylic amination in biologically relevant conditions          166 

§ 

Rf: 0.181 (cyclohexane/AcOEt 1/1) 

 

2-nBu: 

1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H), 7.26 (td, J = 7.9, 1.7 Hz, 1H), 7.15 (dd, J = 7.6, 1.7 

Hz, 1H), 7.08 (td, J = 7.4, 1.2 Hz, 1H), 6.44 (s, 1H), 5.91 (dtt, J = 15.2, 6.1, 1.4 Hz, 1H), 5.59 

(dtt, J = 15.7, 6.3, 1.7 Hz, 1H), 4.55 (dq, J = 6.3, 1.3 Hz, 2H), 4.16 (t, J = 6.7 Hz, 2H), 3.41 – 

3.35 (m, 2H), 2.06 (s, 3H), 1.71 – 1.61 (m, 2H), 1.47 – 1.36 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 170.75, 154.19, 136.00, 132.59, 132.37, 130.05, 127.64, 

126.14, 124.59, 77.23, 65.23, 64.48, 60.06, 34.87, 31.00, 20.95, 19.09, 19.07, 13.76. 

Rf: 0.272 (cyclohexane/AcOEt 1/1) 

 

TIPS: It might happen that for the carbamate product, it is difficult to separate the desired 

product from a side product (probably linked to the quality/eq of DPPA used for the 

reaction). To purify the batch, it is recommended to proceed through an acetate removal, 

purify, and then perform the acetylation again. 

Example for 1a  

 

 

First step: 

The methyl carbamate (340 mg, 1.29 mmol, 1 eq) was dissolved in MeOH (5 mL) followed 

by the addition of K2CO3 (71.4 mg, 0.516 mmol, 0.4 eq). The resulting mixture was stirred 

at 50 °C for 10h. Once by TLC no starting material is detectable, the solution was diluted 

in DCM to make a solid loading. The crude was then purified by column chromatography 

using a slow gradient of AcOEt in cyclohexane (from 0% to 30% in 25 CV and then 15 CV 

at 30%). The pure product was obtained as a pale yellowish oil (213 mg, 75% yield).  
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1H NMR (500 MHz, CDCl3) δ 7.75 (s, 1H), 7.29 – 7.23 (m, 2H), 7.16 (dd, J = 7.6, 1.7 Hz, 1H), 

7.09 (td, J = 7.5, 1.3 Hz, 1H), 6.53 (s, 1H), 5.84 (dtt, J = 15.2, 6.1, 1.4 Hz, 1H), 5.66 (dtt, J = 

15.5, 5.6, 1.6 Hz, 1H), 4.13 (tq, J = 5.6, 1.3 Hz, 2H), 3.77 (s, 3H), 3.37 (dq, J = 6.2, 1.5 Hz, 2H). 

 

Second step: 

The previously obtained free alcohol (105 mg, 0.475 mmol, 1eq) was dissolved in DCM (3 

mL) followed by triethylamine (73.4 mL, 0.523 mmol, 1.1 eq) and cooled to 0 °C. Then, 

acetyl chloride (37.3 mL, 0.523 mmol, 1.1 eq) was added slowly to the cooled solution at 

0 °C. The reaction turned slightly yellowish and was stirred at 0°c for an hour and then 

warmed to room temperature. Silica was added to the solution to form a solid loading, 

given purification. The crude was then purified by column chromatography using a slow 

gradient of AcOEt in cyclohexane from 0% to 35% to afford a transparent oil, which, after 

one night in the freezer, turned into a white solid (105 mg, 74%). 

 

5) Synthesis of methyl (E)-(2-(4-((methylcarbamoyl)oxy)but-2-en-1-

yl)phenyl)carbamate 1a 

 

The free alcohol (105 mg, 0.475 mmol, 1 eq) was dissolved in DCM (3 mL), followed by the 

addition of triethylamine (73.4 mL, 0.523 mmol, 1.1 eq) and the resulting solution was 

cooled to 0 °C. Then methylcarbamoyl chloride (48.9 mg, 0.523 mmol, 1.1 eq), was added 

to the cooled solution at 0 °C. The resulting mixture was stirred for 10 h. The crude was 

turned into a solid loading for further purification. Then, the crude was purified by column 

chromatography using a gradient of AcOEt in cyclohexane from 0% to 35% to afford a 

white powder (46 mg, 35%). 

NMR: 
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1H NMR (600 MHz, CDCl3) δ 7.78 (s, 1H), 7.28 (s, 7H), 7.17 (d, J = 7.4 Hz, 1H), 7.11 (t, J = 

7.4 Hz, 1H), 6.53 (s, 1H), 5.90 (dt, J = 13.4, 6.1 Hz, 1H), 5.68 – 5.54 (m, 1H), 4.61 (s, 1H), 

4.56 (d, J = 6.1 Hz, 2H), 3.79 (d, J = 1.1 Hz, 3H), 3.39 (d, J = 6.3 Hz, 2H), 2.82 (d, J = 4.9 Hz, 

3H). 

13C NMR (151 MHz, CDCl3) δ 156.88, 131.86, 130.14, 127.65, 126.95, 64.79, 52.43, 34.95, 

27.57. 

 

6) Synthesis of methyl (E)-(2-(4-((diethoxyphosphoryl)oxy)but-2-en-1-

yl)phenyl)carbamate 1b 

 

The free alcohol (100 mg, 0.452 mmol, 1 eq) was dissolved in DCM (3 mL), followed by the 

addition of triethylamine (76.2 mL, 0.542 mmol, 1.2 eq), and the resulting solution was 

cooled to 0 °C. Then diethyl phosphoryl chloride (78 mL, 0.542 mmol, 1.2 eq) was added 

to the cooled solution at 0 °C. The resulting mixture was stirred for 10 h. The crude was 

turned into a solid loading for further purification. Then, the crude was purified by column 

chromatography using a gradient of AcOEt in cyclohexane from 0% to 35% to afford a 

white powder (100 mg, 62%). 

NMR: 

1H NMR (600 MHz, CDCl3) δ 7.74 (s, 1H), 7.28 (d, J = 3.3 Hz, 2H), 7.20 – 7.15 (m, 1H), 7.12 

(t, J = 7.7 Hz, 1H), 6.74 – 6.50 (m, 1H), 6.01 – 5.90 (m, 1H), 5.61 (dtt, J = 15.3, 4.5, 1.7 Hz, 

1H), 4.56 – 4.46 (m, 2H), 4.17 – 4.04 (m, 4H), 3.78 (dd, J = 3.4, 1.4 Hz, 3H), 3.43 – 3.35 (m, 

2H), 1.43 – 1.36 (m, 2H), 1.33 (tdd, J = 7.0, 4.2, 1.8 Hz, 6H). 

13C NMR (151 MHz, CDCl3) δ 154.67, 135.87, 132.78, 130.46, 130.13, 127.70, 126.50, 

126.46, 124.96, 83.17, 67.44, 67.41, 65.27, 65.25, 65.23, 63.85, 63.81, 52.43, 34.76, 16.14, 

16.10, 16.04, 16.02, 15.99. 
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7) Synthesis of 8-(allyloxy)-N'-(5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanoyl)quinoline-5-carbohydrazide 

 

 

Biotinhydrazide (1.0 eq.), 8-(allyloxy)quinoline-5-carboxylic acid (1.1 eq.), HCTU (1.1 eq.) 

and DIPEA (2.2 eq.) were dissolved in anhydrous DMF and the mixture was stirred for 3 h 

at room temperature. The mixture was concentrated in vacuo, re-dissolved in DCM and 

filtered. The crude product L6 was re-dissolved in MECN:H2O (2:1) and the product 

precipitated as a dark solid (5.30 mg, 11.3 μmol, 14%).  

NMR:  

1H NMR (600 MHz, DMSO) δ 10.24 (s, 1H), 9.95 (s, 1H), 8.91 (d, J = 4.1 Hz, 1H), 8.82 (d, J = 

8.6 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.63 (dd, J = 8.7, 4.0 Hz, 1H), 7.26 (d, J = 8.1 Hz, 1H), 

6.45 (s, 1H), 6.38 (s, 1H), 6.18 (tt, J = 10.9, 6.0 Hz, 1H), 5.53 (d, J = 17.2 Hz, 1H), 5.34 (d, J = 

10.6 Hz, 1H), 4.84 (d, J = 5.4 Hz, 2H), 4.32 (t, J = 6.4 Hz, 1H), 4.17 (d, J = 7.0 Hz, 1H), 3.13 

(s, 1H), 2.84 (dd, J = 12.8, 5.3 Hz, 1H), 2.59 (d, J = 12.6 Hz, 2H), 2.22 (d, J = 7.7 Hz, 2H), 1.71 

– 1.20 (m, 9H, should be 6H, probable impurities below the signal integrated). 

 

8) Formation of the biotinylated ruthenium cofactors 

The ruthenium cofactors Biot-Ru and Biot-Ru-HQ were prepared in situ by mixing 

solutions of the respective ligands (16 mM) and [CpRu(MeCN)3]PF6 (16 mM) in a 1:1 ratio 

in the co-solvent (de-gassed DMF/DMSO) under inert atmosphere (glovebox station).  

9) Allylic amination protocol 

 

Protocol one for carbamate-based substrate 



Ruthenium-catalyzed enantioselective allylic amination in biologically relevant conditions          170 

§ 

 

The experiment was performed in the glovebox. In a sealed tube, the carbamate substrate 

was followed by degassed water (5 mL per 10 mg). The catalyst solution was prepared in 

DMSO and then added to the mixture (5% catalytic loading), and the resulting solution 

was stirred in the glovebox overnight. The reaction was followed via TLC-MS: The right 

mass was observed in APCI pos mode. The reaction mixture was then dried under vacuum 

and directly purified on column (gradient of AcOEt in Hexane from 0 to 35%) to afford the 

corresponding product. 

NMR: 

3-Me: 1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H), 7.20 (t, J = 7.8 Hz, 1H), 7.14 (d, J = 7.4 Hz, 

1H), 6.97 (td, J = 7.5, 1.0 Hz, 1H), 5.84 (ddd, J = 16.9, 10.3, 6.5 Hz, 1H), 5.17 (d, J = 17.1 Hz, 

1H), 5.08 (d, J = 10.3 Hz, 1H), 4.93 (s, 1H), 3.82 (s, 3H), 3.47 – 3.39 (m, 1H), 2.82 (dd, J = 

16.1, 2.6 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 153.79, 137.40, 127.60, 124.91, 122.88, 115.19, 114.80, 

77.22, 65.86, 61.07, 52.53, 34.73, 29.71, 15.28. 

 

3-Et: 1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H), 7.23 – 7.17 (m, 1H), 7.14 (ddt, J = 7.6, 2.1, 

1.3 Hz, 1H), 6.96 (td, J = 7.4, 1.0 Hz, 1H), 5.84 (ddd, J = 17.0, 10.3, 6.6 Hz, 1H), 5.17 (d, J = 
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17.0 Hz, 1H), 5.08 (d, J = 10.4 Hz, 1H), 4.93 (s, 1H), 4.28 (d, J = 7.7 Hz, 2H), 3.47 – 3.38 (m, 

1H), 2.82 (dd, J = 16.1, 2.7 Hz, 1H), 1.33 (t, J = 5.9 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 127.58, 124.90, 122.75, 115.20, 114.84, 77.22, 61.07, 29.71, 

14.57. 

 

3-iPr: 1H NMR (500 MHz, CDCl3) δ 7.69 (s, 1H), 7.15 – 7.08 (m, 1H), 7.08 – 7.04 (m, 1H), 

6.89 (td, J = 7.4, 1.1 Hz, 1H), 5.77 (ddd, J = 17.0, 10.2, 6.7 Hz, 1H), 5.09 (d, J = 17.0 Hz, 1H), 

5.04 – 4.96 (m, 2H), 4.85 (s, 1H), 3.35 (ddt, J = 16.0, 10.0, 1.2 Hz, 1H), 2.74 (dd, J = 16.1, 2.7 

Hz, 1H), 1.25 (dd, J = 23.0, 6.3 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 152.97, 137.56, 127.56, 124.86, 122.64, 115.17, 114.81, 

77.23, 61.05, 34.62, 22.29, 22.11. 

 

3-tBu: 1H NMR (500 MHz, CDCl3) δ 7.66 (s, 1H), 7.15 – 7.06 (m, 1H), 7.05 (dq, J = 7.3, 1.3 

Hz, 1H), 6.86 (td, J = 7.4, 1.1 Hz, 1H), 5.76 (ddd, J = 17.0, 10.2, 6.7 Hz, 1H), 5.07 (dt, J = 17.0, 

1.2 Hz, 1H), 4.99 (dt, J = 10.3, 1.2 Hz, 1H), 4.79 (s, 1H), 3.33 (ddt, J = 16.0, 10.1, 1.2 Hz, 1H), 

2.71 (dd, J = 16.1, 2.8 Hz, 1H), 1.46 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ 152.41, 137.86, 127.49, 124.81, 122.41, 115.10, 114.47, 

77.23, 61.18, 28.41. 

 

3-nPr: 1H NMR (500 MHz, CDCl3) δ 7.70 (s, 1H), 7.16 – 7.10 (m, 1H), 7.09 – 7.04 (m, 1H), 

6.89 (td, J = 7.4, 1.1 Hz, 1H), 5.78 (ddd, J = 17.0, 10.2, 6.7 Hz, 1H), 5.10 (d, J = 17.0 Hz, 1H), 

5.01 (dt, J = 10.2, 1.2 Hz, 1H), 4.86 (s, 1H), 4.12 (dq, J = 14.1, 8.0 Hz, 2H), 3.37 (ddt, J = 16.0, 

9.9, 1.2 Hz, 1H), 2.75 (dd, J = 16.0, 2.7 Hz, 1H), 1.66 (q, J = 7.3 Hz, 2H), 0.92 (t, J = 7.4 Hz, 

3H). 

13C NMR (126 MHz, CDCl3) δ 153.46, 137.56, 127.60, 124.89, 122.75, 115.19, 114.77, 

77.23, 61.10, 34.73, 26.93, 22.31, 10.59. 

 

3-nBu: 1H NMR (500 MHz, CDCl3) δ 7.70 (s, 1H), 7.16 – 7.09 (m, 1H), 7.07 (ddt, J = 7.5, 2.1, 

1.3 Hz, 1H), 6.89 (td, J = 7.4, 1.1 Hz, 1H), 5.78 (ddd, J = 17.0, 10.2, 6.7 Hz, 1H), 5.09 (d, J = 

17.0 Hz, 1H), 5.01 (dt, J = 10.2, 1.2 Hz, 1H), 4.86 (s, 1H), 4.15 (d, J = 6.6 Hz, 2H), 3.36 (ddt, 

J = 16.1, 10.1, 1.3 Hz, 1H), 2.78 – 2.71 (m, 1H), 1.71 – 1.52 (m, 2H), 1.37 (h, J = 7.4 Hz, 2H), 

0.89 (t, J = 7.4 Hz, 3H). 
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13C NMR (126 MHz, CDCl3) δ 153.47, 137.55, 127.60, 124.88, 122.74, 115.18, 114.75, 

77.23, 61.09, 34.73, 30.99, 19.23, 13.74. 

 

Protocol one for urea-based substrate 

 

Dry and degassed THF (1 mL per 10 mg) was added to a nitrogen-filled flask containing 

the urea substrate compound, the solution was stirred at room temperature. The freshly 

prepared catalyst was made in the glovebox by mixing the two catalyst precursors 

(CpRu(MeCN)3PF6 +  lithium 4-(dimethylamino)quinoline-2-carboxylate) in DMF. The 

freshly prepared cat was added (5% catalytic loading) to the solution of urea substrate in 

THF, and the resulting dark brown solution was then stirred overnight. The reaction was 

followed via TLC-MS: The right mass was observed in APCI pos mode. The reaction 

mixture was then dried under vacuum and directly purified on column (gradient of AcOEt 

in Hexane from 0 to 35%) to afford the corresponding product. 

NMR: 

4-Me: 1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 8.0 Hz, 1H), 7.18 (dddt, J = 8.3, 7.5, 1.6, 0.9 

Hz, 1H), 7.10 (dq, J = 7.5, 1.2 Hz, 1H), 6.91 (td, J = 7.4, 1.1 Hz, 1H), 5.94 (ddd, J = 17.4, 10.2, 

7.3 Hz, 1H), 5.31 (dt, J = 17.2, 1.0 Hz, 1H), 5.22 (dt, J = 10.3, 1.0 Hz, 1H), 4.76 (s, 1H), 4.67 
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(dddt, J = 10.3, 7.3, 3.8, 1.0 Hz, 1H), 3.52 (ddt, J = 16.0, 10.3, 1.1 Hz, 1H), 2.86 (d, J = 4.6 Hz, 

4H). 

13C NMR (126 MHz, CDCl3) δ 156.18, 143.55, 138.66, 128.38, 127.72, 124.47, 122.01, 

116.01, 115.46, 61.64, 36.07, 27.12. 

 

4-Et: 1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 7.7 Hz, 1H), 7.17 (dddt, J = 8.3, 7.4, 1.5, 0.8 

Hz, 1H), 7.13 – 7.07 (m, 1H), 6.91 (td, J = 7.4, 1.1 Hz, 1H), 5.95 (ddd, J = 17.3, 10.2, 7.3 Hz, 

1H), 5.31 (dt, J = 17.2, 1.1 Hz, 1H), 5.23 (dt, J = 10.2, 1.0 Hz, 1H), 4.78 (s, 1H), 4.67 (dddt, J 

= 10.2, 7.2, 3.8, 1.0 Hz, 1H), 3.52 (ddt, J = 16.0, 10.3, 1.2 Hz, 1H), 3.33 (qdd, J = 7.2, 5.4, 0.9 

Hz, 2H), 2.85 (dd, J = 16.1, 3.9 Hz, 1H), 1.16 (t, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 155.47, 143.57, 138.75, 128.40, 127.71, 124.46, 121.96, 

115.96, 115.48, 77.22, 61.66, 36.03, 35.26, 15.35. 

 

4-iPr: 1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 8.1 Hz, 1H), 7.17 (ddt, J = 8.2, 7.2, 1.1 Hz, 

1H), 7.13 – 7.07 (m, 1H), 6.90 (td, J = 7.4, 1.0 Hz, 1H), 5.95 (ddd, J = 17.4, 10.2, 7.4 Hz, 1H), 

5.31 (dt, J = 17.1, 1.0 Hz, 1H), 5.23 (dt, J = 10.2, 1.0 Hz, 1H), 4.70 – 4.61 (m, 2H), 4.10 – 3.97 

(m, J = 6.6 Hz, 1H), 3.51 (ddt, J = 16.2, 10.3, 1.1 Hz, 1H), 2.84 (dd, J = 16.1, 3.9 Hz, 1H), 1.18 

(dd, J = 9.5, 6.5 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 154.87, 143.61, 138.88, 128.39, 127.70, 124.44, 121.90, 

115.93, 115.46, 77.22, 61.70, 42.30, 35.97, 23.49, 23.03. 

 

4-tBu: 1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 8.1 Hz, 1H), 7.21 – 7.13 (m, 1H), 7.10 (dd, J 

= 7.3, 1.3 Hz, 1H), 6.90 (td, J = 7.4, 1.1 Hz, 1H), 5.95 (ddd, J = 17.4, 10.2, 7.4 Hz, 1H), 5.31 

(dt, J = 17.1, 1.1 Hz, 1H), 5.23 (dt, J = 10.0, 1.0 Hz, 1H), 4.70 – 4.57 (m, 2H), 4.10 – 3.97 (m, 

J = 6.6 Hz, 1H), 3.51 (dd, J = 16.1, 10.3 Hz, 1H), 2.84 (dd, J = 16.1, 3.9 Hz, 1H), 1.18 (dd, J = 

9.5, 6.5 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 154.87, 143.61, 138.88, 128.39, 127.70, 124.44, 121.90, 

115.93, 115.46, 77.22, 61.70, 42.30, 35.98, 23.49, 23.03. 

 

4-nPr: 1H NMR (500 MHz, CDCl3) δ 7.89 (dd, J = 8.1, 0.9 Hz, 1H), 7.23 – 7.13 (m, 1H), 7.10 

(dq, J = 7.3, 1.4 Hz, 1H), 6.91 (td, J = 7.4, 1.0 Hz, 1H), 5.95 (ddd, J = 17.4, 10.2, 7.4 Hz, 1H), 

5.31 (dt, J = 17.2, 1.0 Hz, 1H), 5.23 (dt, J = 10.2, 1.0 Hz, 1H), 4.86 (t, J = 5.3 Hz, 1H), 4.71 – 
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4.63 (m, 1H), 3.51 (ddt, J = 16.0, 10.2, 1.1 Hz, 1H), 3.31 – 3.17 (m, 2H), 2.84 (dd, J = 16.2, 

3.9 Hz, 1H), 1.55 (h, J = 7.3 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 155.59, 143.55, 138.78, 134.91, 128.39, 127.70, 125.61, 

124.45, 121.98, 115.98, 115.49, 77.24, 61.72, 42.15, 42.12, 36.04, 29.71, 23.17, 23.14, 

11.44. 

 

4-nBu: 1H NMR (500 MHz, CDCl3) δ 7.93 – 7.87 (m, 1H), 7.17 (ddq, J = 9.0, 7.5, 1.0 Hz, 1H), 

7.13 – 7.07 (m, 1H), 6.91 (td, J = 7.4, 1.0 Hz, 1H), 5.95 (ddd, J = 17.4, 10.2, 7.4 Hz, 1H), 5.35 

– 5.28 (m, 1H), 5.23 (dt, J = 10.2, 1.0 Hz, 1H), 4.82 (s, 1H), 4.67 (dddt, J = 10.3, 7.4, 4.0, 1.0 

Hz, 1H), 3.56 – 3.44 (m, 1H), 3.29 (tdd, J = 7.1, 5.5, 2.4 Hz, 2H), 2.85 (dd, J = 16.1, 3.9 Hz, 

1H), 1.56 – 1.46 (m, 2H), 1.40 – 1.31 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 155.57, 143.59, 138.83, 128.37, 127.71, 124.44, 121.95, 

115.97, 115.49, 77.22, 61.73, 40.12, 36.04, 32.05, 20.14, 13.79. 

 

II] Ru-catalyzed allylic amination and chiral HPLC monitoring. 

Without protein: 

 

In a 2 mL-vial was added 485 L of PBS buffer solution (pH= 7.4) followed by 5 L of 

substrate stock solution (400 mM stock solution in either DMF or DMSO, depending on 

the experiment). Then, 10 L of catalyst stock solution (2 mM stock solution in 

water/DMF (1/1) or water/DMSO (1/1) for 1% catalytic loading experiment; 0.2 mM 

stock solution was used for the 0.1% catalytic loading experiment). The vial was placed in 

a thermoshaker at 37 °C and 600 rpm for 15 h. After 15 h, 400 L of diethylether and 20 

L of standard stock solution (84 mM either in ethyl acetate or cyclohexane depending on 

the substrate) were added to the vial and vortexed to extract the aqueous phase. Then, 

100 L of this organic was sampled into a vial bearing a conic inlet and submitted to the 

HPLC. 

 

With protein: 

 

In a 2 mL-vial was added 465 L of PBS buffer solution (pH= 7.4) followed by 20 L of 

protein stock solution (2 mM stock solution for 1% cat load experiment or 0.2 mM stock 
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solution for 0.1% cat load in water). Then 10 L of catalyst stock solution (2 mM stock 

solution in water/DMF (1/1) or water/DMSO (1/1) for 1% catalytic loading experiment; 

0.2 mM stock solution was used for the 0.1% catalytic loading experiment) and the vial 

was incubated for 10 min. Then 5 L of substrate stock solution (400 mM stock solution 

in either DMF or DMSO, depending on the experiment) was added to the vial. The vial was 

placed in a thermoshaker at 37 °C and 600 rpm for 15 h. After 15 h, 400 L of diethylether 

and 20 M of standard stock solution (84 mM either in ethyl acetate or cyclohexane, 

depending on the substrate) were added to the vial and vortexed to extract the aqueous 

phase. Then 100 L of this organic phase was sampled into a vial bearing a conic inlet and 

submitted to the HPLC. 

 

Screening with Cell Lysate (from BL-21(DE3) E.coli cells) 

Cell lysate from BL21(DE3) E.coli cells was kindly provided by Nico Igareta. It was 

dissolved in PBS buffer and added to the reaction mixture (final concentration 5 mg/mL). 

Catalysis was carried out as described in the procedure above using this buffer. 

 

Screening with Glutathione 

Glutathione (final concentration 10 mM) was added to the reaction mixture and catalysis 

was carried out according to the procedure described above. (replace 100 L of PBS buffer 

by 100 L of PBS + GSH 50 mM) 

 

Preparation of BL21(DE3) competent E.coli cells 

A pre-culture (2 mL of LB medium) was inoculated with a single colony of BL21(DE3) 

from an agar plate. This pre-culture was incubated overnight (37 °C, 300 rpm). The 

following day, a main culture (200 mL LB medium (Table 2)) was inoculated with the pre-

culture (2 mL) and grown to OD600 of around 0.5 (37 °C, 300 rpm, 1–3 h). The main culture 

was then cooled down on ice (20 min) and centrifuged (2000 g, 4 °C, 10 min). The pellet 

was carefully re-suspended in TFB1 solution (15 mL, Table 3) and incubated on ice 

(10 min). Then, the cells were centrifuged again (2000 g, 4 °C, 10 min) and carefully 

resuspended in TFB2 solution (3 mL, Table 4) on ice. Finally, the cells were aliquoted in 
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pre-chilled Eppendorf tubes, immediately frozen using liquid nitrogen and stored at 

−80 °C. 

For preparation of competent cells in 96-well plates, the same steps were followed. The 

well plates were pre-frozen using crushed dry ice and the cells were then distributed 

directly into the plates (20 μL per well) instead of aliquoting them. The plates were sealed 

and stored at −80 °C. 

 

Table 1. Composition of LB-medium.a 

Composition Amount 

Tryptone  10 g 

Yeast extract 5 g 

NaCl 10 g 

dH2O Fill up to 1000 mL 

a Autoclaved (121 °C) and stored at room temperature. 

 

Table 2. Composition of TFB1 buffer.a 

Composition Amount 

CH3COOK (30 mM) 0.294 g 

MnCl2 (50 mM) 0.989 g 

RbCl2 (100 mM) 1.209 g 

CaCl2.H2O (10 mM) 0.111 g 

Glycerol (15% w/v) 15 g 

dH2O Fill up to 100 mL 

a Adjusted pH to 6.8 using 0.01 M KOH/HCl, sterile filtered and 

stored at 4 °C. 

 

Table 3. Composition of TFB2 buffer.a 
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Composition Amount 

MOPS buffer (10 mM) 0.209 mg 

CaCl2.H2O (10 mM) 1.103 g 

RbCl2 0.121 g 

Glycerol (15% w/v) 15 g 

dH2O Fill up to 100 mL 

a Adjusted pH to 6.8 using 0.01 M KOH/HCl, sterile filtered and 

stored at 4 °C. 

Cytoplasmic expression of Sav in 96-well plates 

Competent BL21(DE3) E.coli cells in 96-well plates were thawed on ice. Aliquoted cells 

were also thawed and distributed in 96-well plates (20 μL per well). 

Plasmids of the S112x-K121x double mutant library were kindly provided by the Ward 

group. The selected plasmids (2 μL) were added to the competent cells and the mixture 

was incubated on ice (15 min). The cells were subjected to heat shock (42 °C, 45 s) and 

then put back on ice (1 min). LB medium (100 μL) was added and the cells were incubated 

(37 °C, 1 h, 300 rpm).  LB medium (500 μL per well) supplemented with kanamycin (50 

μg/mL) was distributed in a new, sterilised 96-well plate and the cell cultures (100 μL) 

were added. They were incubated overnight (30 °C, 300 rpm). The following day, 

autoinduction medium (2.4 mL, Table 5) supplemented with kanamycin (50 μg/mL final 

concentration) was distributed in sterilised 24-well plates. The overnight cultures (150 μL 

per culture) were added and they were incubated (25 °C, 24 h, 300 rpm).  

Finally, the plates were centrifuged (3400 rpm, 25 °C, 5 min) and the supernatant was 

discarded. The resulting pellets were frozen at −20 °C to facilitate cell lysis. Lysis buffer 

(1 mL, Table 6) was added to the cell pellets, the plates were incubated (25 °C, 2 h, 

300 rpm) and a final centrifugation step was carried out (3400 rpm, 25 °C, 5 min). The 

resulting supernatant was collected as cell-free lysates and the cell pellet was discarded. 

Table 4. Composition of autoinduction medium.a 

Composition Volume (mL) 

20 x ZYP salts 12.5 mL 
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20 x ZYP sugars 12.5 mL 

MgSO4 (0.2 M) 2.5 mL 

Kanamycin (50 mg/mL) 250 μL 

Yeast-tryptone stock 

(5 g/L yeast, 10 g/L tryptone) 
Fill up to 250 mL 

a Yeast-tryptone stock was autoclaved, remaining solutions were 

sterile filtered. 

 

Table 5. Composition of lysis buffer.a 

Composition Amount 

Tris-HCl (1 M, pH 7.5) 1 mL 

Lysozyme 50 mg 

DNAse I Spatula tip 

MQ H2O 49 mL 

a Adjusted pH to 6.8 using 0.01 M KOH/HCl, sterile filtered and 

stored at 4 °C. 

 

 

Determination of biotin-binding sites30 

A B4F solution (1 μM final concentration) in MOPS buffer (50 mM, pH = 7.4) was prepared. 

This solution was distributed in a clear micro well-plate (200 μL per well) and cell-free 

lysate (10 μL per well) was added. The negative control contained lysis buffer (10 μL) only. 

The positive control (SavSTD) contained a Sav solution (10 μL of 40 μM Sav) as the 100% 

saturation point. Finally, the fluorescence of each well was measured. Equation 1 was then 

used to calculate the total concentration of Sav. 

 

[𝑆𝑎𝑣𝐹𝐵𝑆] =
(𝐹𝐶𝐹𝐸 − 𝐹𝑆𝑎𝑣𝑆𝑇𝐷

) − (𝐹𝐿𝐵 − 𝐹𝑆𝑎𝑣𝑆𝑇𝐷
)

(−𝐹𝐿𝐵 − 𝐹𝑆𝑎𝑣𝑆𝑇𝐷
)

∗ 20 
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Equation 1. FCFE is the fluorescence intensity of the cell-free lysate, FSavSTD is the 

fluorescence intensity of SavSTD to bind all free BF4 and FLB is the fluorescence intensity of 

the lysis buffer. 

 

The measurement settings for the assay were as follows: Excitation Wavelength 485 nm, 

Emission Wavelength 520 nm, Excitation Bandwidth 5 nm, Emission Bandwidth 5 nm, 

Gain 94 (100%), Number of slashes 10, Flash frequency 400 Hz, Integration time 20 μs, 

Lag time 0 s, Settle Time 100 ms, Z-position 20000 μm. 

 

Mutant Screening with Cell-Free Extracts 

The catalysis experiments were carried out according to the procedure above (In vitro 

catalysis), however cell-free extracts were used instead of purified protein. Using the 

results of the binding assay, the amount of cell-free extract needed to reach a final protein 

concentration of 8 μM was determined for each mutant. Control experiments were done 

using empty cell-free extract. 

Analytical method to quantify the catalytic performances 

 

The quantification of the catalytic efficiency was based on two value of interest which are 

the turnover number (TON) and the enantioselectivity (ee). The quantification of the 

whole catalytic reaction was performed by HPLC using a chiral column OJ-H. Two different 

analytical method were developed for the analysis of either the carbamates-based 

molecules or the urea-based one. 

 

Based on Kitamura and co-workers work, we assumed that for carbamates-based 

product, the fastest enantiomer to come was (S) and the latest (R) since we using the 

same solvents and the same chiral column CHIRALCEL OJ-H.231 

 

Solvent A: Hexane/iPrOH (95/5)  (Hexan/iPrOH (97/3) was used for 3-

iPr/nPr/tBu/nBu) 

Solvent B: iPrOH  
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Method one (for carbamates):                                                    Method Two (for urea): 

 

Flow rate: 1 mL/min                                                                  Flow rate: 1 mL/min 

0 min -> 9 min 0% B                                                                 0 min -> 26 min 0% B  

 

9 min -> 10 min 0% B -> 70% B                                           26 min -> 27 min 0% B -> 60% B 

 

10 min -> 12 min 70% B                                                          27 min -> 34 min 60% B 

 

12 min -> 13 min 70% B -> 0% B                                         34 min -> 35 min 70% B ->0% B 

 

13 min -> 20 min 0% B                                                             35 min -> 50 min 0% B 

 

 

Standard curve and UV spectrum (254.16 nm), concentrations are in mM. 
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Figure S1: Standard curve and chiral HPLC trace of 3-Me. tR 4.160 min is AcOEt, tR 5.115 

min is Anisole (Standard), tR 6.631 min is (S)-3-Me and tR 7.218 min is (R)-3-Me. 
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Figure S2: Standard curve and chiral HPLC trace of 3-Et.  tR 4.207 min is AcOEt, tR 5.247 

min is Anisole and tR 6.023-6.540 is 3-Et. 
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Figure S3: Standard curve and chiral HPLC trace of 3-iPr. tR 4.176 min is AcOEt, tR 

4.783-5.33 min is 3-iPr and tR 7.897 min is trimethoxybenzene (Standard). 
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Figure S4: Standard curve and chiral HPLC trace of 3-tBu.  tR 4.144-4.453 min is 3-tBu 

and tR 7.816 min is trimethoxybenzene (Standard). No AcOEt was used to prepare any 

stock solution since AcOEt would overlap with 3-tBu. 
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Figure S5: Standard curve and chiral HPLC trace of 3-nPr. tR 4.174 is AcOEt, tR 5.314-

5.669 min is 3-nPr and tR 7.897 min is trimethoxybenzene (Standard). 

 



Ruthenium-catalyzed enantioselective allylic amination in biologically relevant conditions          186 

§ 

 

 

 

Figure S6: Standard curve and chiral HPLC trace of 3-nBu.  tR 4.167 is AcOEt, tR 4.836-

5.021 min is 3-nBu and tR 7.799 min is trimethoxybenzene (Standard). 

 

Standard curve and UV spectrum (254.4 nm), concentrations are in mM. 
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Figure S7: Standard curve and chiral HPLC trace of 4-Me. tR 4.907 min is AcOEt, tR 5.985 

min is Anisole and tR 23.168-28.150 min is 4-Me. 
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Figure S8: Standard curve and chiral HPLC trace of 4-Et. tR 4.895 min is AcOEt, tR 5.984 

min is Anisole and tR 17.791-23.418 min is 4-Et. 
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Figure S9: Standard curve and chiral HPLC trace of 4-iPr. tR 4.894 min is AcOEt, tR 5.990 

min is Anisole and tR 12.140-17.607 min is 4-iPr. 
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Figure S10: Standard curve and chiral HPLC trace of 4-tBu. tR 4.89 min is AcOEt, tR 

5.984 min is Anisole and tR 7.429-11.297 min is 4-tBu. 
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Figure S11: Standard curve and chiral HPLC trace of 4-nPr. tR 4.146 min is AcOEt, tR 

4.910min is Anisole and tR 11.262-14.874 min is 4-nPr. 
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Figure S12: Standard curve and chiral HPLC trace of 4-nBu. tR 4.247 min is AcOEt, tR 

5.217 min is Anisole and tR 10.040-12.897 min is 4-nBu. 

 

Preliminary results 

 

A quick experiment was performed to determine either DMSO or DMF was the most 

suitable solvent to work in the presence of protein even though we know that DMSO 

perform best when used with bare catalyst. 

Experience catalyzed by Ru-biot: 
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Figure S13: Preliminary result of Ru-Biot-ArM catalysis in DMF or DMSO. 

 

Experience catalyzed by Ru-biot-HQ: 

 

 

 

Figure S14: Preliminary result of Ru-Biot-HQ ArM catalysis in DMF or DMSO. 

 

III] NMR spectrum and HRMS data: 
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1-Me 
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1-Et 
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1-iPr 
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1-tBu 
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1-nPr 
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1-nBu 
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1a 
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1b 
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2-Me 
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2-Et 
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2-iPr 
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2-tBu 
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2-nPr 
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2-nBu 
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Chapter 6: Outlook 

 

This thesis presented some applications and limitations encountered using this CpRu-

based catalytic system. Solutions were found to circumvent some of these limitations via 

substrate design or using an anaerobic environment to perform the catalysis. 

Nevertheless, these solutions drastically narrow the potential application of these 

catalytic systems. This thesis aimed to develop an artificial allylic aminase for in 

vivo purposes. In Chapter 5, via substrate design, the reaction was shown to proceed in 

cell lysate. 

Nevertheless, the transformation efficiency observed was so low that in vivo applications 

would present even more problems. Artificial metalloenzymes improved the stability and, 

thus, the system's activity but could not render the process efficient enough for further in 

vivo development. Therefore, the author believes that this field's fate resides in a catalyst 

design campaign that will be better suited for in vivo purposes. Specifically, catalysts must 

be designed with much-increased air and thiol resilience and low cytotoxicity. 
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