
 
Protein–ECE Metallopincer Hybrids 

 
 

 

Eiwit–ECE Metallopincer  Hybriden 

 

(met een samenvatting in het Nederlands) 

 

 

 

 

 

 

 

 

Proefschrift  

 

ter verkrijging van de graad van doctor aan de Universiteit Utrecht 

op gezag van rector magnificus, prof. dr. W. H. Gispen 

ingevolge het besluit van het college van promoties 

in het openbaar te verdedigen 

op maandag 1 oktober 2007 des middags te 2.30 uur 

 

 

 

 

door 

 

 

Cornelis Aart Kruithof 

 

geboren op 14 juni 1975 te Nijkerk 

 

 

 



 

Promotoren:  Prof. dr. G. van Koten 

   Prof. dr. R. J. M. Klein Gebbink 

   Prof. dr. M. R. Egmond 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dit proefschrift werd mede mogelijk gemaakt met financiële steun van de Nederlandse Organisatie voor 

Wetenschappelijk Onderzoek, Wetenschapsgebied Chemische Wetenschappen (NWO/CW).  



 
Protein–ECE Metallopincer Hybrids 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Voor mijn ouders 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kruithof, Cornelis Aart. 

 

Title: Protein–ECE Metallopincer Hybrids 

 

Utrecht, Utrecht University, Faculty of Science 

Ph.D. thesis Utrecht University – with ref. – with summary in Dutch 

 

ISBN: 978-90-393-4658-7 

 

The work described in this Ph.D. thesis was carried out at Chemical Biology and Organic  

Chemistry, Faculty of Science, Utrecht University, the Netherlands. 



Contents 
   

Preface  

 

1 

Chapter 1 Novel Protein Modification Strategies Towards Protein–Metal Complex 

Hybrids 

  

5 

Chapter 2 Lipase Active-Site-Directed Anchoring of Organometallics: 

Protein–Metallopincer Hybrids 

 

55 

Chapter 3 Development of Non-Tethered Organometallic Pincer Complexes for 

Lipase Inhibition: Positioning of the Metal Center in the Active Site of 

Cutinase  

71 

Chapter 4 X-ray and NMR Study of the Structural Features of SCS-Pincer  

Metal Complexes of the Group 10 Triad  

 

89 

Chapter 5 Sulfato Bridged ECE-Pincer Palladium(II) Complexes: X-Ray Structures, 

Spectroscopic Analysis and Catalytic Properties  

 

111 

Addendum Binding Between NCN-Pincer Platinum(II) Cations and p-Nitrophenolate 

Anions in Basic Aqueous Media  

 

131 

Summary   141 

Samenvatting  147 

Graphical Abstract  153 

Dankwoord  155 

Curriculum Vitae  159 

List of Publications  161 

 

 

 

 

 

 

 

 



 



1 

Preface 

 

 

Modification of proteins with metal complexes is a promising and a relatively new field which 

conceals many challenges and potential applications.1,2,3 The field is a balance of contributions 

from the biological (protein engineering, bioconjugation) and chemical sciences (organic, 

inorganic and organometallic chemistry) and requires a multidisciplinary approach. The 

increasing attention for protein modification strategies has been largely influenced by the vast 

amount of information on the tertiary structures of proteins that is available today. Knowledge of 

protein structures has allowed scientist to develop controlled and site-directed protein 

modification strategies which have been very versatile tools in studies of protein structure and 

function as well as of enzyme activity. Until two decades ago, the high potential of metal 

complexes embedded in proteins has been mentioned only occasionally, and it is only recently 

that various groups have followed the footsteps of pioneers like Whitesides,4 Schultz5,6 and 

Kaiser.7 Amongst the many prominent reasons to develop protein–metal complex hybrid 

materials are their potential use as artificial metalloenzymes with high performance as 

stereoselective non-enzymatic catalysts, as a tool for the isomorphous replacement method in X-

ray structure determination, as diagnostic biosensors, as well as for novel pharmaceutical and 

medical treatments.  

 

Within this scientific field, the introduction of organometallic complexes into proteins has been 

challenged in numerous cases and has shown to be a promising extension in this field.3 A crucial 

difference of organometallic complexes, as compared with other inorganic complexes, is the 

presence of a covalent metal–carbon bond which prevents facile metal dissociation from the 

protein–metal complex hybrid materials. One of the challenges in this field lies in the generation 

of organometallic complexes which are ‘biocompatible’, i.e. complexes that are stable under 

physiological conditions. Consequently, at the present state of development the majority of 

protein–organometallic complex hybrids comprises the use of robust metallocene and 

trisbipyridine related metal complexes. Clearly this area is still in its infancy and holds plenty of 

opportunities for further development that will open doors to new and exiting merges between 

molecules from the bio- and man-made worlds.   

 

The main objective of the work described in this thesis has been the development of a versatile 

and straightforward method to covalently and irreversibly incorporate organometallic complexes 

into a protein structure in a single site-directed manner. In this work, the versatile organometallic 

ECE-pincer metal complex system (Figure 1) was chosen as the metal containing component of 

the protein–metal complex hybrid. The pincer-metal system holds various attractive features for 

this study of which the most important ones are its high chemical and thermal stability, the 

possibility for effective fine-tuning of electron density on the metal center by alterations in donor 
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atoms (E) and organic backbone (Z), the almost unlimited variation in ancillary ligands placed 

trans to the Cipso of the aryl entity (Ln), and the possibility to introduce a wide variety of metals 

(M).8      
 

E = NR2, SR, PR2 (with R = alkyl or aryl)

M = e.g. Ni, Pd, Pt, Ru, Ir, Fe ...

L = halide, solvent or any other Lewis base

n = 1, 2, 3

Z = anchoring functionality, 

      electron withdrawing or releasing group
E

E

M Ln

Z

 
Figure 1. The ECE-pincer metal complex system.  

 

As the para-functionality, which allows anchoring of the ECE-pincer metal complex to the 

protein, p-nitrophenyl phosphonate esters groups have been selected as these have shown to be 

highly potent and irreversible inhibitors of the large family of serine hydrolases. The reactivity of 

phosphonate esters has been well studied in protein chemistry and provides ample options to 

incorporate metal complexes into serine hydrolases. Cutinase from Fusarium solani pisi was 

selected as model enzyme to demonstrate the versatility of the developed approach. The protein is 

relative small (21 kDa) and does not bear the interfacial activation principle commonly present 

amongst lipases. A further aspect which enabled the rapid progress of the present study is that 

cutinase has been extensively studied by various groups.9 Over 30 crystal structures of the 

enzymes are reported, including mutants, providing plenty of structural data and hence, 

information about the active site in these enzymes.      

 

E = NMe2, SPh, SMe

M = Pd, Pt

L = Br, Cl

n = 0, 1

E

E

M
L

P

O

EtO
O

NO2

n

 
Figure 2. The major ECE-pincer metal complexes developed in this study which contain a phosphonate 

inhibitor connected via an (optional) alkane tether to the pincer metal complex.  

 

The general concept of our molecular design is presented in Figure 2, which shows a pincer metal 

complex covalently connected through a carbon–phosphorous bond to the phosphonate active 

ester. The first part of this thesis is focused on the design and synthesis of these complexes as 

well as on the subsequent reactivity of such compounds with cutinase. In the second part several 

aspects of ECE-pincer metal complexes are reported which are of importance when such 

complexes are applied in protein modification strategies.      
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Early and recent examples of protein modification strategies comprising metal complexes are 

reviewed in Chapter 1. It serves to provide a good impression of which strategies already have 

been reported.  

In Chapter 2 and 3 the synthetic procedures of phosphonate active ester substituted ECE-pincer 

metal complexes as well as a study of their inhibitory activity towards cutinase are described. 

Chapter 2 concentrates on the influence of the nature of the E-donor groups on the inhibitory 

activity of the p-nitrophenol phosphonate esters substituted pincer metal complexes. The 

synthesis and inhibitory activity of complexes which have a phosphonate ester or phosphonic 

acid directly attached to the ECE-pincer aryl ring is presented in Chapter 3.    

Chapter 4 contains a study of the conformational behavior of SCS-pincer metal complexes which 

are similar to the complexes described in Chapter 2 and 3. This information was particularly 

required to understand the influence of the E-donor group size and the E-to-metal coordination on 

the binding of the ECE-pincer metal group in the active site of the protein. The structural features 

of several SCS-pincer metal complexes in the solid state have been compared and their dynamic 

behavior in solution was studied by NMR spectroscopy.  

Chapter 5 presents some surprising structural features of water-soluble pincer metal complexes 

bearing a sulfato ligand. It furthermore contains a study of the composition of these complexes 

both in the solid-state and in aqueous solution using X-ray diffraction, NMR, IR and Raman 

techniques. Preliminary results are presented of the use of these complexes as catalyst in the 

Suzuki reaction in basic aqueous solution at room temperature.  

The Addendum deals with the synthesis and properties of an NCN-pincer platinum complex 

bearing a p-nitrophenolate ligand trans to the Cipso atom. This study was performed to gain insight 

in the reactivity of this type of complexes because they are potential products formed during the 

inhibition experiments described in Chapter 2 and 3. Some interesting structural features of these 

complexes are highlighted and a brief study on the chemical stability of these NCN-pincer 

platinum phenolate complexes in a buffered aqueous solution (pH 8) is presented.     
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1.1.1  Milestones in Protein Chemistry 

Proteins are involved in nearly all biological processes. Evolution has resulted in the formation of 

highly sophisticated systems based on these remarkable biomolecules which show outstanding 

and crucial performances in transport (e.g. ions, oxygen), chemical reactivity (glucose, ATP, 

neurotransmitters), in coordinating motion, in mechanical support, as information processing 

devices, in molecular recognition (e.g. in the immune system), as catalyst in catalytic conversions 

(enzymes), and in energy transfer processes.1 Therefore, it is not surprising that during the past 

century these intriguing molecules have gained increasing attention from scientists. The history 

of protein chemistry starts in the 1820’s, although at that time research was mainly focused on 

defining the composition of biomolecules and the characterization of amino acids.2 The term 

protein originates from the Greek  (prota), meaning of primary importance or first, and 

was coined by the Swedish chemist Jön Jakob Berzelius. He proposed the term protein after 

correspondence with the Dutch biochemist Gerhardus Johannes Mulder who had described his 

findings on the chemical composition of a single type of large biomolecule in his papers.3 It took 

until the 1930’s, however, to convince the majority of the scientific community that proteins play 

a vital role in life. This current consensus came into the spotlights when James B. Sumner of 

Cornell University discovered that the enzyme urease actually was a protein. Sumner was able to 

isolate and crystallize the enzyme from the jack bean, an achievement that earned him the 1947 

Nobel Prize, which he shared with John H. Northrop and Wendell M. Stanley of the Rockefeller 

Institute for Medical Research who obtained the Nobel Prize for their discovery of a complex 

procedure for isolating pepsin. Their precipitation technique has later on been used to crystallize 

various enzymes. Max Perutz and Sir John Cowdery Kendaw were the first scientists who were 

able to resolve the three-dimensional structure of a protein (hemoglobin (1959) and myoglobin 

(1958)4, respectively). Their pioneering work on protein X-ray diffraction analysis resulted in an 

atomic model of sperm whale myoglobin at a 2 Å resolution, which they published in Nature in 

1960.5 Two years later both scientists were awarded the 1962 Nobel Prize for their achievements. 

On top of that, Perutz was also the inventor of the isomorphous replacement method involving 

the addition of heavy atoms, such as mercury or cadmium, to protein crystals for solving the 

difficulties in phase determination of the diffracted X-rays.6 This discovery combined with the 

introduction of sophisticated X-ray diffraction analysis initiated a tremendous boost in structural 

biology. Today over 36000 crystal structures have been deposited in the Protein Data Base, 

providing valuable knowledge of structural similarities and function-structure relationships of 

proteins.7 Protein chemistry today embraces a large area in biochemistry and biology and 

includes immunology, protein-protein interaction chemistry, cell biology, enzyme chemistry, 

protein engineering, the area of bio-inorganic chemistry, and many more. 
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1.1.2  Protein Modification 

A powerful technique in protein function studies and protein manipulation is the selective 

chemical modification of amino acid residues with non-natural molecules. This allows extending 

the repertoire of the 20 natural amino acids to an almost unlimited variety of derivatives, opening 

up great opportunities towards new functions and capabilities of proteins. Complementary 

techniques for similar purposes are recombinant DNA techniques (e.g. random mutagenesis, 

insertion of unnatural amino acids), total chemical synthesis (de novo) and semi-synthesis 

(chemical ligation in reconstruction of protein fragments) which can be applied separately or in 

combination, providing high-tech tools to protein engineers for the design of new functional 

materials.8 Attachment of proteins on solid supports,9 adjusting physical properties (e.g. 

pegylation of proteins10), introduction of specific biomarkers, optimizing catalytic performance of 

enzymes or the quest for better medicines have been some of the many reasons for choosing a 

chemical modification strategy. A relatively new variation in this field is the introduction of 

transition metal complexes into proteins. The unique properties of transition metals have attracted 

many scientists to pursuit modification methods for their incorporation into the protein structure. 

Research efforts in the area of anticancer drugs,11 (radio-)pharmaceuticals,12 development of 

luminescent probes and novel artificial metalloenzymes13 have resulted in various strategies to 

achieve this goal. Most of the modification methods are based on organic reactions with one or 

more accessible amino acid residues or via either non-covalent or covalent interactions.  

The most significant difference between the modification of proteins with inorganic or 

organometallic complexes compared to ‘organic’ modification is the often subtle and 

sophisticated coordination chemistry of metal complexes. In combination with the organic 

chemistry required for the introduction of reactive functional groups that enable selective 

reactions with amino acid residues of the protein, this often reduces the number of synthetic 

options because many reaction sequences are not compatible to metal complexes. The ultimate 

goal in this field is to develop a general metal-complex-protein-modification protocol which 

allows the introduction of a variety of complexes that can be embedded into a broad range of 

proteins.  

Several reviews have appeared describing examples of protein-metal complex hybrids that have 

been applied as artificial metalloenzyme.13 This review covers the synthetic approaches towards 

proteins–metal complex hybrids, with the emphasis on the applied anchoring strategy, possible 

hybrid purification methods, and the scope of the protocol. It serves to give the reader an 

overview of the methods reported thus far, and may help in selecting a strategy for the synthesis 

of new protein–metal complex hybrids. The review starts with early and recent examples of non-

covalent strategies, which are mainly based on well-studied technologies such as biotin-avidin 

chemistry, heme reconstitution prtocols and antibody hapten interactions. The remainder of the 

review will deal with protein modification strategies in which a chemical reaction is performed 

with specific amino acids and the organic backbone of metal complexes forming a stable covalent 

bond. Applications of the developed hybrid system will also be discussed. 
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1.2  Non-Covalent Modification Strategies 

1.2.1 Avidin – Biotin Chemistry 

The majority of the non-covalent protein modification strategies are based on biotin (strept-)-

avidin chemistry and heme modification, e.g. from myoglobin. Especially the modified biotin 

approach has received much attention (Figure 1). Biotin-avidin chemistry is well established in 

the biochemical field and has successfully been applied as affinity label for protein profiling and 

in purification and detection techniques (e.g. Enzyme-Linked Immuno Sorbent Assay (ELISA) 

techniques). Four biotin molecules bind with high affinity to one avidin protein, a tetrameric 

protein containing four identical subunits. Upon binding of the fourth biotin molecule, the 

interaction becomes significantly strong and the binding is then often regarded as (quasi) 

irreversible (Kd = 10-12-10-15 M). The majority of transition metal-functionalized biotin molecules 

have found application as catalyst in non-enzymatic reactions, i.e. as artificial enzymes. The basic 

principle of using biotinylated complexes as catalyst is the implementation of proteins as chiral 

ligands in order to induce enantio- and regioselectivity in homogeneous catalytic reactions. In 

this manner the catalytic reaction can benefit from the chiral microenvironment present in the 

protein cavities, one of the properties to which biocatalysts owe their remarkable catalytic 

selectivity.  

                        

NH
HN

O

S

H

H

O

HO

 
Figure 1. Left: crystal structure of biotin-streptavidin adduct with biotin shown in spheres (one monomer 

shown, 1MK5.pdb);14 figures to the right: biotin.  
 

Pioneering work has been performed by Whitesides et al. who already in 1978 recognized the 

high potential of proteins as chiral ligands in non-enzymatic reactions (Figure 2).15 In this first 

example of a catalyzed, non-enzymatic reaction with protein-induced enantioselectivity, an 

achiral (diphosphine)rhodium(I) complex was covalently coupled to the carboxylic acid moiety 

of the biotin fragment. This ‘pre-metallated’ catalytic co-factor was subsequently coordinated to 

avidin. The hybrids were formed in situ and used without further purification. The 

enantioselectivity of the avidin phosphine-rhodium complex was tested by using the hybrid as 

catalyst in the hydrogenation of -acetamidoacrylic acid with H2 (g) to N-acetyl-alanine. Upon 

addition of 0.25 equivalent of avidin to the reaction mixture (i.e. protein:catalyst ratio is 1:4, all 

subunits are occupied with the biotin phosphine-rhodium complex), an increase in catalytic 

activity and product selectivity towards S-N-acetyl-alanine (~40% ee) was observed as compared 

to the reaction with the rhodium complex alone. Interestingly, when avidin was treated with 
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excess of biotin prior to addition of the biotinylated rhodium(I) catalyst, no enantioselectivity was 

obtained. This experiment suggests that the biotin phosphine-rhodium complex does not replace 

biotin bound to avidin. The reverse reaction, however, was not reported. 

HN NH

O

S

HH
N

O

Rh

PPh2

Ph2
P

HOOC NHAc HOOC NHAc

HMeH2, 0 °C

Avidin-Rh hybrid

Biotin Rh(I) complex

Otf

 
 

Figure 2. The achiral (diphosphine)rhodium(I) complex linked to biotin as used by Whitesides et al. 

Right: enantioselective hydrogenation of -acetamidoacrylic acid.15  

 

More recently, the work of Whitesides was continued by Chan et al. using a chiral phosphine-

rhodium catalyst instead of an achiral catalyst.16 The same biotin-avidin strategy was applied to 

bind a chiral Pyrphos-Rh(I) catalyst, i.e. 3,4-bis(diphenylphosphino)pyrrolidine 1,5-

cyclooctadiene rhodium(I) tetrafluoroborate, to avidin (Figure 3). Also in this case a nearly 1:4 

protein:complex molar ratio was applied. The hybrid material was not purified and used as such. 

 

HN NH

O

S

HH
N

O

Ph2
P

P
Ph2

Rh

BF4

HOOC
COOH

HOOC
COOH

HMeH2, 0-40  °C

Biotin Rh(I) complex

Avidin-Rh hybrid

 
 

Figure 3. Left: chiral biotin S,S-Pyrphos rhodium(I) catalyst. Right: enantioselective hydrogenation of 

itaconic acid.16  

 

The obtained hybrid was used as catalyst in the hydrogenation of itaconic acid. Again only 

modest ee's were observed, up to 48% in favor of the R-enantiomer. By changing the chirality of 

the bis(phosphino) ligand (S,S or R,R) the selectivity of the reaction could be tuned to form 

excess of either the R or S enantiomer. In addition, the enantioselectivity of the hybrid was found 

to greatly depend on the reaction conditions, such as temperature, hydrogen pressure, and pH of 

the buffer. The authors proposed that these reaction conditions affect the tertiary structure of the 

protein and thereby affect the stereochemical outcome of the reaction. 

This work was further elaborated by the Ward group who applied a dual approach.17 The system 

was optimized by changing the tether between the metal complex and biotin, as well as by 

mutagenesis of the protein in order to improve the protein ligand environment, or as the authors 

formulate it, the second coordination sphere. By changing the tether length and shape, the 

position of the metal center with respect to the ligand environment can be adjusted by chemical 

means (Figure 4). This work also included the implementation of the related biotin-binding 



Novel Strategies Towards Protein–Transition Metal Complex Hybrids 

 

10 

protein, streptavidin. Strepavidin has similar binding capacity toward biotin as avidin, but differs 

in containing a deeper binding pocket as well as isoelectric point (pI (streptavidin) = 6.2, pI 

(avidin) = 10.4). A similar procedure for hybrid formation was applied as their predecessors, i.e. 

the in situ formation of the hybrid by mixing the pre-metallated co-factor in a 1:3 protein:co-

factor molar ratio. The hydrogenation activity of the hybrid was tested using the same reaction as 

applied by Whitesides (Figure 1). The dual approach proved to be very successful since high 

enantioselectivities were obtained (with a maximum of 97% ee). 

HN NH

O

S

HH H
N

O

spacer Rh

PPh2

Ph2
P

BF4

 
 

Figure 4. The biotin–rhodium complex with an adjustable spacer by Ward and coworkers.17 

 

Besides rhodium phosphine complexes the group of Ward extended their work by attaching 

iridium and ruthenium half-sandwich complexes to biotin (Figure 5, A-C).18 The metal 

complexes were coordinated to biotin through the amine donor atoms of a sulfonamide linker. 

The hybrids were prepared in the low micromolar range by mixing the protein with the co-factor 

in a 1:3 molar ratio, respectively. The catalytic activities of the hybrids were tested in the 

Oppenhauer-type hydrogen transfer reaction of 1-phenylethanol to acetophenone (Figure 6). Only 

the ruthenium half-sandwich complex hybrid exhibited good activity in this reaction (Figure 5, B, 

92% conversion in 90 h).  

Ru
HN NH

O

S

HH H
N

O

Cl

NHNS

O

O

R

Rh Cl

NHNS

O

O

R

Ir Cl

NHNS

O

O

R

R =

NN

Ru(bipy)

OEt

ONH

O

HN

R

(A) (B)

(C) (D)  
 

Figure 5. Various metal complexes attached to biotin to prepare a (strept)avidin – metal complex hybrid 

as catalyst or biomarker A-C18, D20.  

 

Interestingly, the authors were able to perform the reverse catalytic reaction (under different 

reaction conditions) using the same ruthenium half-sandwich type complex (Figure 6).19 This 

transfer hydrogenation reaction of acetophenone was optimized by chemical and genetic means 



Chapter one  

 

11 

and resulted in remarkable enantioselectivities (up to 98% ee). Reactions were performed at 55 

°C for 64 h with boronic acid/formate as hydrogen source and 1 mol % of catalyst.  

 
O

HO H

Ru-avidin hybrid

 
Figure 6. Catalytic hydrogen transfer reaction catalyzed by a streptavidin ruthenium hybrid.19  

  

Similarly, ruthenium tris(bipyridine) complexes were connected to biotin in order to study the 

effect of the nature of the metal complex attached to biotin on the binding properties of the co-

factor towards avidin and streptavidin (Figure 4, D).20 Two diastereopure biotinylated Ru-

complexes (  or ) were prepared, which were subsequently used to study the stepwise 

association constants of the co-factor towards (strept)avidin and the chiral discrimination of the 

complexes by the protein. According to circular dichroism titrations and docking studies a strong 

cooperative effect was observed between the binding of the first and the second biotin complex 

towards the formation of the tetrameric hybrid. An important conclusion from these studies is 

that upon using short tethers between the biotin and the metal complex a significant decrease in 

binding affinity is observed. In future protein–biotin metal complex hybrid assembling studies 

this is an important factor to deal with when optimizing protein–biotin metal complex 

interactions in order to enhance catalytic selectivity, and to prevent metal complex dissociation. 

The docking studies furthermore showed that most probably the metal complex is situated at the 

periphery of the protein instead of being buried inside the protein cavity. Even so, a modest chiral 

discrimination between the complexes (  or ) was observed with avidin as host, indicating that 

there is an interaction between the metal complex head group and the periphery of the protein.  

 

Recently, Reetz et al. have brought the hybrid catalyst optimization approach to another level.21 

This group developed a method to enhance the performance of enzymes using repeated 

mutagenesis techniques. Their protocol, called ‘directed evolution’,22 was applied to hybrid 

catalysts using the same system as Whitesides and Ward have reported, i.e. the hydrogenation of 

-acetamidoacrylic acid methyl ester using an avidin–phosphine-rhodium complex as catalyst. 

The method proved successful and resulted in increased catalytic hydrogenation performances of 

the hybrid mutants with respect to wild type (strept)avidin as protein host. The method comprised 

random gene mutagenesis at carefully selected positions in order to generate libraries of protein 

mutants which were screened using high-throughput screening methods on their activity and 

selectivity. By repeating this procedure through many cycles, starting each next cycle using the 

positive hits of the previous cycle, remarkable catalytic selectivity enhancements were achieved. 

This is an elegant example of what can be expected in the future of hybrid catalysts systems, and 

it shows a unification of the benefits of biocatalyst and homogeneous transition metal catalyst 

systems.   
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The use of biotinylated complexes as artificial co-factor was also investigated by Schultz et al.23  

The purpose of their study was to create a probe that is able to cleave a protein polypeptide chain 

at sites close to the metal center. Fragments of the cleaved protein would subsequently be 

analyzed and used to characterize the tertiary structures of protein. For this purpose, the metal 

chelator ethylenediaminetetraacetic acid (EDTA) was attached to biotin (Figure 7). EDTA 

complexes bearing a Cu(II) or a Fe(III) metal center have been known to catalyze the oxidative 

cleavage of peptide bonds in the presence of oxygen.24 Chelation of either Cu2+ or Fe3+ to biotin-

EDTA and subsequent formation of the hybrid by addition of an equimolar amount of 

streptavidin enabled cleavage of specific neighboring residues of the same protein backbone. 

Interestingly, no peptide cleavage was found when EDTA-Cu2+ or EDTA-Fe3+ without the biotin 

attached was mixed with the protein.  

HN NH

O

S

HH H
N

O

N
H

O

N

N

OO

O

O O

O

 
Figure 7. EDTA ligand attached to a biotin moiety.23 

 

As mentioned before the biotin-avidin system is well studied and largely implemented in 

biochemical studies for protein detection and isolation. Biotinylated inorganic and organometallic 

complexes are playing a prominent role in the expanding field of protein labeling strategies. 

Since metal complexes are not only good catalysts but often also have very distinctive 

photophysical properties, the non-natural metal moieties hold a great promise as reporter tags for  

detecting proteins in complex mixtures, e.g. lysates. In addition, their spectroscopic properties 

can often easily be fine-tuned by altering their electronic environment using a different set of 

coordinating ligands or by changing side groups on the ligands causing electronic alterations. 

One of the earlier examples was reported by Rémy and Brossier who described the potential of an 

atomic absorption spectroscopic method for the detection of ( 5-cyclopentadienyl) manganese 

tricarbonyl functionalized biotin molecules as labeling moieties in metalloimmunoassays (Figure 

8, A).25  
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Figure 8. Biotinylated metal complexes as diagnostic probes.25,26  
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The group of Zakrzewski functionalized biotin and biocytin, a biotin derivate (N -(+)-biotinyl-L-

lysine), with iron 5-piano stool carbonyl complexes (Figure 8, B).26 The authors suggested that 

the metallocarbonyl conjugates of biotin and biocytin could be of interest for developing an IR-

detectable biotinylated probe for biochemical applications. The method, termed Carbonyl 

MetalloImmunoAssay (CMIA), is based on the characteristic IR absorption bands ( CO ~ 1900-

2200 cm-1) of metal coordinated carbonyl groups and was introduced as a biomarker approach by 

Jaouen and coworkers in the early 1990’s.27 Since proteins do not absorb in this region in the IR 

spectrum the system could offer a good alternative to fluorescent, luminescent, or radio-isotopic 

analytic techniques. Recently, this method was also studied in combination with biotin-avidin 

chemistry by the same authors, in which a dendrimer was included as core molecule connecting 

biotin and the complex for signal amplification.28 Previous examples from the Jaouen group 

mainly comprised covalent interaction between an organometallic carbonyl complex and a 

protein (vide infra).   

 

As a substitute for organic fluorescent probes, which sometimes suffer from self-quenching after 

binding to a protein, biotinylated metal complexes have been frequently applied as luminescent 

labels. The possibility of fine-tuning the emittance wavelength in the visible region by altering 

ligand and oxidation state in metal complexes has inspired various research groups to exploit this 

approach. Lo et al. have reported various examples of luminescent biotinylated complexes 

comprising rhenium(I), iridium(III), or ruthenium(II) octahedral complexes bearing neutral 

bipyridyl, mono anionic C,N-2-(2-pyridyl)phenyl and/or phenantroline-based ligands (Figure 8).29 

After binding of the transition metal biotin complexes to (strept)avidin the complexes showed 

emission intensity enhancement and excited-state lifetime extension. The luminescent properties 

are sensitive to their chemical environment and, according to the authors, this will allow the use 

of these kinds of probes to examine the hydrophobicity of the protein cavity. A variety of 

complexes were prepared, creating a diversity in emitting colors, and thereby enabling the 

possibility of these complexes to serve in a multi-color detection application in multiplexed 

bioassays. These achievements have recently been summarized in two reviews and some 

representative examples are presented here.29 Noteworthy, the examples presented in Figure 9 are 

complexes which are known to exhibit significant chemical stability. This is an important 

prerequisite for both transition metal complexes, and especially organometallic complexes, when 

they are applied as biosensors under physiological conditions. 
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Figure 9. Examples of luminescent, biocompatible biotin-transition metal complexes used as protein 

probes reported by Lo et al.29  

 

1.2.2 Artificial Co-factor and Modified Heme Approach 

An important group of co-factor containing proteins are the hemeproteins, e.g. myoglobin (Mb), 

hemoglobin, and horseradish peroxidase (HRP) (Figure 10). Under specific conditions the heme 

of these proteins may be extracted and the resulting apo-protein can be reconstituted with 

chemically modified co-factors.  

                                                   
Figure 10. Left: heme b (Fe-protoporphyrin IX),1 centre: crystal structure of sperm whale Mb showing the 

axial histidine group coordinated to the iron heme, right: surface representation of the same structure 

(1BZP.pdb).30 

 

Two main strategies can be recognized in the co-factor reconstitution approach: a) chemical 

modification of the natural heme group and b) the incorporation of a chemically prepared 

artificial co-factor in the heme binding site of the protein (Figure 11). The main purpose of this 
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approach is to obtain artificial heme proteins provided with an additional (photo)physical or 

catalytic property. As this subject has recently been reviewed by Hamachi et al., only a few 

typical examples will be discussed here.31 
  

heme
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heme
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pH 2,
O
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Figure 11. Simplified graphical representation of the formation of artificial co-factor apoprotein hybrids. 

Scheme adapted from Watanabe et al. 32 
 

Modified Heme Approach 

Hamachi et al. reported one of the earliest examples in which a functionalized iron heme co-

factor, bearing a hydrophobic dodecyl group attached to the carboxylic acids of the heme, was 

incorporated into apo-Mb.33 Interestingly, the alkyl chain had no impact on the tertiary structure 

of the protein. It was shown that the hydrophobic alkyl chain could be used for anchoring the 

modified protein in a lipid bilayer, thereby regulating the molecular orientation of the protein.34  

More recently, this same approach was also used by the Nolte group.35 They functionalized the 

heme co-factor of HRP with a large hydrophobic polystyrene side chain by coupling it to one of 

its two carboxylic acid functional groups (Figure 12). Only one of the two carboxylic acid 

moieties was functionalized because this generally maintains a higher enzymatic activity. The 

hydrophobic polymer was attached to the heme group (ferriprotoporphyrin IX chloride) by a 

hydrophilic bis(aminoethoxy)ethane spacer to ascertain the compatibility of the polymer with the 

apo-protein. The authors showed that hybrids containing the polymeric heme group and either 

apo-HRP or apo-Mb form spherical aggregates with diameters of 80-400 nm and 20-700 nm, 

respectively. When the reconstitution was carried out at 4° C no enzymatic activity was observed 

for the HRP hybrid. Nevertheless, when the reconstitution was carried out at 22° C some 

enzymatic oxidation activity was regained. 
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Figure 12. Structure of a polystyrene-ferriprotoporphyrin co-factor.35 
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The group of Ryabov modified the carboxylic acid groups of a heme group with the 

organometallic complex aminomethylferrocene to afford two products, a mono- (Fc) and a di-

substituted heme (Fc2, Figure 13).36 The mono-substituted co-factor was reconstituted with apo-

HRP and the resulting modified enzyme was tested for its activity in the catalytic oxidation of the 

substrate 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and the water-soluble 

ferrocene derivatives FcCOOH and FcCH2NMe2. In the case of ABTS, a 66% decrease in activity 

compared to native HRP was observed, while for the ferrocene derivatives two simultaneous 

effects were observed, i.e. a change in kinetics (from first-order kinetics to saturation-like 

kinetics) and an increase of the catalytic activity. The authors believe that both changes are due to 

the creation of a hydrophobic binding site at the enzyme surface for ferrocene-like molecules. In 

contrast to Fc-HRP, Fc2-HRP appeared to be inactive as catalyst. 
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Figure 13. Functionalization of ferri-protoporphyrin IX with ferrocene.36 

 

Similarly, attachment of a transition metal complex to the heme group was also studied by 

Shinkai et al.37 A ruthenium trisbipyridine moiety was attached to one of the carboxylic acid 

groups of the heme applying different tether lengths (Figure 14). The ruthenium complex serves 

as a photo-inducible electron transfer agent allowing switching of the oxidation state of the iron 

center. In this manner, ferric (Fe(III)) as well as ferrous (Fe(II)) heme containing Mb could be 

produced, whereas normally only a ferrous heme can bind in the heme pocket of Mb. In addition, 

the authors found that longer tethers resulted in a considerably faster photo-induced oxidation of 

the heme group as compared to the shortest one. This demonstrates the significance of the 

structural properties of the modified co-factor. In these experiments, EDTA was used as 

sacrificial donor. Without the presence of EDTA the reaction was rapidly reversed to form the 

ferrous state.  

A similar study was also performed using apo-cytocrome-b562 as protein host for the modified 

heme co-factor.38 In this case also native heme-cytocrome-c was added to the solution containing 

the cytocrome-b562 hybrid and it was found that the heme-cytocrome-c could act as an electron 
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acceptor, showing the possibility of developing photo-induced tandem electron transfer systems 

by using the modified heme approach. 
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Figure 14. Ruthenium trisbipyridine photosensitizer attached to an iron heme co-factor.37  

 

Incorporation of Non-Natural Co-factors.  

The protein reconstitution approach using non-natural co-factors has been pursued by several 

groups. The artificially created co-factor of interest is incorporated into an apo-protein after 

removal of the native heme group. This approach allows the incorporation of complexes/ligand 

systems not found in nature and extends the natural repertoire of metal ligand systems for heme 

binding proteins.   

Artificial heme-proteins were generated based on the protoporphyrin alike porphycene ligand by 

Matsuo et al. (Figure 15).39 A cobalt and iron complex was prepared and inserted into Mb. The 

constructed hybrids were found to exhibit a much higher affinity for O2 than the corresponding 

heme proteins. In this manner the myoglobin function could be altered and even regulated. In a 

more recent paper, the authors reported the crystal structure of myoglobin bearing the artificial 

heme iron(III) porphycene.39c They found that the new prosthetic group became positioned 

exactly in the same location where the native heme was situated. The hybrid containing the 

iron(III) porphycene prosthetic group was tested as an oxidation catalyst for guaiacol and 

thioanisol and in the epoxidation of styrene. It was found that the synthetic hybrid was several 

orders of magnitude more active than the native heme construct. Furthermore, this hybrid is 

stable over a period of at last a week at 4 °C, pH 7.0. 
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Figure 15. Artificial iron and cobalt porphycene co-factors.39 
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The co-factor reconstitution method has also been employed by Watanabe et al. They designed 

mutant apo-Mb hybrids based on computer modeling studies and constructed non-natural co-

factors with high binding affinities for Mb. The co-factor that was used is a metal-salophen 

complex, a Schiff base complex known to be a good catalyst for various oxidation reactions in 

organic solvents (Figure 16).32 
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Figure 16. Metallo salophen complexes applied as Mb–Cr salophen hybrid catalyst in the sulfoxidation of 

thioanisole.32  

 

Apo-Mb was reconstituted with Cr-salophen (0.9 eq.) and the resulting hybrid was purified by 

dialysis, size-exclusion as well as cation exchange chromatography, and obtained in 0.3–15 % 

yield depending on the Mb mutant and metal complex. According to the authors the differences 

in yield are caused by dissociation of the artificial co-factor, which illustrates the importance of 

suitable substituents and metals and the appropriate protein scaffold for optimal binding affinity 

of the co-factors with the Mb proteins. In an optimal position, the co-factor is held in place by 

coordination of a histidine side chain, as occurs in native heme proteins (see Figure 10). The 

obtained hybrid was applied as artificial metalloenzyme in the sulfoxidation of thioanisole. The 

hybrid catalyst exhibited a 6 fold rate increase as compared to the unbound salophen complex 

while the reaction was found to proceed with a product enantioselectivity of 13%.  

In subsequent publications from the same group several improvements were reported regarding 

co-factor binding and catalytic performances of the artificially created metalloenzymes (Figure 

17).40 Crystal structures of several hybrid complexes revealed the importance of amino acid 

residue mutations for optimal binding. The apo-A71G-Mb mutant was found to exhibit increased 

binding affinity with salophen complexes compared to wild type Mb. 
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Figure 17. Left: Co-factors of which the Mb-hybrid constructs were analyzed by X-ray crystallography. 

Right: improved ligand systems based on X-ray structure data.40 
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Based on the X-ray structure results, the authors designed new complexes which showed 

enhanced selectivities (Figure 16, right). For example, the 1,2-diaminobenzene bridge (Figure 17 

left) was replaced for the smaller 1,2-diaminoethane bridge to allow deeper penetration of the co-

factor into the protein. Interestingly, by varying the size of the hydrophobic substituents (Me, Et 

or n-Pr) on the salophen ligand, the position of the metal center with respect to the protein could 

be altered, resulting in stereocontrol of the catalytic oxidation of thioanisole (33% ee (S) to 27% 

ee (R), depending on co-factor and Mb mutant used in catalysis).  

 

Funabiki et al. inserted a phenanthroline derivative into the heme pocket of wild type sperm 

whale apo-Mb (Figure 18).41 The authors anticipated that due to the structural similarity of the 

designed molecule with the native heme this molecule would be a good candidate for an artificial 

co-factor. The co-factor could be introduced into the heme cavity of apo-Mb according to UV-

Vis and circular dichroism analysis, although with low affinity compared to the native heme 

group. The authors claimed that this could be well due to the absence of a metal atom attached to 

the co-factor which in wild type heme-Mb coordinates to a histidine residue in the binding 

pocket, thereby increasing its binding affinity. Although phenanthroline ligands are well known 

ligands capable to coordinate metals, no metal complex formation was described for the hybrid 

system. 
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Figure 18. Phenanthroline based co-factor as artificial heme molecule.41  

 

1.2.3 Antibodies as Biomolecular Hosts 

Antibodies (also called imminoglobins) are proteins that play an important role in immune 

systems.1 One of their prime tasks is to recognize foreign substances which can then subsequently 

be removed. The majority of the small foreign molecules (haptens) do not stimulate the formation 

of antibodies. However, once attached to a large molecule (carrier protein) the specific antibody 

will bind to the hapten, and subsequently will initiate the formation of antibodies that bind tightly 

to the hapten. After generation of antibodies for a specific hapten, unbound haptens can bind to 

the antibody as well. In this manner organisms are immunized against specific foreign molecules. 

One of the interesting features of the immune system is that, especially in terms of protein 

engineering, nearly any synthesized small molecule can act as a hapten and will elicit specific  
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antibodies that will bind the molecule of interest. Various groups have used this property of the 

immune system to generate antibodies for metal complexes, often with the purpose to construct 

artificial enzymes, ‘so called’ (metallo)abzymes,42 or immunoassays for detection of toxic metal 

contaminations (e.g. uranium,43 lead,44 and cadmium45).  

For immunoassay purposes, the ligand used for immunization is chosen such that it strongly 

binds the metal of interest. Often a metal complex is used to elicit the antibodies and only the 

ligand is inserted into the antibody for metal detection. After reconstruction of the ligand with the 

antibody the hybrid material can be applied in immunoassays to analyze metal containing 

solutions.  

 
Figure 19. General scheme of the monoclonal antibody-hapten protocol to generate protein–metal 

complex hybrids. (KLH: keyhole limpet hemocyanin; Ab: antibody; BSA: bovin serum albumin; ELISA: 

enzyme-linked immunosorbent assay.) 

 

In terms of catalytic antibodies (‘abzymes’), the metal complex used for immunization often 

resembles the transition state of the catalytic reaction of interest. Since this approach requires 

complexes that are stable under physiological conditions, often a different metal is applied than 

the one used during catalysis. Alternatively, in some cases no metal is used but rather a 
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geometrical analogue of the transition state. A second reason to apply a different molecule for 

immunization than for the catalysis can be the necessity to attach the hapten to a carrier protein. 

This is mainly done by means of covalent linking of the complex by functionalization of a 

carboxylic acid moiety with the amine group of lysine residues of the carrier protein. 

Figure 19 provides a graphical representation of the general protocol towards monoclonal 

antibodies.1,46 The complex of interest, that will act as hapten, is attached to BSA (bovin serum 

albumin, used in ELISA) while KLH (keyhole limpet hemocyanin) is used as carrier protein. 

Once the complex is bound to the carrier protein the formed antigen is injected into an animal, 

often mice, and after a period of several weeks the spleen is removed from the animal to obtain 

the lymphocyte cells. These cells are then fused with ‘immortal’ myeloma cells (cancer cells of 

antibody producing cells) to be able to produce large quantities of monoclonal antibodies. The 

hapten attached to BSA is then used in ELISA screening in order to obtain the antibodies which 

bind strongly to the metal complex. The positive hits are then grown in culture medium to 

produce large quantities of antibodies. Finally, the antibodies which strongly bind the metal 

complex are chosen to form the protein–metallohapten hybrid material. 

 

According to this protocol, the groups of Schultz47 and Lerner48 simultaneously reported the first 

examples describing catalytic antibodies using transition state analogues of the catalyzed 

reactions. These first examples comprised ester hydrolysis transition state analogues using 

phosphonate and phosphate derivatives as haptens. A few years later the same groups also 

applied metal complexes as co-factors. Schultz et al. applied an N-methylmesoporphyrin IX 

(heme with one methyl group on one of the nitrogen atoms) as hapten to generate antibodies that 

bear a cavity complementary to the transition state of an iron(III) heme group capable of 

catalyzing the oxidation of various substrates (pyrogallol, hydroquinone, O-dianisidine, and 

ABTS).49 In all cases they found that the antibody-heme hybrids were several times more active 

as oxidation catalyst than the isolated heme alone, i.e. without the protein being present. In a 

similar study, Harada et al. found surprising substrate selectivities of their heme-antibody 

abzyme during catalytic oxidation experiments of various substrates.50 Among the substrates 

tested, only pyrogallol appeared to be catalytically converted, this in contrast to the system 

developed by Schultz et al.,49 who’s abzyme reacted with several different substrates. 

An interesting example is the system reported by Lerner et al. (Figure 20).51 Their hapten was 

designed to catalyze a sequence–specific peptide hydrolysis reaction. In order to do so they 

developed a triethylenetetramine peptide ligand which holds a cobalt(III) metal atom during the 

immunization process. The interesting point is that they were able to introduce a wide variety of 

metals into the ligand system and that these co-factor metal complexes still showed good binding 

affinity to the raised antibodies. Thus, by using the stable cobalt complex as a template, relatively 

less stable complexes (e.g. Zn, Ga, Fe, Lu, Ni, Cu triethylenetetramine complexes) could be 

introduced into the antibody protein as well. In addition, many of these antibody–metal complex 

hybrids were able to hydrolyze peptide bonds.  
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Figure 20. Left: hapten used for immunization by Lerner et al. Right: co-factor capable of binding various 

metals that catalyze specific peptide cleavage reactions.51 

 

Mahy et al. envisioned that the peroxidase activity of metalloporphyrin abzymes could be 

enhanced by placing an axial ligand in the co-factor complex.52 In heme containing enzymes this 

is also the case and therefore they chose to use a heme metabolite which contains an octapeptide 

containing an imidazole moiety capable of coordinating axially to the metal center (Figure 21). 

Several monoclonal antibodies were obtained which sufficiently bind the co-factor. Moreover, 

one of the haptens showed the best kcat/Km value reported so far for an antibody-porphyrin 

complex as peroxidase catalyst. In addition, the oxidation of thioanisole using H2O2 as oxidant 

resulted in the best ee (45% in favor of the R-enantiomer) reported for peroxidase abzymes thus 

far.52b  
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Figure 21. Oxidation catalyst with an internal axial ligand as hapten.52 

 

The same catalytic sulfoxidation reaction was used by Keinan et al. to study the effect of the use 

of haptens that represent a structural analogue of the transition state of the oxidation reaction.53 

They anticipated that if a hapten for immunization was used that contained all the structural 

features of the transition state of the oxidation reaction, the position of the substrate (thioether 

derivatives) and the oxygen donor (PhIO), a binding site for the co-factor as well as 

substrate/reagents would be created in antibodies. In this manner the creation of a closer mimic to 

the actual enzymes would be possible. A tin meso-tetrakis(4-carboxyphenyl)porphyrin hapten 

was used, bearing an axial -naphthoxy ligand to mimic the substrate and oxidant during 

catalysis (Figure 22). The tin-porphyrin carboxylate system was chosen in order to obtain a 

complex that is stable under the conditions to which the complex is exposed during 

immunization. Antibodies were raised according to a generally applied protocol and one was 
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selected to study the effects of the applied strategy. A corresponding ruthenium-CO porphyrin 

complex without the naphthoxy ligand was introduced into the antibody (excess antibodies) to 

form the abzyme. Indeed, a significant catalytic enhancement was observed of the hybrid catalyst 

compared to BSA-Ru(CO) porphyrin as catalytic system, with BSA as dummy protein since it 

has no specific co-factor binding site. In addition, the oxidation reaction of thioanisole resulted in 

the product thioanisole sulfoxide in 43% ee of the S-enantiomer.  
 

O

M
N

N

N

N

COOHHOOC

HOOC COOH

M

L1

L2

M = Sn(VI), L1 = -naphthoxy, L2 = Cl (immunization hapten)

M = Ru(II), L1 = CO, no L2 (catalytic co-factor)

SR R

PhIO, abzyme

O
I

M

O

M

S

O

S

 
 

Figure 22. Hapten designed to generate a complementary sulfoxidation transition state site in antibodies.53  
 

In a different study performed by the same group a structural analogue of a (bipy)2Cu(I) complex 

was used to generate antibodies with complementary binding pockets (Figure 23).54 The authors 

showed that the protein affects the coordination geometry of the copper complex allowing it to 

stabilize high-energy coordinated species (the Cu(I)-complex bound to the antibody was slightly 

compressed according UV-Vis spectrometric analysis).  Cyclic voltammetry measurements 

revealed a significant change in the oxidation-reduction profile during the Cu(I)-Cu(II) cycle, 

which they ascribe to the restricted coordination modes enforced by the second coordination 

sphere of the protein. In addition, cyclic voltammetry analysis suggested the presence of a short-

lived (5 minutes) tetrahedral (bipy)2Cu(II)-complex, which is normally only stable as quasi-

square-planar in the ground state. This is an interesting example of how proteins can be used to 

alter the spectroscopic or catalytic properties of metal complexes. Studies like these could also 

give better insight into how metalloenzymes have evolved and operate.  
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Figure 23. A spirosilane hapten as template for (bipy)2Cu(I) antibody hybrids.54 
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A very recent example of an antibody–transition metal complex hybrid was reported by Harada et 

al.55 A metal complex similar to the one used by the groups of Whitesides and Ward (vide supra) 

was applied as hapten for the same purpose, i.e. the construction of an enantioselective artificial 

enzyme catalyzing the hydrogenation of amino acid precursors (Figure 24). The complex was 

used as hapten to elicit the antibodies as well as the catalytic co-factor, i.e. no co-factor or 

transition state analogue was used. Three alkene substrates were tested in a hydrogenation 

reaction to form phenylalanine, isoleucine, and alanine derivatives using three different 

antibodies as protein host. Just as Harada found during his catalytic oxidation experimented using 

an abzyme (vide supra), the hybrid catalyst could discriminate between substrates, i.e. smaller 

substrates were preferred. The authors explain that the preference for smaller substrates is most 

probably caused by steric effects of the larger substrates. The side chains of the antibody are 

blocking the catalytic cavity and therefore the larger substrates are not able to access the rhodium 

site of the catalyst properly. In addition, the formation of N-acetyl-L-alanine was performed with 

high selectivity (> 98% ee), whereas it is formed as a racemic mixture without the protein host. 
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Figure 24. Achiral hydrogenation Rh-catalyst as hapten for the creation of a catalytic antibody.  

 

 

1.3  Covalent Modification Strategies 

During the past decades bioconjugation of proteins to either immobilize proteins or alter protein 

properties has been well studied. It delivered various strategies for the covalent linking of 

proteins to other molecules. The synthetic reactions possible to chemically modify proteins 

strongly depend on the available reactive site chain groups. The greater part of the documented 

approaches concerns the functionalization of cysteine, lysine, and tyrosine residues of which 

some examples are listed in Figure 25.56 As will be shown in this section, it are particularly lysine 

residues that are addressed when multiple metal complex fragments are to be attached covalently 

to one protein. In contrast to the large abundance of lysine residues, cysteine residues are less 

abundant in proteins and often it is possible to covalently functionalize the thiol group of a single 

cysteine residue within a protein. Obviously, for single site-directed modification methods it is 

very important to have detailed structural information on the structure of the protein of interest in 

order to be able to selectively address only a single amino acid side chain when more than one 

are exposed to the reagents.57 For more comprehensive reviews on chemical modification of 

proteins with organic reagents we recommend the reader to consult the review by Matthews58 and 

recent books by Hermanson59 and Lundblad.60 
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Figure 25. Approaches towards covalent protein modification.  

 

The first chemical modification of proteins was reported in 192561 and up to 1966 it was 

primarily used to identify functional groups that are involved in substrate binding or catalysis in 

enzymes.62 Even today, chemical modification of proteins is still an important tool for 

biochemists to determine which amino acid residues are crucial for the activity of enzymes of 

which the 3-dimensional structure is unknown. In 1966, two papers were published reporting the 

conversion of the catalytic serine of subtilisin, a serine protease, into a cysteine residue.63 

Subtilisin is an enzyme capable of regioselective acylation, cleavage of proteins, hydrolysis of 

peptide bonds and peptide coupling. In protein hydrolysis it has a preference for substrates with 

large hydrophobic groups. In order to convert the existing serine residue in a cysteine, subtilisin 

was treated with benzylsulfonyl fluoride (PMSF), which selectively sulfonates the side chain of 

serine. Displacement of the resulting sulfonate leaving group by thioacetate and subsequent 
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hydrolysis leads to the desired product, thiosubtilisin (Figure 26). This semi-synthetic enzyme 

displayed more than a 100 fold reduced hydrolysis activity for activated nitrophenyl esters and 

lacks the ability to cleave amide bonds.  
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Figure 26. Conversion of subtilisin to thiosubtilisin. 

 

Pioneering work on the introduction of new enzymatic activities in enzymes has been carried out 

by Kaiser et al.64 They were among the first to introduce new enzymatic activities by a process 

they called ‘chemical mutation’. They concentrated on the cysteine proteinase papain because of 

its availability, the availabilty of its X-ray structure, and the possibility to address a single 

cysteine residue located in the active site. As coenzyme analog flavins were used because of their 

known catalytic versatility. Five different flavin groups were attached to the cysteine residue via 

a thioether linkage and the obtained semi-synthetic papain was used in catalysis (Figure 27, two 

examples shown). Flavopapains were tested in the oxidation of N-alkyl-1,4-dihydronicotin 

amides. The flavopapain showed more than a 600-fold increase in activity as compared to the 

corresponding non-protein adduct, thereby approaching the activity displayed by native flavin-

containing oxidoreductases.64a 
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Figure 27. Left: different flavin analogs used by Kaiser et al. Right: oxidation of N1-alkyl-1,4-

dihydronicotinamides by flavopapain.64 
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1.3.1 Covalent Modification of Proteins with Metal Complexes 

The examples concerning protein–metal complex hybrids presented in this section are divided 

and discussed according to the amino acid residue that has been modified, i.e., according to the 

applied synthetic approach for protein modification. A special case is the single-site-covalent 

modification of enzymes using inhibitors, the so-called Active-Site-Directed Complexes (ASDC) 

approach. Most enzymes are regulated either by (non)-competitive or allosteric modulators, 

which comprise either the product, or a derivative thereof produced in a second reaction step 

(feed back inhibition), or a specific inhibitor. A special class are the ‘so-called’ suicide-inhibitors. 

These molecules often resemble the transition state of the catalytic cycle and most of them are 

able to covalently and often irreversibly modify the active site of the enzyme. The use of these 

inhibitors to covalently modify a protein with a metal complex will be discussed separately at the 

end of this review. In several cases the thiol functionality of a catalytically active cysteine residue 

in a protease has been modified. These examples will also be discussed in the active-site-directed 

compound section.  

 

Chemical modification of lysine residues 

Chemical modification of lysine residues is well studied in protein chemistry. These amino acids 

are abundant in many proteins and are usually located at the surface of proteins, partly due to 

their hydrophilic character.65 Since most proteins have multiple lysine residues accessible to 

reagents, addressing their primary amine groups generally results in the formation of 

multifunctionalized hybrid proteins as well as a mixture of proteins with a different amount of 

functional groups attached to them. The most common method to attach metal complexes to 

proteins makes use of N-hydroxysuccinimide (NHS) esters, which react with the primary amine 

group of lysine side chains. The advantage of these reagents is that they form a stable amide bond 

and that reactions can be performed at neutral pH, although generally higher reaction rates and 

yields are obtained when these are carried out at pH 9.5. This method is well established and has 

been used since the 1960’s to functionalize peptides and proteins.66 It is also applied for the 

attachment of haptens to a carrier protein support (KHL) and BSA in ELISA protocols (vide 

supra).  

Most of the examples concerning metal complex modification of lysine residues in proteins have 

been studied using BSA as model protein. BSA, or serum albumin proteins in general, are 

responsible for the transport of a wide variety of compounds (e.g. fatty acids, metals, steroids and 

drugs) and participate in maintaining both the osmotic pressure67 and pH of blood.68 Serum 

albumins are very stable and soluble proteins, they tolerate high percentage of organic solvent in 

buffered solutions, and do not interfere with most biochemical reactions. BSA is readily available 

in large quantities as it is purified from bovine blood, a byproduct of the beef industry. Due to 

their remarkable characteristics serum albumins have extensively been studied and applied in 

scientific research and have found a wide variety of biomedical and industrial applications. BSA 

is a 66 kD protein bearing 59 primary amino groups as side-chains of lysine residues. Although 

the amino acid sequence is known, no conclusive information on the tertiary structure is available 
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yet because, surprisingly, its crystal structure has still not been reported. BSA is believed to have 

a related structure to human serum albumin (HSA) due to the 76% homology of the amino acid 

sequence.69 HSA on the other hand has been characterized by X-ray crystallography and its three 

dimensional structure has been determined (Figure 28).70 Each of the dark spots in Figure 27 (left 

figure) represents the primary amine group of a lysine residue located at the periphery of the 

protein (59 in total). 

 
Figure 28.  Representations of the X-ray structure of the heard shaped HSA protein (1N5U.pdb).70  

 

The group of Jaouen, who has spent significant efforts on the development of organometallic 

biomarkers, reported several approaches for the covalent attachment of a variety of 

organometallic complexes to proteins using the primary amine groups of lysine residues on the 

protein (Figure 29).71 The labeling of proteins, of which BSA was the standard model protein, 

with several organometallic complexes was accomplished by the reaction of the active N-

succinimidyl and N-sulfosuccinimidyl esters of the stable, pre-formed heavy metal complexes in 

low oxidation state at amino groups of the proteins.72-77 The complexes concerned organometallic 

complexes bearing carbonyl ligands in order to serve as protein tags, which they applied in their 

CMIA system for protein detection using IR spectroscopy (vide supra). In case of BSA, 27-40 

heavy metal groups could be attached to a single protein, depending on the pH and the nature of 

the reagent (coordinating metal, surrounding ligands, type of ester). The maximum seems to be 

40 complexes per protein, which most likely reflects the number of the accessible primary amine 

groups to solvent and reagents. In general a 60-fold molar excess of the organometallic reagent 

was used to achieve maximum coverage of the amine groups. In some cases polar functional 

groups such as sulfonates were introduced into the complexes to increase their water solubility. 

Purification of the hybrid systems was accomplished using gel-filtration chromatography 

techniques. 
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Figure 29. Organometallic complexes susceptible to react with lysine residues of proteins. A, B and C72; 

A, D, E, F and G73; H74; I76; J75.  

 

An interesting example in this respect is the use of an alkyne moiety to coordinate to a metal 

complex. The alkyne succinimido 4-pentynoate reacts with a Os3(CO)10(NCMe)2 cluster in high 

yield to give the protein tag presented in Figure 30.76 Subsequently, 20 clusters (on average) 

could be attached to BSA. The attractiveness of this example is the bifunctionality of the alkyne 

ligand. It allows attachment of metal complexes via a straightforward protocol as well as 

modification of lysine residues of proteins. This versatile molecule could be a very interesting 

candidate in protein modification studies when using the alkyne functionality to attach various 

metal complexes via coordination chemistry, metal-carbon -bond formation or either organic 

chemistry, for example by using the well-known ‘click reaction’ of an alkyne and an metal 

complex functionalized with an azide group to form a triazole connecting group. Surprisingly, 

other examples of the use of such alkyne compounds have to the best of our knowledge not been 

reported. 
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Figure 30. Osmium cluster attached to an alkyne functionalized succinimido ester reported by Jaouen et 

al.76 
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Related to the work of Jaouen, Guo et al. more recently reported a luminescent rhenium complex 

bearing a succinimido ester (Figure 31).77 Preliminary bioconjugation studies showed that the 

complex could be attached to BSA and bovine immunoglobin G (IgG). Due to its spectroscopic 

properties the rhenium phenantroline derivative appeared to be a very good candidate as a 

biomarker with high quantum yields (>0.5) and long excited-state lifetimes (0.3–10 s). The 

BSA–rhenium hybrids contained two rhenium complexes per BSA molecule which were formed 

by adding 15 equivalents of the complex to the protein.  
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Figure 31. A luminescent rhenium complex for attachment to BSA and IgG.77 

 

The group of Jaouen also reported lysine modification procedures based on organo-transition 

metal species attached to imidoesters78 and pyrylium salts79 (Figure 32 and 33). The authors 

suggested that the use of these functional groups has several advantages over the more commonly 

used N-succinimidyl esters, e.g. its solubility in water which is caused by the preservation of the 

charge of the lysine groups at pH 9.0. The imidoesters and pyrylium ions react specifically with 

the primary amino groups of the proteins, offering a good alternative for succinimide reagents. 

The authors prepared an ( 5-cyclopentadienyl)tricarbonyl manganese complex functionalized 

with an imidoester attached to the cyclopentadienyl moiety. The complex was allowed to react 

with BSA and loadings of 7 to 20 manganese complexes per protein were obtained. The purpose 

of this investigation was the development of an electrochemical protein detection method as an 

alternative to the IR-spectroscopy-based CMIA biomarker system (vide supra). This alternative 

method is based on voltammetric analysis of protein–manganese complex hybrids by reduction of 

the complexes attached to the protein. The method proved to be successful and the detection limit 

(0.2 M) was found to be two orders of magnitude lower as compared to the CMIA approach. 
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Figure 32. Introduction of a voltammetric detectable organometallic group.78 

 

In the second, example concerning pyrylium salt-functionalized Re and Mn cyclopentadienyl 

complexes, 6 equivalents of the complex was added to BSA and within 24 h all the complexes 

had reacted with the protein, forming the hybrid proteins. The pyrylium salts reacted with the 

primary amine groups of lysine residues only, i.e. leaving the amine end-terminus untouched, 
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forming a stable pyridinium salt. One of the advantages of the use of pyrylium ions is the fact 

that the product can easily be detected by UV-Vis spectroscopy, allowing monitoring the reaction 

in time. 
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Figure 33. Attachment of an organometallic complex via a pyrylium salt to BSA.79 

 

Okano et al. bound an osmate ester, a well-known catalyst for the cis/hydroxylation of alkenes, 

via N–Os coordination to BSA in order to construct an artificial metalloenzyme (Figure 34).80 

They assumed the coordination of the osmate ester to BSA to occur via the primary amino 

residues. The formed BSA–complex hybrid (1 complex per protein) then served as an 

enantioselective catalyst in the hydroxylation of alkenes, affording diols in 68% ee for -

methylstyrene. The catalyst was prepared in situ by addition of an equimolar amount of OsO4 to a 

BSA containing solution in a carbonate buffer in the presence of excess -methylstyrene, the 

substrate. The metal complex appeared to bind strongly to the protein according to the authors, 

however, no studies were performed to determine the binding location of the complex. 
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Figure 34. Schematic representation of BSA attached osmate ester catalyst and the catalyzed 

hydroxylation of -methylstyrene.80 

 

Sigman et al. were the first to accomplish the synthesis of a semi-synthetic nuclease.81 This was 

achieved by attaching a 1,10-phenanthroline-copper group, known for its DNA cleavage activity, 

to a DNA binding protein (Figure 35). Cleavage of DNA by metal chelates is an important new 

approach to characterize structural features of genetic material and the binding of DNA proteins. 

This is possible due to the selective chain scission by reactive oxygen species of the complexes 

which occurs close to where the redox-active metal complex is bound. The protein of interest was 
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the E. coli Trp repressor, which lacks a reactive cysteine residue. To overcome this problem 

lysine residues were functionalized with iminothiolane (Traut’s reagent) and subsequently the 

resulting sulfhydryl groups were alkylated with 5-(iodoacetamido)-1,10-phenanthroline (Figure 

34). In later reports several genetically engineered cysteine residues in the protein were also 

used.82  
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Figure 35. Conversion of amine groups into thiol containing functionalities allowing reaction with 

cysteine directed complexes.  

 

Chemical modification of cysteine residues 

Cysteine, the structural thiol analogue of serine, is the most powerful nucleophile amongst the 

amino acid residues in proteins.60 Moreover, in case of proteases a specially arranged histidine 

residue enhances their reactivity by accepting a proton from the thiol group (vide infra). Besides 

the ability to function as catalytically active residue in enzymes (e.g. proteases), another 

important function is to maintain the integrity of the tertiary structure of proteins by formation of 

intramolecular disulfide bridges between cysteine residues (cystine). Often a few or only a single 

thiol group in a protein is accessible for reagents and amenable towards modification with 

functional groups. For example, HSA has 17 cysteine residues in its amino acid sequence of 

which 16 are forming 8 disulfide bonds and only one provides a thiol group accessible towards 

reagents. This feature has attracted many scientists to modify cysteine residues with thiol directed 

reagents as part of their research efforts to, e.g. elucidate protein structures, study protein 

function, or synthesize protein–metal complex hybrids.  

 

Haloacetates and haloacetamido derivatives have proven to be valuable reagents for the specific 

modification of cysteine residues. These compounds react with the thiolate group of cysteine via 

an SN2 reaction mechanism forming a stable thioether bond. If possible an iodo derivative is 

chosen since generally the reaction proceeds faster than with its corresponding bromo analogue. 

Although haloacetates and haloethanamides react primarily with cysteine residues, care must be 

taken in selecting the reaction conditions (i.e. pH, reaction time and exclusion of light) since side 

reactions with lysine, histidine, methionine, and glutamine residues can occur.60  
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Following this strategy, Meares et al. used a bromoacetamido reagent to attach an EDTA moiety, 

i.e. the ligand 1-(p-bromoacetamidobenzyl)ethylene-EDTA (abbreviated as BABE), to the Cys34 

residue of BSA (Figure 36).83 After the site-specific stoichiometric reaction the ligand was 

coordinated to Fe2+ using excess of FeSO4. The formed hybrid was subsequently purified by gel 

filtration chromatography. In this study, BSA served as a model protein to show that the designed 

approach can be a useful tool in studying protein structures as the complex cleaves peptide bonds 

in its vicinity. In later reports also other proteins such as human carbonic anhydrase I (HCAI),84 

cytochrome bd quinol oxidase85 and ribosomal protein S486 were examined to demonstrate the 

scope of this method. Peptide cleavage was found to be independent of the type of amino acid 

residues and only influenced by the spatial orientation of the metal center with respect to the 

polypeptide chain. To start the peptide cleavage reaction, H2O2 and ascorbic acid were added to 

the BSA–metal complex hybrid. The cuts made by the complex in the peptide sequence occurred 

at two sites of BSA, between Ala150 and Pro151 and between Ser190 and Ser191, leaving the resulting 

polypeptide fragments intact and available for analysis.  
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Figure 36. Anchoring of an EDTA moiety to BSA.  

 

The hybrid preparation procedure using the BABE ligands was later optimized by first loading 

the chelating agent with iron using FeCl3, thereby precluding unspecific binding of iron to the 

protein.87 To test this approach, the resulting conjugate, referred to as Fe-BABE, was reacted with 

the alpha subunit of Escherichia coli RNA polymerase by addition of an excess of Fe-BABE 

reagent. This method makes an elaborate purification procedure to remove excess of iron salts in 

the hybrid containing solution redundant and avoids artifactual cutting by unchelated iron.87  

 

Parallel to the use of Fe-EDTA–protein hybrids as peptide cleaving catalysts, the same 

modification strategy was used to develop antibody–metal EDTA conjugates (covalently bonded 

to cysteine residues or otherwise non-covalently attached). These were applied in medical 

imaging and therapeutic applications (e.g. the pre-targeting approach in radioimmunotherapy for 

cancer treatment).12d Various metals such as 90Y and 111In have been incorporated in the system 

using the same or similar metal-BABE system. The resulting hybrids have been studied in vitro 

as well as in vivo and gave very promising results.  

 

Related to the work of Sigman (see Figure 35),81 1,10-phenanthroline conjugates were used by 

Distefano et al. to prepare artificial metallo-enzymes capable of ester and amide hydrolysis 
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(Figure 37).88 The protein-phenanthroline conjugate was prepared by alkylation of a single 

cysteine residue (Cys117) situated in a large cavity of adipocyte lipid binding protein (ALBP) 

using the same reagent, 5-(iodoacetamido)-1,10-phenanthroline. Excess unreacted phenanthroline 

was removed by gel filtration chromatography before an excess of CuSO4 was added to form the 

complex. A second purification step (gel filtration) was necessary to remove unbound Cu(II) 

atoms. The formed hybrid appeared to be stable for several weeks upon storage. Interestingly, 

removal of the Cu(II) metal center was possible by addition of EDTA to the hybrid. Using 

racemic mixtures of several amino acid esters, the authors showed that ALBP-Phen-Cu(II) 

catalyzed ester hydrolysis results in enantiomerically enriched amino acids with ee ranging from 

31% to 86% ee at pH 6.1. Bulkier esters, e.g. isopropyl alanine, gave higher selectivities. For 

some substrates a distinct temperature dependence was observed, resulting in increasing ee’s 

upon lowering the temperature (39% at 25 °C and 86% at 4 °C for tyrosine methyl ester).  
 

N

N

H
NO

I

N

N

H
NO

2. CuSO4

Cu

S

SH

1.

ALBP

ALBP

R

NH2

O
R'

O

R

NH2

OH

O

+
H2O

ALBP-Phen-Cu(II)
OHR'

R = R' = Me

R = Me, R' = Et or i-Pr

R = 4-OHPhCH2, R' = Me or Et

R = CH2OH, R' = Me

OH2

OH2

SO4

II

 
 

Figure 37. Construction of a protein–Cu(II) 1,10-phenanthroline hybrid used as catalyst in the 

enantioselective hydrolysis of amino acid esters.89  

 

In a subsequent publication by the same authors they applied this strategy to different mutants of 

a related protein, i.e. the intestinal fatty acid binding protein (IFABP).89 Each of these mutants 

contained a genetically engineered cysteine residue that was used to attach the phenanthroline 

moiety (mutants V60C, L72C, and A104C). The IFABP-Phen-Cu(II) hybrids catalyzed the 

hydrolysis of amino acid esters with ee’s ranging from 61 to 94% (Figure 37). The use of 

different substrates in some cases resulted in a higher selectivity or higher activity compared to 

ALBP-Phen-Cu(II). It appeared that the rate, enantioselectivity, and substrate specificity of the 

conjugates are dependent on the precise site of attachment of the metal ligand to the protein.  

 

Another group of frequently used cysteine-directed protein modification reagents are the 2-

pyridyl disulfide derivatives (Figure 38). The 2-pyridyl disulfide moiety reacts only with free 

thiol groups and has similar properties as the Ellman reagent (5,5’-dithiobis(2-nitrobenzoic 

acid)), a reagent that is widely used by biochemists for the quantification of free thiol groups in 

proteins. Like Ellman’s reagent the reaction can be monitored by UV-Vis spectrometry as the 

formed pyridine-2-thione has a distinct absorption spectrum with a sufficiently high molar 
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extinction coefficient (~8000 M-1 cm-1, max= 343 nm). Similar to the work of Meares et al., the 

group of Fox attached an EDTA moiety ((EDTA-2-aminoethyl)-2-pyridyl disulfide) to a 

genetically engineered cysteine residue in Staphylococcal nuclease using this protocol.90 The 

purpose of this study has been similar to the work of Sigman and Meares, i.e. to creat a reagent 

that, once incorporated into a protein, is capable of protein self-cleavage at specific sites. In 

contrast to Meares’s work, the authors did not observe the same H2O2 dependence on the rate of 

amide hydrolysis. In their case atmospheric oxygen was sufficient for the peptide cleavage 

reaction. It is important to note that it has been observed that the disulfide bond is prone to 

oxidative cleavage, and causes release of the complex from the protein. In protein structure 

studies this approach can be acceptable as long as the fragments can be analyzed, however, in 

terms of artificial metalloenzymes this can be a drawback. 
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Figure 38. Attachment of an Fe(III)-EDTA complex to a cysteine residue of Staphylococcal nuclease by 

means of a pyridyl disulfide moiety. 

 

One of the most frequently used cysteine directed modification functionalities is the maleimide 

moiety. In general cysteinyl thiol groups react faster with maleimides than with iodoacetyl and 

iodoacetamide compounds. These reactions follow a Michael addition reaction mechanism and 

result in the formation of a stable thioether bond. For attachment of pre-metallated probes to 

proteins the maleimide functionality has the advantage that the reagents do not have reactive 

halogen atoms, such as haloacetate and haloacetamido functionalized compounds do. This often 

makes the synthesis of metalated site-directed protein modification probes containing sensitive 

metal complexes more feasible or even possible.  

 

An early example of a maleimide functionalized metal complex was reported by the group of 

Yonath in the late 1980’s.91 Their studies on the three-dimensional structure of ribosomes 

demanded the introduction of site-directed protein labels that could serve as heavy-atom probes 

which are used by crystallographers for the application of the isomorphous replacement method. 

Ribosomes are very large protein assemblies (> 2 MDa, 50 - 90 proteins bound to several RNA 

chains) with high flexibility and instability, which complicates characterization by spectroscopic 

means. Therefore, an alternative method comprising specific and controlled labeling for the 

commonly used metal salts, which are incorporated randomly by crystal soaking, was highly 

desirable. Yonath et al. applied an iridium cluster modified with a phosphine ligand containing a 

single tethered maleimide moiety as the cysteine directed protein label (Figure 39). The 

maleimide group was introduced using the versatile and commercially available -
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maleimidopropionic acid-N-hydroxysuccinimide ester.91a This compound reacts with primary 

amines via its succinimide ester group leaving the other end available for reaction with cysteinyl 

thiol groups. The iridium probe was attached to several bacterial ribomosal subunits (S30 and 

S50) by exposing the proteins to a large excess of the maleimide complex. The clusters were 

introduced at several sites of the ribosomes without inflicting major conformational changes or 

biological activity loss. 
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Figure 39. Iridium cluster bearing a maleimide containing ligand.91 

 

Ferrocene maleimide complexes were used as electroactive labels by Hill et al. (Figure 40).92 In 

this manner new redox properties could be provided to proteins with accessible cysteine residues. 

Mutants of -lactamase I from Bacillus cereus and cytochrome P450cam from Pseudonomas putita 

were studied upon modification with the complex and their new electrochemical properties were 

examined. From studies of mutants of -lactamase (introduction of a cysteine at Y105C, S129C, 

or W210C), of which its wild-type does not contain cysteine residues, it appeared that only the 

Y105C mutant could be modified as the other residues were not sufficiently accessible to the 

reagent (12-fold excess of reagent was used). Cyclic voltammetric analysis showed the 

characteristic ferrocene redox potential, though for hybrids in which an inhibitor was attached to 

the active site a significant increase of the redox potential was observed.92b Modification of 

cytochrome P450 appeared to alter its catalytic activity in the hydroxylation of camphor. In a 

subsequent publication the crystal structure of the ferrocene modified cytochrome P450 protein 

was reported and showed attachment of the complex at two sites, at Cys85 and at Cys136. The Cys85 

residue is situated close to the active site and the attached ferrocene seemed to block the substrate 

for binding to the heme group. In addition, the protein structure showed significant structural 

changes upon modification with the complexes. Cyclic voltammetry analysis showed two 

different redox potentials for the ferrocene moieties which the authors ascribe to the different 

electrostatic environment of the complexes, presumably also influenced by the heme group as its 

redox potential was largely shifted. The exact reason for the change in redox potential of the 

heme group, either influenced by the adjacent ferrocene or the alteration in the tertiary protein 

structure, has not yet been elucidated. Nevertheless, the study revealed some interesting insights 

into the enzymes catalytic behavior concerning substrate transport from the protein surface to the 

heme site. 
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Figure 40. Left: A ferrocenyl maleimide complex serving as a cysteine directed organometallic probe; 

right: crystal structure of cytochrome P450 with two ferrocene complexes (1GJM.pdb).92 

 

In connection to their work concerning the biotin-avidin approach (vide supra), Lo et al. have 

incorporated polypyridine rhenium complexes into proteins using the maleimide moiety (Figure 

41).29a,93 The complexes exhibit attractive luminescent properties which makes them ideal 

biomarkers in time-resolved bioassays. Different metal complexes were implemented in the 

system with the intention to develop a multicolor labeling kit for biological substrates. 

Attachment of the complexes to glutathione (GSH, a cysteine containing peptide), BSA, and 

HSA was accomplished by mixing a large excess of the reagent to the protein in a phosphate 

buffer at pH 7.4. The hybrids were subsequently purified by column chromatography and HPLC 

equipped with a size-exclusion column. The hybrids were examined on their photophysical 

properties and showed long-lived yellow luminescence (~1 µs) and good quantum yields. 

Comparison of emission lifetimes of the hybrids in the same air-saturated buffer revealed less 

affected emission times for the GSH hybrid, which is a small polypeptide. As an explanation the 

authors state that the complexes in the BSA and HSA hybrids are to some extent protected from 

oxygen which is able to quench the photo-emission. According to absorption spectra four to five 

complexes were attached to BSA and HSA, respectively, which is peculiar since both proteins are 

known to have only a single free thiol group available. Maleimides are highly specific towards 

cysteines although reactions with other amino acids have been reported. Unfortunately, a further 

study on the specific modification sites in the proteins was not conducted and no comments were 

given by the authors on this subject.  
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Figure 41. Luminescent maleimide metal complexes as biomarkers for protein detection.29a,93  
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Related to the work performed by Lo et al., Zubieta et al. attached rhenium complexes to proteins 

using the ligand system presented in Figure 42.94 The complexes were attached to the same 

proteins (GSH, BSA, and HSA) under similar reaction conditions (8 h instead of 12 h). The 

hybrids were purified by gel filtration chromatography. In contrast to the results obtained by Lo, 

they found that the metal complex : protein molar ratios were 1.58 : 1 and 1.8 : 1 for BSA and 

HSA, respectively. No remarks are made on this, however, this lower molar ratio could be due to 

the shorter reaction time compared to Lo’s reaction conditions and/or the smaller excess metal 

complex that was added (11 vs. ~85 equivalent).  
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Figure 42. Rhenium complex bearing a maleimide functionality applied by Zubieta et al.94 

 

Another class of commonly used cysteine-directed modification reagents are thiosulfonate 

derivatives.60 Upon reaction of thiosulfonates with a thiol group of a cysteine residue a disulfide 

bond is formed with the concomitant release of sulfinic acid. The stability of the formed disulfide 

depends on the substituents on the sulfur atoms. The adducts are more stable than thioesters but 

less stable than the thioethers formed after reaction of cysteine with haloacetates and 

haloacetamides or maleimides, respectively. In addition, the reaction is easily reversed using mild 

reducing reagents such as mercaptoethanol or dithiothreitol. The reaction is pH dependent and is 

performed at pH 7-9 to assure the presence of thiolate moieties in the protein. However, care 

should be taken when applying this functionality for the modification of proteins because the 

reagent can decompose via a base-catalyzed hydrolysis reaction. 

 

In a recent publication by Lu et al. the attachment of a ferrocene complex bearing an ethyl 

thiosulfonate group to the protein copper blue azurin is described (Figure 43).95 Azurin is an 

electron transfer protein involved in many processes in Nature. Addition of five equivalents of 

the thiosulfonate ferrocene complex to apo-azurin in a buffered solution at pH 8 resulted in the 

formation of  ‘blue ferrocenium azurin’ hybrid after 24 h at 4 ºC. The ferrocene complex was 

attached to the Cys112 residue which contains the only free thiol group present in the protein. As 

has also been reported by Hill et al., the electrochemical and spectroscopic properties of the 

ferrocene complex seemed to be sensitive to its biochemical surrounding. UV-Vis measurements 

showed an absorption profile similar to that of ferrocene in organic solvents, illustrating the 

hydrophobic environment inside the protein cavity. Interestingly, the authors were able to tune  
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the reduction potential of the hybrid by changing several amino acid residues in close proximity 

to the ferrocene group. In addition, the stability of the protein encapsulated and oxidized 

ferrocene moiety was increased due to protection by the protein matrix. To demonstrate the 

electron transfer efficiency of the hybrid in its oxidized state, horse heart cytochrome c was 

oxidized by the blue ferrocenium azurin showing the potential of the hybrid as redox active agent 

in biochemical studies and as a tool for the design of new biosensors.  
 

Fe

S
S

O O
SHAz

Fe

S
S

Az

 
 

Figure 43. Ferrocene modified blue copper azurin apo-protein.95 
 

For a different purpose (i.e., preparation of an artificial metalloenzyme) but using the same 

modification functionality, a manganese salen complex bearing two S-methyl-thiosulfonate 

groups was attached to apo sperm whale Mb by the same authors (Figure 44).96 To facilitate the 

dual anchoring method an extra, well-positioned cysteine residue was incorporated at the location 

of Tyr103 by site-directed mutagenesis. The hybrids were synthesized in a stoichiometric reaction 

of the complex with apo Mb mutants in 50 mM ammonium acetate buffer at pH 5.1. The 

attachment occurred at the two cysteine residues at position Cys103 and Cys72. The reaction was 

completed in 5 minutes after which the hybrid was purified using size exclusion chromatography 

to remove residual free salen complexes. The artificial metalloenzyme was tested as catalyst in 

the sulfoxidation of thioanilisole (Figure 15) and showed a significant increase in 

enantioselectivity (51% ee in favor of the S-enantiomer) compared to non-covalent approach 

reported by Watanabe et al. (13% ee  in favor of the S-enantiomer, Figure 32).32 In addition, the 

reaction rate was increased 40-fold. According to the authors this effect arises from the reduced 

conformational states of the complex inside the protein. Further details on the reaction rate 

enhancement and kinetic studies were not presented.  
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Figure 44. Dual anchoring strategy of a manganese salophen complex reported by Lu et al.96 



Novel Strategies Towards Protein–Transition Metal Complex Hybrids 

 

40 

1.3.2  Methods in Enzyme Modification Using the Active-Site-Directed Approach  

Single site-directed modification of proteins with metal complexes requires several important 

criteria that need to be met; a) the secondary structure, and preferably also the tertiary, of the 

protein has to be known, b) only a single residue must be addressed and therefore this has to 

carry the most reactive group towards the reagent, c) the specific amino acid residue aimed at has 

to be accessible, d) the metal complex or ligand needs to be highly specific towards this residue, 

and e) the metal complex needs to be stable under the applied reaction conditions. An obvious 

choice  would be to use enzymes as protein host since they bear an active site that often contains 

an amino acid residue with enhanced reactivity. In addition, the catalytic activity of the majority 

of enzymes can be altered or eliminated by inhibitors that are capable to interact strongly with the 

residues in the active site. The use of inhibitors carrying a metal complex therefore provides an 

ideal method to create 1:1 protein–metal complex hybrids as those meet most of the criteria 

mentioned above. For covalent modification of enzymes, the implementation of a so-called 

suicide inhibitor seems to be the ideal choice. Suicide inhibitors are highly specific and reactive 

towards the active site of enzymes forming a covalent bond and, thereby, making dissociation of 

the complex or ligand bearing the suicide-inhibitor from the protein almost impossible. 

Surprisingly, although the elegancy of this method is evident, only a few examples are reported 

in which suicide-inhibitors were used to covalently modify enzymes. Moreover, half of these 

examples entailed the use of the already established cysteine modification methods described in 

the previous section.  

All the examples reported to date that make use of cysteine directed complexes to modify 

enzymes, include the protease papain (from Carica papaya) as model enzyme. Papain hydrolyses 

peptide bonds and is widely found in Nature. The protein has seven cysteine residues in its 

peptide sequence although only one, which is the catalytically active residue Cys25, contains a 

free thiol group. The reactivity of the Cys25 thiol group is enhanced by the presence of a nascent 

histidine residue (His159), which in turn interacts with an asparagine residue (Asn175), allowing it 

to accept the proton of the thiol group more easily. In addition, the relatively small protein papain 

(~23 kDa) has a large and open catalytic cavity which allows incorporation of bulky metal 

complexes.  

 

In a recent publication de Vries et al. described the functionalization of papain using a phosphite 

ligand bearing an -bromoacetophenone moiety as part of their efforts on developing artificial 

metalloenzymes (Figure 45).97 The protease was modified by addition of a large excess of the 

phosphite ligand in a phosphate buffer (pH 7). Prior to modification, the protein was pretreated 

with DDT (dithiothreitol) to activate the enzyme and the modification procedure had therefore to 

be performed under nitrogen atmosphere to prevent oxidation of the thiol group. The reaction 

could be monitored by examining the residual catalytic activity using N-Z-glycine p-nitrophenyl 

ester as substrate. Upon hydrolysis of the substrate a p-nitrophenolate moiety is released which 

has a distinct and strong UV-Vis absorption profile allowing monitoring of the reaction. 
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Subsequent purification of the papain–phosphite adduct allowed the formation of the hybrid 

complex by addition of a large excess of the complex [Rh(COD)2](BF4). The excess of rhodium 

complex had to be removed by size exclusion chromatography.  
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Figure 45. Phosphite ligand attached to papain in order to generate a papain–rhodium hybrid catalyst.97 

 

Catalytic experiments with the rhodium hybrid in the hydrogenation of methyl-2-

acetamidoacrylate showed full conversion after 15 h using 0.25 mol% of catalyst (Figure 46). 

However, no enantioselectivity was observed and, according to the authors, this is most likely 

due to the flexibility of the complex inside the apparently large catalytic cavity of papain. 
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Figure 46. Hydrogenation of methyl-2-acetamidoacrylate catalyzed by a rhodium–papain hybrid. 

 

In a similar study by Reetz et al., several complexes were incorporated in the active site of papain 

using the maleimide moiety as cysteine directing functionality.98 Two types of complexes were 

attached to papain, a manganese salen complex and a dipyridine ligand coordinated to CuCl2, 

PdCl2, or RhCl3 (Figure 47). A very straightforward synthetic procedure of the ligands, as well as 

the use of the ‘metal complex compatible’ maleimide reagent, allowed the metallation prior to 

modification of the protein, which clearly has an advantage since it circumvents an additional and 

elaborate purification step. Furthermore, it prevents the metal salt from coordinating to other 

residues in the protein and which results in most cases in sufficient hybrid purity after dialysis. 

According to the residual papain activity using N-benzoyl-L-arginine-nitroanilide, full 

conversions towards the hybrids were obtained. Unfortunately no further information concerning 

the protein modification and purification procedures were given. Preliminary catalytic results 

showed low enantioselectivity for the papain–manganese salen hybrid in an epoxidation reaction 

and for the papain–rhodium dipyridine hybrid as hydrogenation catalyst (< 10% ee, no further 

details were given). For the same reason as explained by de Vries et al. in their studies, these 

observations are probably due to the poor interaction of the papain with the respective metal 
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complexes due to its large and open catalytic cavity. Although papain is a versatile and stable 

enzyme that can easily be modified with metal complexes, it can apparently serve only as a 

model protein since it does not generate enantioselective hybrid catalysts. Optimization by 

directed evolution might be a possible option to arrive at an increased protein–metal complex 

interaction and consequently at an increased selectivity of the catalytic reaction.  
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Figure 47. Transition metal complexes covalently attached to the cysteine residue of papain by Reetz et 

al.98 

 

The group of Jaouen developed several cyclopentadienyl metal complexes bearing a maleimide 

moiety that were reacted with the active site of papain (Figure 48).99-101 The objective of their 

study was to develop a convenient method to introduce in a site-selective manner heavy-atom 

probes to proteases. The method is similar to that of Hill et al. with the difference that a shorter 

tether between the metal complex and the maleimide group is used. This beneficially diminishes 

its flexibility in the hybrids and it allows the attachment of a single metal atom per hybrid instead 

of a multi-metal cluster. The reaction of the metal complexes with papain was studied in detail 

and investigation of the kinetic parameters of the inhibition of papain revealed that for the Cp-

iron complexes C, D, and E its size and hydrophobic/hydrophilic character has a large influence 

on the inhibition reaction rate. The complexes A (M = Fe) and B (when M = Mo) showed a 

nonlinear relation between kobs and the maleimide concentration suggesting the formation of a 

papain–metal complex intermediate equivalent to the Michaelis enzyme–substrate complex 

formation in biocatalysis. Why complex B bearing a tungsten metal (M = W) did not show this 

behavior could not be clarified. Purification by dialysis resulted in mono-functionalized papain 

which was confirmed by MS-ESI analysis.  
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Figure 48. Organometallic maleimide complexes as ASDC to serve as reagent for heavy-atom probes for 

protein crystals. A99,100, B100,101, C-E100.  
 

Interesting examples of the application of heavy-atom labels which bear a highly selective 

protease inhibitor group were already reported in the 1960’s by Wyrick102 and Kallos103 and later 

also by Koshland.104 Serine proteases (e.g. chymotrypsin, trypsin, and thrombin) are irreversibly 

inhibited by aryl sulfonyl fluorides and the reaction occurs only at the catalytically active serine 

residue.105 Also cysteine proteases like papain have shown to react with sulfonyl fluorides. In 

order to incorporate a heavy atom at a controlled single site in proteins several mercury 

containing complexes have been developed (Figure 49). The high selectivity and reactivity of 

sulfonyl fluorides is reflected by the reaction conditions of the inhibition reaction. Often it is 

sufficient to use stoichiometric amounts of reagents and protein. In the case of the complexes 

presented in Figure 48, the authors used a slight excess in all cases presumably to correct for the 

slow hydrolysis of the arylsulfonyl reagent106 in the buffered aqueous solution. Prove of full 

conversion to the protein–mercury complex hybrid was obtained by using standard catalytic 

activity protocols to examine the residual activity of catalytically active protein, which was lost in 

all cases after inhibition.  
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Figure 49. Organometallic inhibitor complexes as heavy atom labeling agents of proteases by Koshland 

(A – D)104, Kallos (F)103 and Chae (E and F)102; the inhibitory reaction is also shown.105 

 

The recurring feature of all serine hydrolases, e.g. lipases, esterases and proteases, is the catalytic 

triad in the active site consisting of a Asp/Glu, His, and Ser residue.105,107 As a fundamental 
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property of enzymes they are positioned and orientated to the effect that they can stabilize the 

transition state of the hydrolysis reaction by furnishing a complementary template to this 

transition state. Besides this catalytic triad, the so-called oxyanion hole plays a crucial role in the 

catalytic performance of hydrolases. The oxyanion hole consists of one to three main chain 

nitrogen atoms which provide hydrogen bonding possibilities to the anionic oxygen atom of the 

amide or ester hydrolysis intermediate, and thereby increase the degree of transition state 

stabilization. As an immediate consequence of the presence of a transition state template, 

compounds that mimic this transition state are capable of binding to the active site of hydrolases, 

which as a consequence leads to inhibition of the enzymatic reaction. Phosphonate esters bear 

such structural resemblance to ester or amide hydrolysis transition states and therefore are 

amongst the most potent inhibitors of serine hydrolases (Figure 50).108,109  
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Figure 50. The proposed mechanism of inhibition of serine hydrolases by phosphonate esters (Figure 

adapted from ref 108 and 109).  
 

The inhibition reaction proceeds via a nucleophilic substitution reaction of the serine OH group 

on the phosphorous oxide moiety forming a pentavalent intermediate which is stabilized by 

additional hydrogen binding in the oxyanion hole. Subsequent release of a labile leaving group, 

e.g. a Cl or F atom or a p-nitrophenolate moiety, then results in the formation of the stable 

covalent adduct of the enzyme and the inhibitor (Figure 51). 

 
Figure 51. Active site of a lipase after reaction with an alkylphosphonate ester. For the picture a crystal 

structure of inhibited cutinase was used (Asp/Glu in this case is Asp, the oxyanion hole consists of an NH 

group of a glycine residue and an OH group of a serine residue; 1XZM.pdb).110 
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The groups of Reetz98 and Van Koten111 have worked simultaneously on the use of p-nitrophenyl 

phosphonate esters to construct protein–metal complex hybrids, though slightly different 

approaches were applied. Reetz reported the inhibition reaction of a diphosphine ligand attached 

to a dinitrophenyl phosphonate ester with several lipases (Figure 52, no experimental details were 

given). They found that the activity of the various lipases was restored almost completely within 

a day. Most likely for this reason the authors did not report on the metallation of the phosphine 

probe in order to construct the desired lipase–metal complex hybrid. According to the authors the 

degradation of the adduct was due to the second labile p-nitrophenol group, which upon 

hydrolysis (the so-called aging process)105 results in the formation of an adduct that is prone to 

cleavage of the phosphorous serine OH bond. This reaction pattern is a known phenomenon of 

reactive phosphonate esters.59 
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Figure 52. Use of phosphonate esters as active site-directed inhibitor to generate a metal binding site in 

lipases.  

 

The problem of rapid aging of the enzyme–phosphonate ester adducts can be circumvented by 

using a single instead of two reactive groups attached to the phosphorous oxide moiety. Van 

Koten et al. have achieved this by developing an O-ethyl-O-4-nitrophenyl propylphosphonate 

ester attached to various ECE-pincer metal complexes bearing a platinum or palladium metal 

center (left part of Figure 54).111 The use of ECE-pincer metal complexes has the additional 

advantage that they contain a covalently bound metal site. This avoids a difficult metallation step 

of the ligand–protein hybrid. In addition, the use of the robust ECE-pincer type metal complexes 

prevents metal leaching from the lipase–ECE-pincer hybrid. The complexes were attached to the 

lipase cutinase from Fusarium solani pisi (Figure 53). This enzyme is a small lipase (21 kDa) 

which has the function to breakdown cutin allowing fungi to penetrate host plants, although its 

action is not restricted to cutin alone. Cutinase, in contrast to true lipases, does not bear a lid 

covering the active site. This lid in lipases consists of a loop that flips upon interaction with 

hydrophobic surfaces, creating an opening to the active site.112 As a consequence cutinase is 

accessible to substrates without the necessity of hydrophobic surfaces, although its activity is 

enhanced in the presence of surfactants.112,113 This special feature of cutinase makes the enzyme 

an ideal model protein to test the phosphonate inhibition approach.  
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Figure 53. Crystal structure of wild-type cutinase for fusarium solani pisi (right figure is a close-up of the 

left figure). The catalytic triad is in ball and stick model (1CUA.pdb).110 

 

Indeed, after constructing the lipase–ECE-pincer metal complex hybrid the pincer metal complex 

remained attached to the lipase hybrid proteins as the lipases remained inactive toward hydrolysis 

of the standard substrate p-nitrophenyl butyrate. The method concerns the use of a single leaving 

group in the phosphonate probe, which implicates the presence of a stereogenic phosphorous 

center. Therefore two equivalents of the inhibitor were reacted with the lipase, since cutinase, like 

most lipases, reacts stereoselectively (and therefore faster) with one of the enantiomers of 

phosphonate inhibitors (50 µM inhibitor, 25 µM cutinase, buffered solution at pH 8). 

Interestingly, the enantiomeric preference of cutinase towards ECE-pincer metal complex 

phosphonate derivatives could be confirmed by a simple experiment involving the reaction of an 

equimolar amount of cutinase and inhibitor, leading to an initial 50 % consumption of the 

inhibitor. Accordingly, the reaction occurs highly specific and in a single site-directed manner 

showing the high potency of phosphonate pincer metal complexes for lipase inhibition. The 

formation of the cutinase–pincer metal complex hybrids occurred within less than 5 minutes 

when small donor substituents present (for example E = NMe2 or SMe; Figure 54). For larger E 

groups (e.g. E = SPh) a significant increase of reaction time was found (1 h), which suggested 

interaction of the complex with the periphery of the protein. The potential of the single site-

directed lipase modification approach was further demonstrated by the fact that a simple dialysis 

purification procedure was sufficient to obtain highly pure hybrid material, as was confirmed by 

ESI-mass spectrometry.  
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Figure 54. Active-site-directed complexes based on phosphonate esters and pincer complexes.111  

 

Structural models of cutinase–ECE-pincer metal complex hybrids indicated that the pincer head 

group is positioned at the periphery of the protein, which recently has also been confirmed by X-

ray crystallography.114 This positioning is due to the relative small catalytic pocket of cutinase. 

The authors therefore took the logical step in continuing their work by developing similar 

phosphonate pincer complexes in which the propyl tether was left out (right side of Figure 54).115 

As a result, the metal center can be positioned inside the catalytic cavity of the lipases in a 

controlled manner. Obviously, the approach of using pre-metallated phosphonate complexes for 

constructing protein–metal complex hybrids is not restricted to a single hydrolase but can be 

applied to the vast amount of (commercially) available enzymes, bearing various catalytic pocket 

sizes, and thereby allowing controlled synthesis of systems with optimal performance, e.g. as 

hybrid catalyst or as biomarker.  

 

 

1.4  Summary and future perspectives 

Since the beginning of protein engineering and more recently in the field of bioconjugation, 

various methods emerged that comprise the modification of protein function and properties. 

Besides genetic engineering of the protein structure itself, the present review demonstrates the 

majority of the varied covalent and non-covalent strategies that have been developed. In 
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particular for the construction of protein–metal complex hybrids, today’s knowledge on protein 

structure and function, which increased tremendously since the first protein crystal structures in 

the 1960’s, has influenced and inspired many scientists who recognized proteins as a single 

organic molecule and envisioned the high potential of engineered protein–metal complex hybrids. 

The approaches that are currently applied greatly depend on the purpose of the study, i.e. the 

development of a probe that can be used in protein studies, protein detection and purification or 

for construction of artificial metalloenzymes.  

The biotin-avidin based system has shown to be successful in several areas. Catalytic hybrids 

based on this system have resulted in catalytic conversion with high enantioselectivity, as was 

shown by Ward et al. In spite of these successes, the quest for systems comprising a large variety 

of proteins, protein–probe interactions, and protein:probe ratios has increased. Alternative non-

covalent strategies have been developed, for example the heme reconstitution (Watanabe, Lu), 

and artificial metallo-antibody approach (Schultz, Lerner, Keinan). When controlled and single 

site-directed incorporation of one metal complex into a protein is desired, with the purpose of 

designing a well-defined hybrid, the heme reconstitution method seems to be the best choice. 

However, the reconstitution method requires apo-proteins that bear a heme-binding site, which in 

turn, also restricts the possibilities regarding the type of complexes that can be used. 

Accordingly, the applicability of the artificial metallo-antibody approach is much more versatile 

since the binding pocket of an antibody can be designed as desired by using the appropriate 

hapten as template. In spite of the successes obtained by using antibodies as biomolecular host 

for metal complexes, reconsideration might be worthwhile since the generation of abzymes is in 

general very elaborate, while hybrid description in specific cases is less accurate or deserves 

more detailed studies. Moreover, the protein–metal complex mass ratio can be unfavorable in 

terms of catalysis, while binding affinities of the complexes to antibodies (Kd ~10-7 M) are 

generally lower than in case of biotin-avidin (Kd ~ 10-15 M) and co-factor–apo-protein (Kd ~10-8 - 

10-12 M) derivatives.   

Covalent protein modification methods have initially been developed to study protein structure 

and function and have resulted in various successful protein modification procedures. Only a few 

of the most common strategies described in the book by Lundbland60 have been used to construct 

protein–metal complex hybrid materials. In fact, the repertoire of synthetic procedures for the 

construction of protein–metal complex hybrids need considerably further expansion to reach at a 

variety of methods for the controlled incorporation of metallo-fragments into a protein structure. 

For example, labeling proteins with diagnostic metal probes via covalent lysine modification 

generally implies the use of excess of reagent with respect to the protein. Consequently, the site 

of attachment as well as the local environment of the metal site is not known or ill-defined, which 

is detrimental for several applications. For these reasons, a more controlled protocol is necessary, 

e.g. for crystallographic or catalytic purposes. Cysteine directed probes have been developed for 

this purpose with quite some success. By making use of maleimide or -halomethylketone 

derivatives, as well as thiosulfonate reagents metal complexes could be attached to proteins in a 

controlled manner. These reagents are highly reactive towards cysteinyl thiol groups, however, 
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care should be taken as site reactions with other amino acids have been reported. In addition, 

single site-directed modification often required proteins with a single ‘free’’ and accessible thiol 

group. When a specific protein is chosen as biomolecular host that does not exhibit the desired 

structural property, site-directed mutagenesis to introduce an extra cysteine residue can overcome 

this problem, as has been shown by for example by Lu et al. who developed a dual anchoring 

approach for salen complexes.   

An interesting and promising new alternative is the use of suicide-inhibitors as active-site-

directed complexes. The approach has several advantages: 1) the reaction occurs only at the 

active site of enzymes, 2) the reaction is stoichiometric, 3) the reaction is irreversible, 4) and can 

be followed using a spectrometric activity assay, 5) the method is furthermore applicable to a 

whole families of enzymes and purification of the hybrid is often straightforward. Besides the 

discussed cysteine directed methodology, three examples of this new approach concerned the 

modification of serine hydrolases. For this purpose sulfonyl fluorides and phosphonate esters 

bearing a metal complex have been developed and have proven to be excellent candidates. 
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Chapter 2 
 

 

Lipase Active-Site-Directed Anchoring of Organometallics:  

Protein–Metallopincer Hybrids 
 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract. The work described herein presents a strategy for the regioselective introduction of 

organometallic complexes into the active site of the lipase cutinase. Nitrophenyl phosphonate 

esters, well known for their lipase inhibitory activity, are used as anchor functionalities and were 

found to be ideal tools to develop a single site-directed immobilization method. A small series of 

phosphonate esters, covalently attached to ECE “pincer” type metal-d8 complexes through a 

propyl tether (ECE = [C6H3(CH2E2-2,6]-; E = NR2, SR), were designed and synthesized. Cutinase 

was treated with these organometallic phosphonate esters and the new metal complex protein 

hybrids were identified as containing exactly one organometallic unit per protein. The 

organometallic proteins were purified by membrane dialysis and analyzed by ESI-mass 

spectrometry. The major advantages of this strategy are: 1) one transition metal can be introduced 

regioselectively, and hence, the metal environment can potentially be fine-tuned, 2) purification 

procedures are facile due to the use of pre-synthesized metal complexes; and, most importantly, 

3) the covalent attachment of robust organometallic pincer complexes to an enzyme is achieved, 

which will prevent metal leaching from these hybrids. The approach presented herein can be 

regarded as a tool in the development of regio- and enantioselective catalyst as well as analytical 

probes for studying enzyme properties (e.g. structure), and hence, is a “proof-of-principle design” 

study in enzyme chemistry. 
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2.1  Introduction 

Chemical modification of proteins is a fascinating approach for altering protein function by the 

introduction of non-natural fragments into proteins.1 This strategy allows one to combine the 

specific properties of proteins and enzymes (substrate- and stereo selectivity) with those of man-

made molecules. Inspired by the pioneering work of Kaiser2 and Whitesides,3 this ‘hybrid’ 

strategy has recently led to new developments in the field of homogeneous catalysis.4 Here, this 

strategy relies on the idea of using proteins as scaffolds for transition metal catalysts and, as such, 

it represents a promising method to transfer the properties of a protein (water solubility, size, 

chiral environment) to a transition metal moiety. One of the first examples, developed by 

Whitesides3 in the 70’s and recently optimized by Ward and co-workers,4e is based on biotin-

avidin technology. In this non-covalent anchoring approach, the hydrogenation of N-protected 

dehydroamino acid derivatives by a biotinylated rhodium-diphosphine catalyst resulted in 

catalytic conversions with up to 96% ee.4e 

Regioselective anchoring of stable transition metal probes to proteins may allow the controlled 

“tagging” of the protein of interest and can serve as biomarker5 or as an additional tool in protein 

studies.6 A classic example is the hybridization of mercurybenzenesulfonyl fluoride derivatives 

with the active site of proteases, e.g. chymotrypsins.7 These covalently bound labels were applied 

for the multiple isomorphous replacement method, used by crystallographers to accelerate phase 

determination in protein structure elucidation.  

Evidently, controlled and site-directed protein modification can become of great importance 

when constructing protein transition metal complex hybrid systems. Several requirements to 

construct a structurally defined protein metal complex hybrid have to be considered. First of all, 

the linkage of the metal complex to the protein has to be stable under all future conditions (e.g. 

during purification and application) and at the same time metal leaching from the ligand has to be 

prevented. Furthermore, the protein needs to have specific and accessible positions amenable 

toward functionalization and the anchoring must preferably be in a regioselective manner. These 

requirements intrinsically demand three careful selections that have to be made: the right protein, 

the proper anchor unit, and a chemically stable metal complex. 

In this study, we have employed p-nitrophenyl phosphonates esters as anchoring units.8 p-

Nitrophenyl phosphonate esters are well known as lipase suicide inhibitors, which can 

irreversibly bind to the active site of various lipases (the -OH group of the serine residue),9 and 

thereby provide a simple method to functionalize lipases selectively at a pre-established 

position.10 Recently, Reetz and co-workers have investigated a similar approach by immobilizing 

a dinitrophenyl phosphonate diphosphine ligand as a potential precursor for the synthesis of 

hybrid catalysts.4d,11 However, by using this dinitrophenyl phosphonate, the obtained hybrids 

were unstable due to basic hydrolysis and the catalytic activity of the native lipase was restored in 

24 h.  

The protein we have chosen to use in our studies is the enzyme cutinase, a 21 kDa lipase isolated 

from the fungi Fusarium solani pisi.12 Because this lipase does not contain a ‘lid’ covering the 
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active site, it exhibits no interfacial activation, and hence, the active site is accessible to 

hydrophilic as well as hydrophobic substrates in aqueous media.13 

Metallopincer complexes, containing a terdentate monoanionic [C6H3(CH2E)2-2,6]- ‘pincer’ type 

ligand (ECE, E= NR2, SR or PR2), were selected as metal-containing building blocks. These 

organometallic complexes possess several interesting and useful characteristics, which include an 

exceedingly stable M–C bond14 and the potential applicability in sensoring15 and catalytic 

systems.14,16  In recent years, we have reported on the facile modification of the pincer system 

with numerous functionalities.17 Together with the high chemical and thermal stability, these 

properties should make the pincer unit a very suitable candidate for the construction of protein–

metal complex hybrids by means of an active-site-directed approach.  

Three Active-Site-Directed Complexes (ASDC) were developed in which p-nitrophenyl 

phosphonate esters and metallopincer moieties are combined. The design of these complexes (1-

3) is based on space-filling representations of metallopincer cutinase hybrids (Figure 1).18 Here 

we report on the synthesis of these organometallic ASDC’s, on their inhibition reaction with wild 

type cutinase, and on the characterization of the resulting organometallic cutinase hybrids.  

 

 
Figure 1. Upper: organometallic ASDCs 1-3. Lower: close-up of space-filling presentations of the 

ASDCs hybridized with cutinase.18 

 

 

2.2  Results and Discussion 

Synthesis of complexes 1-3. The connection between the pincer ligand and the phosphonate ester 

framework was achieved by means of a Suzuki cross-coupling reaction (Scheme 1).4g The allyl 

function of phosphonamidate 419 was hydroborated in situ using 9-borobicyclononane (9-BBN) 

and reacted with either 2-bromo-1,3-bis[(dimethylamino)methyl]-5-iodobenzene, 2-bromo-1,3-

bis[(methylthio)methyl]-5-iodobenzene or 2-bromo-1,3-bis[(phenylthio)methyl]-5-iodobenzene19 

in the presence of [PdCl2(dppf)] as catalyst.20 
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Scheme 1. Synthetic scheme for the preparation of organometallic ASDC’s 1-3. Reagents and conditions: 

(a) 9-BBN, THF, reflux, 3 h; (b) I-4-C6H2(CH2NMe2)2-2,6-Br, I-4-C6H2(CH2SMe)2-2,6-Br or I-4-

C6H2(CH2SPh)2-2,6-Br, DMF, [PdCl2(dppf)], K3PO4 (aq.), reflux 3 h; (c) 1 M HCl/Et2O, RT, 2 h; (d) p-

nitrophenol, NEt3, C6H6, RT, 2 h; (e) [Pd2(dba)3·CHCl3], C6H6, RT, 16 h; (f) [{Pt(p-tol)2(µ-SEt2)}2], C6H6, 

reflux, 2 h; (g) AgBF4, acetone, H2O, RT, 1 h; (h) NaCl, CH2Cl2, RT, 1 h. 

  

The C–C bond formation proceeded with high selectivity at the iodo-position of the pincer units, 

to yield 5, 6, and 7 in high yields. Treatment of 6 and 7 with anhydrous HCl (1 M in Et2O) 

generated the corresponding chlorophosphonate derivatives in situ, by replacement of the 

dimethylamino functionality on the phosphorous atom.21 These intermediates were immediately 

reacted with p-nitrophenol, furnishing 8 and 9. The palladium atom could readily be introduced 

into SCS ligands 8 and 9. Oxidative addition using [Pd2(dba)3·CHCl3] resulted in the desired 

complexes 2 and 3, respectively.16b,c  

The same reaction sequence was also envisaged to synthesize platinum complex 1. However, 

reaction of NCN compound 5 with anhydrous HCl resulted in the formation of an inseparable 

mixture of phosphonic acid, phosphonic acid anhydride, and desired product, as well as some 

unidentified compounds. This is most probably caused by the basic NMe2 functionalities of the 
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pincer moiety. For this reason ligand 5 was first cyclometallated to give 10 using [{Pt(p-tol)2(µ-

SEt2)}2]
22 as the platinum source. This makes the pincer’s NMe2 groups less basic and non-

nucleophilic due to coordination of the nitrogen atoms to the platinum center. To avoid halogen 

scrambling in the subsequent chlorination of the phosphonate, the bromide ligand of the NCN 

platinum moiety was first exchanged for chloride. This was achieved by treatment of 10 with 

AgBF4 in wet acetone, followed by addition of NaCl to obtain 11 as an off-white solid.23 

Analogous to 5 and 6, the P(O)NMe2 functionality of 9 was treated with anhydrous HCl, 

affording the desired P(O)Cl-derivative without decomposition of the NCN pincer platinum 

complex. This clearly demonstrates the high stability of the Pt–C bond in organometallic NCN 

pincer platinum complexes. Reaction of the phosphonate chloride compound with p-nitrophenol 

resulted in the desired complex 1 (Scheme 1). Unfortunately, the corresponding palladium 

complex could not be prepared. This is due to the incompatibility of the NCN pincer palladium 

chloride unit with the anhydrous HCl conditions required to generate the P(O)Cl functionality.  

 

Anchoring of the metal complexes to cutinase. We made use of p-nitrophenyl phosphonates for 

three main reasons: 1) they are very active compounds which selectively react with the active 

site, that is, the serine residue 120 of cutinase, 2) the reaction profile can be followed 

spectrometrically due to the high UV-VIS absorption of the p-nitrophenolate anion (  = 14580 M-

1cm-1, 400 nm, pH 8),24 and 3) the p-nitrophenyl phosphonates are more stable towards hydrolysis 

compared to their chloro and dinitrophenyl phosphonate counterparts.  

The reactions of 1, 2 and 3 with the active site of cutinase were monitored over time by 

measuring the increase of the absorbance at 400 nm (pH 8.0, RT, 25 or 50 µM ASDC, and 25 µM 

cutinase). When two equivalents of 1 were used with respect to cutinase (Figure 2, upper line, 

diamonds), a rapid time-dependent conversion of 1 to form the Cut-1 hybrid was found to occur 

with a concomitant release of the p-nitrophenolate anion. After 5 minutes, a full conversion of 

cutinase to the hybrid was accomplished. 

 

 
Figure 2. Conversion of cutinase upon reaction with 1. Release of p-nitrophenolate was monitored by 

following the absorbance increase at 400 nm. Conditions: 25 µM cutinase; 25 µM (stars) and 50 µM 

(diamonds) of ASDC 1. Buffer: 50 mM Tris-HCl, 0.1% Triton X-100 at pH 8.0. 
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Earlier studies have shown that the reaction of cutinase with phosphonates proceeds with high 

enantioselectivity.25 For this reason we also carried out an experiment using a stoichiometric 

amount of 1 with respect to cutinase (Figure 2, bottom line, stars). In this experiment we 

observed an initial and fast reaction in which 50% of the racemic mixture of 1 (one enantiomer) 

and 50% of the enzyme are converted to the Cut-1 hybrid, followed by a slower reaction of the 

remaining and less reactive enantiomer of 1. These observations imply a 1:1 ASDC:cutinase 

stoichiometry and in addition, that a chiral preference of cutinase exists for the organometallic 

ASDCs, much alike other phosphonate inhibitors.25 Unfortunately, we have not been able to 

recover the slower reacting enantiomer of 1 after completion of the 2:1 1:cutinase reaction. In 

addition, neither NMR shift reagents nor the use of chiral HPLC was successful in discriminating 

the enantiomers of 1. For these reasons we were unable to determine which enantiomer react 

faster and which enantiomer was left unreacted in solution.  

The same reaction was performed with the SCS-pincer complex 2 (with phenyl substituents on 

the sulfur donor atom). In this reaction also a full conversion was observed (25 µM cutinase : 50 

µM 2). Remarkably, the reaction proceeded approximately 12 times slower than the 

corresponding reaction with NCN ASDC 1 (5 min. vs. 60 min, Figure 3, unmarked line).  

 

 
Figure 3. Conversion of cutinase upon reaction with 2. Unmarked line: Release of nitrophenolate was 

monitored by following the absorbance increase at 400 nm. Decay line: decrease of enzymatic activity 

monitored by using a spectrometric assay containing p-nitrophenyl butyrate. Reagents and conditions: 25 

µM cutinase, 50 µM ASDC 2, buffer: 50 mM Tris-HCl, 0.1% Triton X-100 at pH 8.0. 

 

This difference in reaction kinetics might be attributed to the different solubility properties of 2 

as compared to 1. Whereas complex 1 was completely soluble in the buffer solution, addition of 2 

to the buffered cutinase solution resulted in a turbid solution, causing the negative absorption 

evident in Figure 3.26 During the reaction the turbidity gradually disappeared, resulting in a clear 

yellowish solution (Figure 4), which illustrates the solubility effect of metallopincer cutinase 

hybrid formation on the metallopincer complex.  
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Figure 4. Reaction mixture of 2 with cutinase. Left: start of reaction. Right: end of reaction containing the 

Cut-2 hybrid.  

 

The reaction between 2 and cutinase was also followed in time by measuring the residual 

enzymatic catalytic activity using a p-nitrophenyl butyrate based spectrometric assay (decay line 

in Figure 3). The same reaction profile was found confirming the results obtained by following 

the release of p-nitrophenolate by UV-VIS spectroscopy.  

When ASDC 3, bearing methyl substituents on the sulfur donor atoms, was reacted with cutinase 

under the same reaction conditions as for complex 1 and 2 (i.e. in a 2:1 ASDC:cutinase molar 

ratio), the same total conversion time was observed as for the reaction of 1 with cutinase (Figure 

5, stars). In this experiment 3 was completely soluble in the buffer solution at the start of the 

reaction.  

 

 
Figure 5. Conversion of cutinase upon reaction with 1 (diamonds) and 3 (stars). Release of nitrophenolate 

was monitored by following the absorbance increase at 400 nm. Conditions: 25 µM cutinase, 50 µM 

ASDC, buffer: 50 mM Tris-HCl, 0.1% Triton X-100 at pH 8.0. 

 

To examine the reaction rate effect during our previous experiment in which we used ASDC 2, a 

final control experiment was performed. Complexes 1 and 2 were incubated with cutinase at 

concentrations at which clear solutions were obtained (6 µM cutinase and 12 µM of ACSD). For 

these reactions, lower initial reaction rates were observed for each reaction, but with the same 

rate ratio difference as in the previous experiments with higher reactant concentrations. This 

observation strongly suggests that steric factors determine the rate of inhibition to a greater extent 

than the solubility of the ASDCs.  
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Isolation, purification and characterization of cutinase metallopincer hybrids. A series of 

ESI-MS samples were prepared by reacting cutinase with two equivalents of 1, 2, or 3 during 48 

h (Tris buffer, pH 8.0). Prior to purification and analysis of the product, the residual enzymatic 

catalytic activity was determined using a p-nitrophenyl butyrate based spectrometric assay. No 

release of p-nitrophenolate was observed in all reactions after 48 h of incubation of cutinase; a 

result that indicates that no esterase activity is left and no wild type cutinase is present in 

solution. The crude materials were then purified by dialysis27 (2  12 h) and analyzed by ESI 

mass-spectrometry. The organometallic complexes are permeable through the dialysis membrane 

in the set-up used for sample preparation, whereas the native enzyme and the hybrids are not. The 

dialysis set-up does not seem to degrade the organometallic moieties and, therefore, is ideal for 

the purification of the protein–metallopincer hybrids. 

 

Table 1. ESI-MS results of ASDC-cutinase hybrids. 

Compound Calculated (Da) Calculated-halide (Da) Found (Da) 

Cutinase 20603.1 – 20603.9 ± 0.2 

Cut-1 21158.0 21122.5a 21120.9 ± 0.4 

Cut-2 21244.0 21164.1b 21163.2 ± 0.4 

Cut-3 21119.8 21039.9b 21039.1 ± 0.7 

 a[M+-Cl]. b[M+-Br]. 

 

The native enzyme was used as calibration material for the ESI-MS analysis and a mass of 

20603.9 ± 0.2 Da was found (calculated: 20604.1 Da; Table 1). All cutinase–metallopincer 

hybrids showed a somewhat lower mass in the ESI mass spectra than the calculated value. This 

difference originates from the release of a halide ion from the metal center during the 

measurement; a result typically found in ESI-MS mass spectra of metallopincer complexes. In the 

mass spectra of hybrid materials no mass signals corresponding to 20604 Da were observed, 

indicating complete conversion of wild type cutinase to the hybrids. 

The results of the MS measurements show the high integrity of the metallopincer cutinase 

hybrids. Not only is a 100% conversion obtained, but also is a precise 1:1 metallopincer:cutinase 

stoichiometry achieved. The cutinase–metallopincer hybrids can thus be prepared in a single and 

selective step by specific modification of one amino acid residue of the lipase, and hence, exactly 

one metal can be introduced in the chiral cavity of cutinase.  

 

 

2.4  Conclusion 

This study demonstrates the use of irreversible enzyme inhibitors as anchoring moieties for the 

site-directed attachment of organometallic complexes to enzymes. Suicide inhibitors are excellent 

tools for this purpose since they often react chemo-, regio-, and enantioselectively, as well as 
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stoichiometrically with enzymes. Especially the latter is important in constructing a structurally 

well-defined hybrid. The results from the ESI-mass analysis nicely confirm that discrete 1:1 

hybrids are obtained between cutinase and the organometallic ASDCs 1-3 using p-nitrophenyl 

phosphonate esters as anchoring groups. Moreover, the ESI-mass results also indicate that the 

metallopincer units of the ASDCs are stable under the applied reaction conditions, 48 h in an 

aqueous buffer solution at pH 8.0, and withstand aqueous dialysis purification conditions (2 x 12 

h). The stability of the organometallic unit is evidently of great importance to maintain its 

functionality and to prevent metal leaching. Noteworthy is that, due to the covalent bond formed 

during the hybridization reaction of the ASDCs with the lipase, dissociation of the phosphonate 

from the lipase will not occur (pH < 11). This feature permits the use of polar and apolar solvents 

in future applications. The terdentate pincer ligand allows the introduction of a variety of 

transition metals and in this respect provides a unique method to merge the properties found in 

biology (selectivity, solubility, and size) by using the hybridization protocol outlined in this 

study. One other major advantage of this approach is positional precision with which the 

transition metal unit is introduced in the active site of the enzyme. This positioning promises a 

fine-tuning of the organometallic enzyme hybrids on the atomic level. Our current research 

efforts indeed focus on the hybridization of a variety of transition-metal complexes with cutinase 

and related serine hydrolases, and on the use of such hybrids in aqueous homogeneous catalysis.  

 

 

2.5  Experimental Details 

General Comments. All organic and organometallic reactions were conducted under a dry dinitrogen 

atmosphere using standard Schlenk techniques. Organic solvents were dried over appropriate materials 

and distilled prior to use. All reagents were obtained commercially and used without further purification 

unless otherwise stated. Triton X-100 was purchased from Serva and tris(hydroxymethyl)aminomethane 

from J. T. Baker. Buffer solutions were prepared using Milli-Q grade water. Purification of water (18.2 

M cm) was performed with the Milli-Q Synthesis system (Millipore; Quantum Ultrapure). 1H and 
13C{1H} NMR spectra were recorded at 298 K on a Varian Inova 300 spectrometer at 300 and 75 MHz, 

respectively, and 31P{1H} NMR spectra were recorded at 298 K on a Bruker AC200 at 81 MHz. All NMR 

chemical shifts are in ppm referenced to residual solvents (31P{1H} NMR shifts to H3PO4). The MALDI-

TOF mass spectra were acquired using a Voyager-DE Biospectrometry Workstation (PerSeptive 

Biosystems Inc., Framingham, Ma, USA) mass spectrometer. Sample solutions with an approximate 

concentration of 20-30 mg/mL in CH2Cl2 or THF were prepared. The matrix was 5-chlorosalicylic acid 

(CSA) with an approximate concentration of 20-30 mg/mL. A 0.2 µL of the sample and 0.2 µL of the 

matrix solution were combined and placed on a golden MALDI target plate and analyzed after evaporation 

of the solvents. [{Pt(p-tol)2(µ-SEt2)}2],
22 [Pd2dba3·CHCl3]

28 and 2-bromo-1,3-bis[(dimethylamino)methyl]-

5-iodobenzene29 were prepared according to described procedures. Microcoanalyses were performed by 

Kolbe, Mikroanalystisches Laboratorium (Müllheim a/d Ruhr, Germany). UV-Vis experiments were 

performed at room temperature using a Carey-100 spectrometer. Electrospray ionization mass spectra of 

the wild type cutinase and modified cutinase were recorded on a Finnigan LC-Q ion trap mass 
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spectrometer. All samples were introduced using a nanoflow electrospray source (Protana, Odense, 

Denmark). 

 

Inhibition Experiments. To a buffer solution (0.1% Triton X-100, 50 mM Tris-HCl, pH 8.0) containing 

wild type cutinase (25 µM, 25 nmol, 0.52 mg) was added of a solution of 1, 2, or 3 in CH3CN (50 µM, 10 

µL á 5 mM). The reaction was followed by UV-Vis spectroscopy until the reaction was complete, which 

was confirmed by a plateauing of the intensity of the UV absorption at 400 nm. 

 

 Hydrolysis activity of cutinase. The catalytic activity of cutinase was determined spectrometrically on 

0.25 mM p-nitrophenyl butyrate in the presence of 100 mM Triton X-100 and 10 mM Tris-HCl at pH 8.0. 

Aliquots of 5-10 µL were taken and added to the assay (if necessary samples were first diluted). Activities 

were calculated from the increase of absorbance at 400 nm.  

 

Chemical stability experiments. The chemical stability of ACDC 1 in the buffer solution (0.1% Triton 

X-100, 50 mM Tris-HCl, pH 8.0) was examined over 48 h using UV-VIS spectroscopy (400 nm). The 

compound did not show any hydrolysis of PnP phosphonate ester functionality during this time. Naturally, 

the stability of cutinase was also tested under the same conditions. Aliquots were taken and added to a 

spectrometric assay containing 0.25 mM p-nitrophenyl butyrate. No decrease of ester hydrolysis activity, 

and thus no catalytic deactivation, was observed during a 3-day period. 

 

Preparation of samples for mass spectrometry analysis. Cutinase (25 µM) in a 10 mM Tris-HCl buffer 

solution (pH 8.0) was modified during 48 h by adding an excess of 1, 2, or 3. Completion of the reaction 

was confirmed by determining the residual catalytic hydrolyses activity of cutinase. The clear yellow 

solutions were subsequently dialyzed for 2  12 h using the same buffer as dialysis solvent. Prior to ESI 

mass measurements the solutions were diluted to 2-5 µM with CH3CN. 

 

Preparation of ethyl P-[3-(4-bromo-1,3-bis[(dimethylamino)methyl]phenyl)propyl]-N,N-

dimethylaminophosphinate (5).4g A solution of allyl ethyl N,N-dimethylaminophosphinate 4 (1.53 g, 

8.65 mmol) in THF (15 mL) was treated with 9-BBN (34.4 mL a 0.5 M in THF, 17.46 mmol). The 

prepared mixture was stirred for 3 hours at reflux temperature. The colorless solution was allowed to cool 

to room temperature and a degassed aqueous solution of K3PO4 (3 M, 7.2 mL, 21.60 mmol) was added, 

followed by a solution of 2-bromo-1,3-bis[(dimethylamino)methyl]-5-iodobenzene (3.26 g, 8.21 mmol) 

and [PdCl2(dppf)] (0.5 g, 0.68 mmol) in DMF (15 mL). The color of the solution turned immediately dark 

red after addition of the palladium catalyst. The mixture was heated to reflux for 3 hours and during this 

period a clear orange solution was formed. THF was evaporated in vacuo and the mixture diluted with 

Et2O (60 mL) and water (40 mL). The organic phase was separated and the aqueous phase extracted with 

Et2O (2  50 mL). The organic fractions were combined, washed with 1N NaOH (2  50 mL) and brine, 

dried on MgSO4 and concentrated in vacuo to obtain a dark brown oil. The crude was dissolved in 5 mL 

Et2O and purified by column chromatography (silica, eluting with Et2O, then CH2Cl2 and finally with 

MeOH/5% NEt3) to obtain the product as a yellowish oil (3.20 g, 90%). 1H NMR (300 MHz, CDCl3):  = 

7.15 (s, 2H; ArH), 3.90 (m, 2H; CH2O), 3.52 (s, 4H; CH2N), 2.65 (t, 2H; CH2Ar), 2.63 (d, 3J(H,P) = 8.79 

Hz, 6H; PNMe2), 2.29 (s, 12 H; NMe2), 1.80 (m, 2H; PCH2), 1.75 (m, 2H; PCH2CH2), 1.26 ppm (t, 
3J(H,H) = 6.96 Hz, CH3; 3H); 31P NMR (81 MHz, CDCl3):  = 37.25 ppm (s); 13C NMR (75 MHz, 
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CDCl3):  = 140.43, 139.05, 129.74, 124.27 (s; ArC), 63.85 (s; CH2N), 59.06 (d, 2J(C,P) = 6.71 Hz; 

CH2O), 45.40 (s; NMe2), 36.09 (d, 2J(C,P) = 15.26 Hz; CH2CH2P), 35.73 (d, 2J(C,P) = 4.27 Hz; PNMe2), 

26.41 (d, 1J(C,P) = 131.23 Hz; CH2P), 24.27 (d, 3J(C,P) = 3.62 Hz; ArCH2), 16.23 ppm (d, 3J(C,P) = 6.72 

Hz; CH3); elemental analysis calcd (%) for C19H35BrN3O2P (448.38): C, 50.89; H, 7.87; N, 9.37. Found: C, 

50.96; H, 7.97; N, 9.31. 

 

Preparation of ethyl P-[3-(4-bromo-1,3-bis[(phenylthio)methyl]phenyl)propyl]-N,N-dimethyl-

aminophosphinate (6). A similar procedure as for 5 was applied. 4 (0.50 g, 2.85 mmol), THF (10 mL), 9-

BBN (0.41 M, 15.3 mL, 6.27 mmol). K3PO4 (3 M, 2.0 mL, 6 mmol), [PdCl2(dppf)] (0.18 g, 0.23 mmol), 

2-bromo-1,3-bis[(phenylthio)methyl]-5-iodobenzene (1.50 g, 2.85 mmol), DMF (20 mL). The product 

was purified by column chromatography eluting with Et2O and acetone. After concentration of the product 

containing fractions (acetone), a yellow oil was obtained. Yield: 1.31 (80%). 1H NMR (300 MHz, CDCl3): 

 = 7.34–7.18 (bm, 10H; SArH), 6.89 (s, 2H; ArH), 4.22 (s, 4H; CH2S), 3.90 (m, 2H; CH2O), 2.63 (d, 
3J(H,P) = 8.79 Hz, PNMe2; 6H), 2.44 (t, 2H; CH2Ar), 1.60 (m, 4H; PCH2CH2), 1.26 (t, 3J(H,H) = 6.96 Hz, 

CH3; 3H); 31P NMR (81 MHz, CDCl3):  = 37.09 ppm (s); 13C NMR (75 MHz, CDCl3):  = 142.03, 

137.99, 136.48, 130.19, 129.06, 128.16, 127.35, 126.62, 59.37 (d, 2J(C,P) = 6.72 Hz; CH2O), 40.88 (s; 

CH2S), 36.36 (d, 2J(C,P) = 3.62 Hz; PCH2CH2), 36.01 (d, 3J(C,P) = 16.53 Hz; PN(CH3)2), 24.86 (d, 1J(C,P) 

= 131.24 Hz; PCH2), 23.78 (d, 3J(C,P) = 3.70 Hz; CH2Ar), 16.56 ppm (d, 3J(C,P) = 6.72 Hz; CH3); 

elemental analysis cald (%) for C27H33BrNO2PS2 (578.56): C, 56.05; H, 5.75; N, 2.42; S, 11.08. Found: C, 

56.18; H, 5.83; N, 2.37; S, 11.16. 

 

Preparation of ethyl P-[3-(4-bromo-1,3-bis[(methylthio)methyl]phenyl)propyl]-N,N-dimethyl-

aminophosphinate (7). A similar procedure as for 5 was applied. 4 (0.88 g, 5.00 mmol), THF (20 mL), 9-

BBN (1.34 g, 10.10 mmol, 0.5 M in THF). K3PO4 (3 M, 5.5 mL, 17.50 mmol), 2-bromo-1,3-

bis[(methylthio)methyl]-5-iodobenzene (32) (2.01 g, 5.00 mmol), [PdCl2(dppf)] (0.33 g, 0.43 mmol), 

DMF (15 mL). The crude was dissolved in 5 mL Et2O and purified by column chromatography (silica, 

eluting with CH2Cl2/acetone 3:1) to obtain the product as a yellowish oil 2.02 g (88%). 1H NMR (300 

MHz, CDCl3):  = 7.06 (s, 2H; ArH), 4.01 (m, 1H; CH2O), 3.88 (m, 1H; CH2O), 3.83 (s, 4H; CH2S), 2.66 

(d, 3J(H,P) = 9.00 Hz, 8H; NMe2 + CH2Ar), 2.07 (s, 6H; SMe), 1.80 (bm, 4H; CH2),1.28 ppm (t, 3J(H,H) = 

7.20 Hz, 3H; CH3); 
31P NMR (81 MHz, CDCl3):  37.07 ppm (s); 13C NMR (75 MHz, CDCl3):  = 140.40, 

138.68, 129.83, 124.30 (s; ArC), 59.41 (d, 2J(C,P) = 6.68 Hz, CH2O; 2H), 39.56 (s; CH2S), 36.37 (d, 
2J(C,P) = 16.43 Hz; PCH2CH2), 36.11 (d, 2J(C,P) = 3.68 Hz; NMe2), 24.87 (d, 1J(C,P) = 132.83 Hz; 

PCH2), 24.03 (d, 3J(C,P) = 3.62 Hz; CH2Ar), 16.54 (d, 3J(C,P) = 6.68 Hz; CH3CH2O), 15.64 ppm (s; 

SMe); elemental analysis cald (%) for C15H24BrNOPS2 (454.43): C, 44.93; H, 6.43; N, 3.08; S, 14.11. 

Found: C, 45.10; H, 6.51; N, 3.03; S, 14.06. 

 

Preparation of ethyl 4-nitrophenyl P-[3-(4-bromo-1,3-bis[(phenylthio)methyl]phenyl)propyl]-

phosphonate (8). Compound 6 (0.49 g, 0.85 mmol) was dissolved in dry benzene (10 mL) and treated 

with a solution of anhydrous HCl (4.25 mL, 4.25 mmol, 1 M in Et2O). After stirring for 2 h at room 

temperature under a nitrogen atmosphere, more benzene (10 mL) was added and the yellow suspension 

was filtered. To the filtrate, a solution of p-nitrophenol (0.12 g, 0.85 mmol) and NEt3 (0.6 mL, 4.24 mmol) 

in benzene (20 mL) was added drop wise and stirring was continued for 2 h. All volatiles were removed in 

vacuo and Et2O (30 mL) was added followed by a saturated solution of K2CO3 (30 mL). The organic phase 
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was separated and washed with a saturated solution of K2CO3 (30 mL), water (30 mL) and brine (30 mL). 

The solution was dried on MgSO4 and concentrated to give a pale yellow solid. Yield: 0.35 g (62%). 1H 

NMR (300 MHz, CDCl3):  = 8.21 (d, 3J(H,H) = 8.70 Hz, 2H; ArH), 7.35-7.17 (bm; 10H; SArH), 6.89 (s, 

2H; ArH), 4.22 (s, 4H; CH2S), 4.16 (m, 2H; CH2O), 2.51 (t, 3J(H,H) = 6.30 Hz, CH2Ar; 2H), 1.81 (bm, 

4H; PCH2 and PCH2CH2), 1.30 ppm (t, 3J(H,H) = 6.90 Hz, CH3; 3H); 31P NMR (81 MHz, CDCl3):  = 

30.56 ppm (s); 13C NMR (75 MHz, CDCl3):  = 155.82 (d, 2J(C,P) = 8.48 Hz; ArC), 144.78, 139.58, 

138.03, 135.83, 131.18, 130.02, 129.14, 127.12, 126.30, 124.49 (s; ArC), 121.19 (d, ArC, 3JCP = 4.28 Hz), 

63.25 (d, 2J(C,P) = 7.32 Hz; CH2O), 40.82 (s; CH2S), 35.54 (d, 2J(C,P) = 17.06 Hz; PCH2CH2), 25.47 (d, 
1J(C,P) = 140.97 Hz; PCH2), 23.77 (d, 3J(C,P) = 4.91 Hz; CH2Ar), 16.64 ppm (d, 3J(C,P) = 5.51 Hz; 

CH3CH2O); elemental analysis cald (%) for C31H31BrNO5PS2 (672.59): C, 55.36; H, 4.65; N, 2.08; S, 9.53. 

Found: C, 55.36; H, 4.77; N, 2.02; S, 9.58. 

 

Preparation of ethyl 4-nitrophenyl P-[3-(4-bromo-1,3-bis[(methylthio)methyl]phenyl)propyl]-

phosphonate (9). A similar procedure as for 8 was applied. 7 (0.41 mg, 0.90 mmol), anhydrous HCl (4.50 

mL, 4.50 mmol, 1.0 M in Et2O). Triethylamine (0.14 mL), p-nitrophenol (125.5 mg, 0.90 mmol) in 

benzene (15 mL). The product was obtained as a yellowish solid (0.39 g, 78%). 1H NMR (300 MHz, 

CDCl3):  = 8.16 (d, 3J(H,H) = 7.20 Hz, ArH; 2H), 7.31 (d, 3J(H,H) = 8.10 Hz, ArH; 2H), 7.03 (s, 2H; 

ArH), 4.20-4.10 (bm, 2H; CH2O), 3.76 (s, 4H; CH2), 2.66 (t, 3J(H,H) = 6.90 Hz, 2H; PCH2CH2), 2.02-1.86 

(m, 4H; CH2Ar and PCH2), 2.01 (s, 6H; SMe), 1.26 ppm (t, 3J(H,H) = 7.20 Hz, 3H; CH3); 
31P NMR (81 

MHz, CDCl3):  30.50 ppm (s); 13C NMR (75 MHz, CDCl3):  = 155.84 (d, 2JCP = 7.93 Hz; ArC), 144.72, 

139.60, 138.87, 129.70, 125.87, 124.58 (s; ArC), 121.21 (d, 3JCP = 4.30 Hz; ArC), 63.56 (d, 2JCP = 7.31 Hz; 

CH2O), 39.50 (s; CH2S), 35.60 (d, 2JCP = 17.67 Hz; PCH2CH2), 25.58 (d, 1JCP = 140.10 Hz; PCH2), 24.11 

(d, 3JCP = 4.80 Hz; CH2Ar), 16.60 ppm (d, 3JCP = 5.50 Hz; CH3); elemental analysis cald (%) for 

C21H27BrNO5PS2 (548,45): C, 45.99; H, 4.96; N, 2.55; S, 11.69. Found: C, 46.15; H, 5.08; N, 2.48; S, 

11.52. 

 

 

Preparation of ethyl N,N-dimethylamino-P-[3-(4-(bromoplatino)-1,3-bis[(dimethylamino)-

methyl]phenyl)propyl]phosphinate (10).4g Solid [{Pt(p-tol)2(µ-SEt2)}2] (1.06 g, 1.14 mmol) was added 

to a solution of 5 (1.02 g, 2.27 mmol) in dry toluene (45 mL) and heated to reflux for 2 h. The solvent was 

removed in vacuo and the remaining dark brown oil dissolved in CH2Cl2 (15 mL) and filtrated through a 

short path of Celite. The filtrate was concentrated under reduced pressure leaving a brown oil, which was 

subsequently washed with pentane (3  30 mL, stirring 30 min.) and Et2O (2  30 mL, stirring 30 min.). 

The resulting mixture was dried in vacuo to obtain the product as an off-white solid (1.11 g, 78%). 1H 

NMR (300 MHz, C6D6):  = 6.52 (s, 2H; ArH), 3.91 (m, 2H; CH2O), 3.33 (s, 3J(H,Pt) = 44.56 Hz, 4H; 

CH2N), 2.77 (s, 3J(H,Pt) = 37.54 Hz, 12H; NMe2), 2.60 (t, 3J(H,H) = 7.32 Hz, 4H; CH2Ar), 2.43 (d, 
3J(H,P) = 8.85 Hz, 6H; PNMe2), 2.02 (m, 2H; CH2), 1.71 (m, 2H; PCH2CH2), 1.06 (t, 3J(H,H) = 7.02 Hz, 

3H; CH3,); 
31P NMR (81 MHz, C6D6):  = 36.26 ppm (s); 13C NMR (75 MHz, C6D6):  = 145.52, 143.77, 

136.38, 134.52, 119.54 (s; ArC), 77.13 (s, 2J(C,Pt) = 32.96 Hz; CH2N), 58.82 (s; CH2O), 54.62 (s; NMe2), 

37.44 (d, 2J(C,P) = 14.65 Hz; CH2CH2P), 35.81 (d, 2J(C,P) = 3.70 Hz; PNMe2), 25.33 (d, 1J(C,P) = 130.64 

Hz; CH2P), 24.27 (d; ArCH2), 16.23 ppm (d, 3J(C,P) = 6.72 Hz; CH3); MS (MALDI-TOF, CSA): m/z: 

561.1 [M+-Br], 467.2 [M+-Br-Pt]; elemental analysis cald (%) for C19H35BrN3O2PPt (643.46): C, 35.47; H, 

5.48; N, 6.53 Found: C, 35.48; H, 5.41; N, 6.38. 
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Preparation of ethyl N,N-dimethylamino-P-[3-(4-(chloroplatino)-1,3-bis[(dimethylamino)-

methyl]phenyl)propyl]phosphinate (11). Compound 10 (0.76 g, 1.20 mmol) in wet acetone (10 mL) was 

treated with AgBF4 (0.25 g, 1.26 mmol) for 1 h. The reaction mixture was filtrated over Celite and NaCl 

(0.74 g, 12.60 mmol) was added to the filtrate. The solvent was removed in vacuo after 1 h stirring of the 

reaction mixture, and subsequently water (20 mL) was added. The product was extracted with CH2Cl2 (4  

20 mL), the combined fractions dried on MgSO4 and concentrated under reduced pressure leaving an off-

white solid (0.61 g, 85 %). 1H NMR (300 MHz, C6D6):  = 6.54 (s, 2H; ArH), 3.93 (m, 1H; CH2O), 3,69 

(m, 1H; CH2O), 3.38 (s, 3J(H,Pt) = 44.69 Hz, 4H; CH2N), 2.75 (s, 3J(H,Pt) = 38.46 Hz, 12H; NMe2), 2.60 

(t, 3J(H,H) = 7.33 Hz, 2H; CH2Ar), 2.43 (d, 3J(H,P) = 8.79 Hz, 6H; PNMe2), 2.03 (m, 2H; PCH2), 1.71 (m, 

2H; PCH2CH2), 1.06 (t, 3J(H,H) = 7.01 Hz, 3H; CH3); 
31P NMR (81 MHz, C6D6):  = 36.13 ppm (s); 13C 

NMR (75 MHz, C6D6):  = 144.62, 143.79, 136.21 (s; ArC), 119.55 (s, 3J(C,Pt) = 31.74 Hz; ArC), 77.69 

(s, 3J(C,Pt) = 31.13 Hz; CH2N), 58.89 (d, 2J(C,P) = 6.71 Hz; CH2O), 53.98 (s; NMe2), 37.48 (d, 2J(C,P) = 

15.32 Hz; CH2CH2P), 35.83 (d, 2J(C,P) = 3.70 Hz; PNMe2), 24.97 (d, 1J(C,P) = 130.64 Hz; CH2P), 24.87 

(s, 3J(C,P) = 3.70 Hz; ArCH2), 16.38 ppm (d; CH3); elemental analysis cald (%) for C19H35ClN3O2PPt 

(599.00): C, 38.10; H, 5.92; N, 7.02. Found: C, 37.95; H, 5.76; N, 6.88. 

 

Preparation of ethyl 4-nitrophenyl P-[3-(4-(chloroplatino)-1,3-bis[(dimethylamino)-

methyl]phenyl)propyl]phosphonate (1). A similar procedure as for 8 en 9 was applied. 11 (246.1 mg, 

0.41 mmol), anhydrous HCl (2.05 mL, 2.05 mmol, 1.0 M in Et2O). Triethylamine (0.3 mL), p-nitrophenol 

(57.2 mg, 0.41 mmol) in benzene (15 mL). The product was obtained as a yellowish solid (199 mg, 66%). 
1H NMR (300 MHz, C6D6):  = 7.76 (d, 3J(H,H) = 7.63 Hz, 2H; ArH), 7.05 (d, 3J(H,H) = 8.24 Hz, 2H; 

ArH), 6.45 (s, 2H; ArH), 3.88 (m, 2H; CH2O), 3.35 (s, 3J(H,Pt) = 43.94 Hz, 4H; CH2N), 2.73 (s, 3J(H,Pt) = 

32.00 Hz, 12H; NMe2), 2.51 (t, 3J(H,H) = 7.63, 2H; ArCH2), 2.02 (m, 2H; PCH2CH2), 1.79 (m, 2H; CH2P), 

0.95 ppm (t, 3J(H,H) = 7.02 Hz, 3H; CH3,); 
31P NMR (81 MHz, C6D6):  = 30.52 ppm (s); 13C NMR (75 

MHz, C6D6):  = 155.85 (d, 2J(C,P) = 7.92 Hz; ArC), 144.65, 144.00, 135.25, 125.51 (s; ArC), 120.81 (d, 
3J(C,P) = 4.88; ArC), 119.41 (s; ArC), 77.68 (s; CH2N), 62.52 (d, 2JCP = 6.71 Hz; CH2O), 53.99 (s; NMe2), 

37.00 (d, 2J(C,P) = 16.48 Hz; CH2CH2P), 25.70 (s, 1J(C,P) = 141.00 Hz; PCH2), 24.66 (d, 3J(C,P) = 4.88 

Hz; ArCH2), 16.23 ppm (d, 3J(C,P) = 6.10 Hz; CH3); MS (MALDI-TOF, CSA): m/z: 656.3 [M+ - Cl], 

462.2 [M+ - Cl - Pt], 374.6 [M+ - Cl – Pt - NO2 - OEt], 343.1 [M+ - Cl – Pt - NO2 – Oet - 2Me]; elemental 

analysis cald (%) for C23H33ClN3O5PPt (693.03): C, 39.86; H, 4.80; N, 6.06. Found: C, 40.05; H, 4.72; N, 

5.93. 

 

Preparation of ethyl 4-nitrophenyl P-[3-(4-(bromopallado)-1,3-bis[(phenylthio)methyl]-

phenyl)propyl]phosphonate (2). Solid [Pd2dba3·CHCl3] (0.17 g, 0.16 mmol) was added to a solution of 8 

(0.22 g, 0.32 mmol) in benzene (30 mL) and stirred for 16 h at room temperature. All volatiles were 

removed in vacuo and the residue dissolved in THF (30 mL). Then Et3N (0.5 mL) was added and the 

mixture was stirred for 2 h. The color of the mixture turned from purple black to dark green indicating the 

formation of Pd black. The Pd black was then removed by filtration over a short path of Celite leaving the 

filtrate as a clear yellow solution. The filtrate was concentrated under reduced pressure to obtain the crude 

product as a yellow solid. Pure product was obtained by purification using column chromatography, 

eluting with Et2O to remove dba, and acetone to obtain the product as a pale yellow solid. Yield: 0.16 g 

(63%). 1H NMR (300 MHz, CDCl3):  = 8.23 (d, 3J(H,H) = 9.30 Hz, 2H; ArH), 7.83 and 7.36 (m, 12H; 
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ArH), 6.82 (s, 2H; ArH), 4.60 (bs, 4H; CH2S), 4.16 (m, 2H; CH2O), 2.62 (t, 3J(H,H) = 6.90 Hz, 2H; 

CH2Ar,), 1.96 (m, 4H; PCH2 and PCH2CH2), 1.30 ppm (t, 3J(H,H) = 6.90 Hz, 3H; CH3); 
31P NMR (81 

MHz, CDCl3):  = 30.74 ppm (s); 13C NMR (75 MHz, CDCl3):  = 155.84 (d, 2J(C,P) = 8.53 Hz; ArC), 

149.75, 144.79, 137.76, 132.63, 131.90, 130.12, 129.85, 125.91, 122.40 (s; ArC), 121.17 (d, 3J(C,P) = 

4.91 Hz; ArC), 63.27 (d, 2J(C,P) = 8.53 Hz; CH2O), 52.99 (s; CH2S), 36.07 (d, 2J(C,P) = 17.06 Hz; 

PCH2CH2), 25.80 (d, 1J(C,P) = 141.65 Hz; PCH2), 24.11 (d, 3J(C,P) = 4.83 Hz; CH2Ar), 16.63 ppm (d, 
3J(C,P) = 6.04 Hz CH3); elemental analysis cald (%) for C31H31BrNO5PPdS2 (779.01): C, 47.80; H, 4.01; 

N, 1.80; S, 8.23. Found: C, 47.98; H, 4.07; N, 1.70; S, 8.29. MS (MALDI-TOF, CSA): m/z: 700.6 [M+ - 

Br]. 

 

Preparation of ethyl 4-nitrophenyl P-[3-(4-(bromopallado)-1,3-bis[(methylthio)methyl]-

phenyl)propyl]phosphonate (3). A similar procedure as for 2 was applied. 9 (0.40 g, 0.73 mmol), 

[Pd2(dba)3·CHCl3] (0.38 g, 0.36 mmol). The product was purified by column chromatography (silica, 

eluting with Et2O (dba) and acetone (product)) to leave the product as a yellow solid after removal of the 

eluent in vacuo. Yield: 0.3 g (71%). 1H NMR (300 MHz, CDCl3):  = 8.11 (d, 3J(H,H) = 9.32 Hz, 2H; 

ArH), 7.28 (d, 3J(H,H) = 9.60 Hz, 2H ArH), 6.73 (s, 2H; ArH), 4.30 (bs, 2H; CH2S), 4.20-3.99 (bm, 4H; 

CH2S and CH2O), 2.71 (s, 6H; SMe), 2.52 (t, 3J(H,H) = 6.60 Hz, 2H; CH2Ar), 1.85 (m, 4H; PCH2 and 

PCH2CH2), 1.21 ppm (t, 3J(H,H) = 6.90 Hz, 3H; CH3); 
31P NMR (81 MHz, CDCl3):  = 30.74 ppm (s); 13C 

NMR (75 MHz, CDCl3):  = 160.11 (s; ArC), 155.84 (d, 2J(C,P) = 8.48 Hz; ArC), 148.90, 144.58, 137.78, 

125.84, 122.80 (s; ArC), 121.21 (d, 3J(C,P) = 4.20 Hz; ArC), 63.21 (d, 2J(C,P) = 6.68 Hz; CH2O), 49.76 

(s; CH2S), 35.93 (d, 2J(C,P) = 17.63 Hz; PCH2CH2), 25.58 (d, 1J(C,P) = 140.10 Hz; PCH2), 24.11 (d, 
3J(C,P) = 4.80 Hz; CH2Ar), 16.62 ppm (d, 3J(C,P) = 6.08 Hz; CH3); MS (MALDI-TOF, CSA): m/z: 575.0 

[M+ - Br], 452 [M+ - Br – Pd - Me], 303.7 [M+ - Br – Pd - 2Me - NO2C6H4O]; elemental analysis cald (%) 

for C21H27BrNO5PPdS2 (654,87): C, 38.52; H, 4.16; N, 2.14; S, 9.79. Found: C, 38.65; H, 4.22; N, 1.98; S, 

9.65. 
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bonds) and orientated by best fit into the protein in such a manner, that no conformational changes of cutinase 

were necessary and no atom overlap occurred. No further alterations were made to the structure. The pictures 

were generated using Spartan and Molekel software packages. No geometry optimization calculations were 

performed. Due to the absence of a “lid” covering the active side of cutinase, the active site is freely accessible 

and therefore such a modification of the protein does not have a large effect on its overall structure. Because an 

inhibited crystal structure is used, without changes of any atom coordinates, the resulted representations give a 
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good indication of the overall structure of the hybrids. Hence, the space-filling representations give an 

indication of the overall structure, the approximate distance of the metal center from the phosphorous atom and 

whether a designed ASDCs would easily fit or not. 
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Chapter 3 
 

 

Development of Non-Tethered Organometallic Pincer 

Complexes for Lipase Inhibition: Positioning of the Metal 

Center in the Active Site of Cutinase  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract: Novel organometallic phosphonate inhibitors have been developed and their inhibition 

activity towards the lipase cutinase was tested. Organometallic NCN-pincer complexes were 

synthesized bearing either a phosphonate ester or a phosphonic acid group directly attached to the 

aromatic ring of the metal complex. In a stiochiometric reaction of the p-nitrophenyl NCN-pincer 

metal phosphonate ester with cutinase a 94% conversion to the protein–pincer metal complex 

hybrid was obtained in 48 h. The NCN-pincer metal phosphonic acid derivatives appear to be 

inactive as a cutinase inhibitor. In relation to our previous work which entails propyl tethered 

phosphonate esters connected to pincer metal complexes, the presented strategy allows 

positioning of metal complexes inside the active site of lipases. This opens up the possibility for 

further fine-tuning of the chemical environment (second coordination sphere) around the metal 

atom inside the catalytic pocket of an enzyme.  
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3.1  Introduction 

Phosphonates bearing at least one good leaving group (e.g. fluoride or p-nitrophenyl) are well-

known for their powerful inhibition activity of serine hydrolases.1 Their inhibition efficiency 

originates from their structural properties which closely mimic the first transition state of ester 

and amide hydrolysis reactions (Figure 1). Upon covalent binding of the phosphorous atom to the 

nucleophilic O  atom of the catalytic serine residue, release of a second leaving group is 

prevented due to the pentavalency of the phosporous atom. Cleavage of the phosphorylating 

agent from an inhibited hydrolase is very slow at normal pH values (below pH ~11) and therefore 

the reaction is regarded as an irreversible non-competitive process.  
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Figure 1. Left: transition state of ester hydrolysis by lipases and right: the covalently attached 

phosphonate as the transition state analogue. 

 

Phosphonates are one of the largest groups of inhibitors. In addition, they are inhibitors of a 

family of enzymes, the serine hydrolases, which is most widely studied and applied in academia 

and industry. It is for these reasons that phosphonates are widely applied in various areas of 

science. Initially these compounds were used as agricultural chemicals,2 chemical warfare 

agents,3 and in mechanistic studies of enzyme catalysis,4 whereas more recently they have also 

found application as protein labeling agents,5 therapeutic agents,6 and as versatile protein 

profiling tools.7 To provide these molecules with additional diagnostic tags, functionalization of 

the organoskeleton of the inhibitor is a commonly applied strategy. It allows  immobilization of 

functionalized phosphonates on supports,8 attachment of fluorescent tags to phosphonates5,6,7 or 

the implementation of biotinylated phosphonates.7b,c These applications have proven to be 

successful strategies in chemical ligation and protein profiling diagnostic systems (Figure 2).  
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Figure 2. General examples of functionalized phosphonates for detection and isolation purposes as well as 

inhibition activity and protein – protein interaction studies (F = fluorescent tag, Alk = alkyl group). 
 

The main advantages of using phosphonates as protein modification tools are the stiochiometry, 

irreversibility of the inhibition reaction, and importantly, the regio- and stereoselectivity of the 

inhibition reaction, which exclusively takes place at the active site. These properties are crucial to 

selectively bind one unique unnatural molecule with distinct (spectrometric or catalytic) 

properties to serine hydrolases.9,10 

Recently, we reported the attachment of Active-Site-Directed Complexes (ASDCs) to the lipase 

cutinase, in which we implemented p-nitrophenyl phosphonate esters as covalent inhibitors 

(Figure 3, 1).10 The phosphonate esters were linked via a propyl tether to terdentate pincer metal 

complexes comprising the well-known ECE-pincer type ligand (ECE = [2,6-(CH2E)2C6H3]
- ; E = 

PR2, SR, NR2). Pincer metal complexes have proven to be versatile compounds and have found 

many applications in the field of homogeneous catalysis,11 sensoring materials,12 and 

supramolecular assemblies.13 From molecular modeling studies and preliminary X-ray crystal 

structures of protein pincer metal complex hybrids14 we now know that the propyl linker places 

the metal center at the periphery of the protein. Additionally, since the active site is well exposed 

at the protein surface, the metal pincer head group is located at the interface between the protein 

and the solvent. For potential applications in the area of protein diagnostics15, non-natural 

catalysis16 or as supramolecular building block using the pincer moiety, we have become 

interested in placing the metal atom more deeply in the catalytic pocket of a lipase. For this 

reason we have developed a system in which a phosphonate moiety is directly attached to the 

aromatic ring of the metal complex (2, Figure 3).  
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Figure 3. Left: a propyl tethered phosphonate metal pincer complex 1. Center and right: non-thethered 

phosphonate and phosphonic acid NCN-pincer metal complexes 2, 3, and 4.  
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Besides phosphonate esters, also phosphonic acid derivatives have been found to be active 

inhibitors of serine hydrolases (the superfamily which cutinase belongs to) in various cases. Such 

compounds have never been tested for cutinase.17 From a synthetic point of view these 

compounds are of interest since the route to their synthesis is expected to be considerable shorter 

than the synthetic route to phosphonate compounds like 1 and 2.18 We therefore decided to 

prepare and test phosphonic acid complexes 3 and 4 with similar structures as complex 2 as well. 

Here we report on the synthesis and cutinase inhibition activity of these new ASDC NCN-pincer 

metal systems.  

 

 

3.2  Results and Discussion           

Synthesis of complexes 2, 3, and 4. Compound 2 was prepared in a five-step reaction sequence 

starting from 2-bromo-1,3-bis[(dimethylamino)methyl]-5-iodobenzene19 and chloro ethyl N,N-

dimethylaminophosphonate (5, Scheme 1). The formation of the P C bond was achieved by 

selective iodo-lithio exchange using tBuLi,20 followed by reaction of the lithiated intermediate 

with 5 to obtain phosphonate pincer adduct 6. Cycloplatination of 6 was effected with [Pt(tol-

4)(SEt2)]2
21 to give organoplatinum complex 7. Next, a halide exchange reaction using AgBF4 and 

NaCl was performed to prevent halogen scrambling in the following reaction step.22 The p-

nitrophenol group was introduced by reacting 8 with dry HCl (1 M in Et2O) to replace the NMe2-

group on the phosphorous atom for a chloride, followed by a subsequent substitution reaction of 

the chloro atom by a p-nitrophenyl moiety by reaction of p-nitrophenol in the presence of NEt3 as 

base to obtain compound 2.  
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Scheme 1. Synthesis of the lipase active site directed complex 2. Reagents and conditions: (a) tBuLi (2 

eq.), Et2O, –100 °C. (b) –100 °C -> RT, 2 h. (c) [Pt(tol-4)(SEt2)]2, C6H6, reflux, 1 h. (d) AgBF4, acetone, 

H2O, RT, 1 h. (e) excess NaCl, CH2Cl2, RT, 2h. (f) 1 M HCl/Et2O (5 eq.), C6H6, RT, 3 h. (g) p-

nitrophenol, NEt3, C6H6, RT, 1 h. 
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Scheme 2. Synthesis of phosphonic acid pincer complexes. Reagents and conditions: a) 10 eq. TMSBr, 

CH2Cl2, 4 h, RT, followed by dry MeOH. 

 

The phosphonic acid pincer complexes 3 and 4 were prepared by treatment of a solution of either 

complex 9 or 10,23 respectively, with 10 equivalents of bromotrimethylsilane in dichloromethane, 

followed by addition of dry methanol to generate the phosphonic acid (Scheme 2). Full 

conversion of the starting materials was confirmed by 31P{1H} NMR (D2O) analysis, showing a 

singlet at 14.38 and 19.01 ppm for 3 and 4, respectively. Both complexes are water-soluble and 

nearly insoluble in dichloromethane and benzene.  

Attempts to obtain crystals suitable for X-ray diffraction analysis for 3 and 4 failed. We 

succeeded, however, in obtaining suitable crystals for 9 and 10 by slow evaporation of a 

concentrated solution in dichloromethane. Both complexes are isomorphous in the solid state, i.e. 

both complexes crystallize in the centrosymmetric orthorhombic space group Pbca with similar 

cell parameters. Figure 4 shows an ORTEP representation of 9 and the geometrical parameters of 

both structures are listed in Table 1. 
 

  
 

Figure 4. View of the molecular structure of 9 in the crystal. Displacement ellipsoids are drawn at the 

50% probability level. The analogous Pt complex 10 is isomorphous in the solid state.  

 

The data in Table 1 illustrate the structural resemblance of both complexes with only marginal 

differences between them. Only the dimensions involving the bonds to the metal are slightly 

different due to the different size of the metal center. In both complexes the metal centers are in a 

distorted square planar environment enforced by the terdentate chelating motif of the NCN-

ligand. Ring puckering of the two metallacycles are in the same direction resulting in a local C2 
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symmetry with C1 C2 C7 N1 and C1 C6 C10 N2 torsion angles of 25.4(3)° and 18.4(3)° (for 

10), respectively, and 25.1(2)° and 18.5(2)° for the same angles in 9. The bond angles and lengths 

involving the metal are within the range encountered in related NCN-pincer Pt- and Pd-

complexes.23,24 The C4 P1 bond length is 1.7835(19) and 1.782(3) Å for 9 and 10, respectively, 

and is within the range found in similar diethyl arylphosphonate structures (1.769-1.792 Å).25 The 

torsion angles O3 P1 C4 C3 in 9 and 10 are 15.96(19) and 15.4(3)°, respectively. Similar to 

most arylphosphonate structures the dihedral angle between the aromatic ring and the phosphor 

oxide double bond is small (0-30°).25  

 

Table 1: Selected bond distances (Å), angles and torsion angles (deg) for 9 and 10. 

Bond distances  9 10 

M  C1 1.9204(18) 1.923(3) 

M  N1 2.1147(16) 2.094(2) 

M  N2 2.1210(15) 2.100(2) 

M  Br 2.5516(2) 2.5380(3) 

C4  P1 1.7835(19) 1.782(3) 

P1  O3 1.4673(15) 1.469(2) 

P1  O1 1.5829(14) 1.587(2) 

Bond angles    

C1  M  N1 81.08(7) 81.86(10) 

C1  M  N2 81.49(7) 82.01(10) 

C1  M  Br1 177.35(5) 177.59(8) 

N1  M  N2 162.46(6) 163.79(9) 

C4  P1  O3 114.69(9) 115.04(13) 

O3  P1  O1 114.57(8) 114.43(12) 

O2  P1  O1 100.63(8) 100.53(11) 

Torsion angles   

C1  C2  C7  N1 25.1(2) 25.4(3) 

C1  C6  C10  N2 18.5(2) 18.4(3) 

O3  P1  C4  C3 15.96(19) 15.4(3) 
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Inhibitory activity of NCN-pincer phosphonate ester 2. Two equivalents of ASDC 2 in 

acetonitrile (10 µL, 5 mM) were added to a buffered cutinase solution (25 µM cutinase,  1 mL of 

buffer solution containing 0.1% Triton X-100, 50 mM Tris-HCl) at pH 8.0 (Scheme 3). The 

course of reaction was monitored spectrophotometrically using a double beam UV-Vis 

spectrometer in which a control mixture without cutinase was placed in the reference cuvette.  
 

Ser120-OH

NMe2

NMe2

PtPEtO

O

Cl

O

O2N

cutinase

Ser120
NMe2

NMe2

PtPEtO

O

Cl

O

O2N O

2 cut-2(dye)

cutinase

 
Scheme 3. ASDC reaction of 2 with cutinase. 

 

Monitoring the absorbance at 400 nm, induced by the concomitant release of the p-nitrophenolate 

anion upon inhibition of cutinase with 2, gives the reaction profile as presented by line A in 

Figure 5. ASDC 2 is a racemic mixture and because cutinase is known to react with enantiomeric 

preference (the phosphorous atom in 2 is a stereogenic center),26 addition of two equivalents of 2 

was necessary to ensure a stoichiometric reaction of one equivalent of the preferred enantiomer 

with cutinase.  

 

 
 

Figure 5. Conversion of cutinase upon reaction with 2. Unmarked line A: release of p-nitrophenolate 

monitored by the absorbance increase at 400 nm relative to blank. Decay line B: decrease of enzymatic 

activity monitored by using a spectrometric assay containing p-nitrophenyl butyrate ester (0.25 mM, pH 

8.0). Reagents and conditions: 25 µM cutinase, 50 µM ASDC 2, buffer: 50 mM Tris-HCl, 0.1% Triton X-

100 at pH 8.0. C: release of p-nitrophenolate after correction for the hydrolysis of 2 during the inhibition 

reaction (vide infra). 

 

A

B 

C



Lipase Embedded Pincer Complexes 

 

78 

Figure 5 indicates that an incomplete reaction occurs and only 84% of the lipase is converted to 

the hybrid Cut-2 after 40 hours. In addition, the reaction progresses approximately 500 times 

slower compared to the reported ASDC 1, for which inhibition was completed within 5 minutes 

under the same conditions.10 For lipases it is known that the type of organyl grouping on the 

phosphorous atom can severely influence the inhibition rate.27 Metcalf et al. found that for related 

p-nitrophenyl (phenylalkyl)phosphonate esters the number of methylene groups in the tether 

between the phosphorous atom and aromatic ring can have a large effect on the rate of inhibition 

for cholinesterases.28 Besides an electronic influence, it is believed that for these p-nitrophenyl 

(phenylalkyl)phosphonate esters steric effects predominantly determine the reaction rate of 

inhibition. It must be noted, however, that for every hydrolase studied so far unique sensitivity 

profiles for organophosphonate inhibitors have been found.29 An observed structure - activity 

relationship found in our case can therefore not be extrapolated to other serine hydrolases. To 

study in more detail the observation that the inhibition seems to stop at an 84% conversion of 

cutinase we performed an experiment in which the cutinase inhibition reaction was followed by 

assaying the residual cutinase activity for hydrolysis with p-nitrophenyl butyrate ester. At regular 

intervals, aliquots (5-10 µL) of the reaction mixture were added to the latter assay to determine 

the concentration of residual free enzyme (Figure 5, line B). After 48 h a 94% cutinase 

deactivation was found. 

 

These results suggest that, in parallel to the slow formation of Cut-2 hybrid during the inhibition 

experiment, a kinetically relevant side reaction occurs in which p-nitrophenol is released. To 

investigate the possibility that this emerges from hydrolysis of the p-nitrophenyl-O-phosphonate 

bond in ASDC 2, a solution of 2 as present in the reference cuvette was examined (Scheme 4). At 

20 minutes time intervals the UV-vis spectra of 2 (50 µM) were measured during 48 h. The 

combined spectra, presented in Figure 6, show a decrease of absorbance between 272-292 nm 

and an increase at about 400 nm, suggesting that in this blanc reaction indeed a new compound is 

formed (note the presence of a single isobestic point at 332 nm). It its obvious that the increase of 

absorbance at 400 nm originates from the gradual release of the p-nitrophenolate anion caused by 

hydrolysis of 2. Within 40 h a concentration of 7.56 µM is produced in the reference cuvette, 

which corresponds to 15.1% hydrolysis of 2 (see inset of figure 6).  
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Scheme 4. Base catalyzed hydrolysis of 2 forming p-nitrophenolate (pH 8.0, pKa p-nitrophenol = 7.15).  
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Figure 6. UV-vis spectra of 2 (50 µM) in a buffer solution at pH 8.0 (0.1% Triton X-100, 50 mM Tris-

HCl) recorded during 48 h with 20 minutes intervals. Inset shows the hydrolysis of 2 (50 µM) recorded at 

400 nm under the same conditions (kh= 1.13·10-6 s-1/ 6.8·10-5 min-1).30  

 

From this experiment the observed inhibition rate for the formation of Cut-2 (84% after 40 h) can 

be explained, taking into account the fact that cutinase reacts stereospecifically with one of the 

enantiomers of 2. It must be noted that the enantiomer of 2 that does not react (or reacts several 

orders slower) with cutinase hydrolyses to the same extend in both cuvettes and for this reason it 

does not account for changes in the absorbance level; it progresses equally in both cuvettes (i.e. 

forming 3.78 µM of p-nitrophenolate). The reactive enantiomer, on the other hand, will 

hydrolyze to a greater extent in the reference cuvette, forming 3.78 µM of p-nitrophenolate, and 

thereby causing a lower absorption level during the inhibition experiment. Since the increase of 

absorbance caused by the formation of 25 µM of p-nitrophenolate is set as 100% (conversion) of 

cutinase to the hybrid in the inhibition experiment, the 3.78 µM p-nitrophenolate formed in the 

reference cuvette leads to a 15% lowered observed conversion. Hence, this caused the observed 

84% inhibition conversion of cutinase by 2 after 40 h (Figure 3). According to the enzymatic 

ester hydrolysis activity test, the actual total conversion of cutinase to the hybrid is 94% after 48 

h. This indicates that 6% of the most reactive enantiomer of 2 has been hydrolyzed during the 

inhibition experiment and therefore could not react with cutinase. In the reference cuvette, 9% of 

the reactive enantiomer of 2 is hydrolyzed more than in the inhibition reaction containing cuvette. 

Subtraction of this value from the actual yield (94%) and again we find the deviation leading to 

an observed 84% yield.  

With this information we can apply a correction to the observed reaction curve in Figure 5 using 

the found hydrolysis rate of 2. By correcting the inhibition reaction graph in Figure 5 we find a 

final yield of the hybrid Cut-2 of 95% (Figure 5, circles), which is in agreement with the reaction 

curve observed by following the residual enzymatic activity. Noteworthy, earlier experiments 

showed that during this time frame the catalytic lipase activity upon hydrolysis of p-nitrophenyl 
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butyrate ester by cutinase is not affected, ruling out the possibility that the observed discrepancy 

is caused by the lipase.10 

In order to synthesize a pure Cut-2 hybrid sample for ESI-MS analysis, an additional experiment 

was conducted in which cutinase (25 µM) was allowed to react with a 10 fold excess of 2 (250 

µM). Within 5 h full conversion to the Cut-2 hybrid was obtained. This was confirmed by a 

control experiment using the p-nitrophenyl butyrate ester lipase activity assay. No residual ester 

hydrolysis activity of cutinase was found, proving that indeed cutinase was completely inhibited 

and that all the active sites were modified with the organometallic pincer complex. After dialysis 

of the mixture a pure Cut-2 sample was obtained, which illustrates nicely the simplicity of the 

modification strategy. The ESI-mass spectrum showed the signal of Cut-2 minus the chlorine 

atom (Mw: 21077.5 Da, Figure 7), as is commonly the case for pincer complexes. Importantly, 

no peak at the m/z of free cutinase was found (Mw: 20619), providing unambiguous proof for the 

quantitative formation of the cutinase NCN-pincer PtCl-complex hybrid Cut-2. 

 
Figure 7. ESI-mass spectrum of the cutinase NCN-pincer PtCl-complex hybrid Cut-2. 

 

Inhibitory activity of ASDCs 3 and 4. Zundel et al. found in their study on the inhibitory 

activity of phosphonate compounds with different alkyl groups that the corresponding 

phosphonic acid derivatives can inhibit serine hydrolases. In their case, the phosphonic acid 

compound showed inhibition activity towards Rhizomucor miehei lipase.27 In a similar study, 

Becker found that hydrophobic interactions of side chains of the inhibitor with a lipase have a 

minor influence on the inhibitory power of phosphonates.31 The periphery of lipases consists of 

hydrophobic areas and as a consequence the active site of lipases are mainly accessible for 

neutral compounds bearing hydrophobic substituents. In the case of cutinase, the active site is 

accessible for soluble as well as water-insoluble esters. This is due to the absence of a so-called 

lid covering the active site and for this reason cutinase does not show any interfacial activation 

towards hydrophobic surfaces such as lipid micelles as common lipases do. 



Chapter three 

81 

To examine if 3 and 4 are able to interact with the active site of cutinase, we performed an 

incubation experiment. Cutinase (25 µM, in 50 mM Tris-HCl, 0.1% Triton X-100 at pH 8.0) was 

exposed to either 1 or 100 equivalents of 3 and 4, respectively. Incubation lasted 48 h after which 

the residual hydrolytic activity of cutinase was tested using the standard activity assay 

comprising p-nitrophenyl butyrate ester in a Tris-HCl buffer at pH 8.0. If any decrease in 

hydrolytic activity would be observed it would mean that the indeed blocking of the active site 

would take place. However, in the case of the present NCN-pincer metal phosphonic acid 

compounds this turned out not to be the case. Even when 100 equivalents of either 3 or 4 were 

used, no decrease in residual hydrolytic activity of cutinase towards p-nitrophenyl butyrate ester 

was observed. Even though others have reported similar arylphosphonic acid structures to be 

active towards serine hydrolases, no formation of Cut-3 or Cut-4 hybrid seems to occur. A 

possible explanation could be that the complexes 3 and 4 exist in the basic buffer solution as 

ionic complexes. Even though cutinase has an open active site accessible for more hydrophilic 

substrates, ionic structures like 3 and 4 are probably interacting with the hydrophobic surface of 

cutinase preventing it to enter the active site. Related to this, Freedman et al. examined the 

inhibitory activity of related phenylphosphonic and phenylphosphinic acids toward acetylcholine 

esterase for which in some examples strong inhibition activities were found.17 The enzyme has a 

similar active site as cutinase (i.e. an serine hydrolase with a Glu, His, Ser catalytic triad), 

however, the catalytic cavity is more exposed and larger. In case of acetylcholine esterase the 

phosphonic acid inhibitors are able to interact with the active site because there is less interaction 

with protein surface around the active site as well as less steric hindrance. Due to its narrow 

catalytic pocket this is not the case for cutinase.  

 

 

3.3  Conclusions  

We have demonstrated that ASDCs having a phosphonate nitrophenyl ester directly attached to 

an aromatic moiety can also be applied to anchor organometallic complexes to the active site of 

cutinase by means of an ASDC protocol. In this manner the metal center can be positioned in the 

chiral surrounding of the former active site of this lipase. The inhibition reaction was monitored 

by following the release of the nitrophenolate anion using UV-Vis spectroscopy as well as by 

determination of the residual catalytic activity of the lipase using an ester-hydrolysis activity 

assay. Full conversion to the cutinase NCN-pincer Pt-complex hybrid was achieved by reacting 

cutinase with a ten-fold excess of 2, which led to the isolation of pure Cut-2 hybrid. This was 

confirmed by ESI-MS spectrometry showing no wild type cutinase in the sample: only a signal 

corresponding to Cut-2 was observed. NCN-pincer metal phosphonic acids were found to be 

inactive as inhibitors towards cutinase. Obviously, for the anchoring of phenylphosphonate 

derivatives in the pocket of cutinase either a good leaving group or a longer tether between the 

aryl group and the phosphor atom is essential for formation of cutinase NCN-pincer metal 

hybrids. In summary, the presented work can be regarded as a first step for adjusting and 
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optimizing second-sphere coordination of a protein to a metal complex by incorporating the 

complex in the active site of a lipase by an active-site-directed inhibition reaction. As the cutinase 

scaffold can easily be substituted by other lipases, the nature of this second coordination sphere 

of the metal complex can easily be altered. This active-site-directed reaction, therefore, represents 

a constructive tool in coordination design of such protein–organometallic complex hybrid 

systems.32  

 

 

3.4  Experimental Section 

General Comments. All organic and organometallic reactions were conducted under a dry dinitrogen 

atmosphere using standard Schlenk techniques. Organic solvents were dried over appropriate materials 

and distilled prior to use. All reagents were obtained commercially and used without further purification 

unless stated otherwise. Triton X-100 was purchased from Serva and tris(hydroxymethyl)aminomethane 

from J. T. Baker. Buffer solutions were prepared using Milli-Q grade water. Purification of water (18.2 

M cm) was performed with the Milli-Q Synthesis system (Millipore; Quantum Ultrapure). 1H and 
13C{1H} NMR spectra were recorded at 298 K on a Varian Inova 300 spectrometer at 300 and 75 MHz, 

respectively, and 31P{1H} NMR spectra were recorded at 298 K on a Bruker AC200 at 81 MHz. All NMR 

chemical shifts are in ppm referenced to residual solvents (31P{1H} NMR shifts to H3PO4). The MALDI-

TOF mass spectra were acquired using a Voyager-DE Biospectrometry Workstation (PerSeptive 

Biosystems Inc., Framingham, Ma, USA) mass spectrometer. Sample solutions with an approximate 

concentration of 20-30 mg/mL in CH2Cl2 or THF were prepared. The matrix was 5-chlorosalicylic acid 

(CSA) with an approximate concentration of 20-30 mg/mL. A 0.2 µL of the sample and 0.2 µL of the 

matrix solution were combined and placed on a golden MALDI target plate and analyzed after evaporation 

of the solvents. [Pt(tol-4)2(SEt2)]2,
22 and 2-bromo-1,3-bis[(dimethylamino)methyl]-5-iodobenzene30, 923 

and 1023 were prepared according to described procedures. Microcoanalyses were performed by Kolbe, 

Mikroanalystisches Laboratorium (Müllheim a/d Ruhr, Germany). UV-vis experiments were performed at 

room temperature using a Carey-100 spectrometer. Electrospray ionization mass spectra of the wild type 

cutinase and modified cutinase were recorded on a Finnigan LC-Q ion trap mass spectrometer. All 

samples were introduced using a nanoflow electrospray source (Protana, Odense, Denmark). 

 

Inhibitory activity of 2. To a buffer solution (0.1% Triton X-100, 50 mM Tris-HCl, pH 8.0) containing 

wild type cutinase (25 µM, 25 nmol, 0.52 mg) was added a solution of 2 in CH3CN (50 µM, 10 µL á 5 

mM). The reaction was followed by UV-vis spectroscopy until the reaction was complete, which was 

confirmed by a plateauing of the intensity of the UV absorption at 400 nm. The conversion of the reaction 

was calculated from the increase of absorbance generated by the nitrophenolate anion using an 

experimentally determined molar extinction coefficient of 14580 M-1cm-1 in this buffer. 

 

Inhibitory activity of 3 and 4. To a buffer solution (0.1% Triton X-100, 50 mM Tris-HCl, pH 8.0) 

containing wild type cutinase (25 µM, 25 nmol, 0.52 mg) was added a solution of 7 or 8 in water (2.5 mM, 

50 µL á 50 mM). The samples were incubated for 48 h at room temperature afterwards the free enzyme 

concentration was determined by examing the residual catalytic activity using the spectrometric assay 

containing the substrate p-nitrophenol butyrate as described below. As control experiment cutinase 
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without a phosphonic acid complex in the buffer solution, and treated likewise, was also tested upon ester 

hydrolysis activity. 

 

Ester hydrolysis activity of cutinase. The catalytic activity of cutinase was determined spectrometrically 

on 0.25 mM p-nitrophenol butyrate in the presence of 100 mM Triton X-100 and 10 mM Tris-HCl at pH 

8.0. Aliquots of 5-10 µL were taken and added to the assay (if necessary samples were first diluted). 

Activities were calculated from the increase of absorbance at 400 nm.  

 

Hydrolysis of 2. The hydrolysis reaction of the phosphonate ester in ASDC 2 caused by reaction of 2 with 

the basic buffer solution (0.1% Triton X-100, 50 mM Tris-HCl, pH 8.0) and thereby releasing PnP was 

examined over 48 h by recording UV-vis spectra at 400 nm with 10 minutes time intervals.  

 

Preparation of samples for mass spectrometry analysis. Cutinase (25 µM) in a 10 mM Tris-HCl buffer 

solution (pH 8.0) was modified during 48 h by adding an excess of 2. Completion of the reaction was 

confirmed by determining the residual catalytic hydrolyses activity of cutinase. The clear yellow solutions 

were subsequently dialyzed for 2  12 h using the same buffer as dialysis solvent. Prior to ESI mass 

measurements the solutions were diluted to 2-5 µM with CH3CN. 

 

Chloroethyl-N,N-dimethylaminophosphonate (5). Dimethylamine  (8.29 g, 12.75 mL, 182.12 mmol) in 

Et2O (20 mL) was added dropwise to a solution of dichloroethylphosphonate in Et2O (30 mL) at 0 °C. The 

mixture was stirred for 2 h at room temperature, the precipitated salt was filtered off and the residue 

washed with Et2O (2  20 mL). The combined filtrate and washings were evaporated to dryness to afford 

an orange oil. The crude product was distilled under reduced pressure (54 °C/ 12 mmHg) to obtain the 

product as a colorless oil (11.84 g, 75%). 1H NMR (CDCl3):  4.19 (m, CH2O, 2H), 2.67 (d, N(CH3)2, 
3JHP 

= 13.92 Hz, 6H), 1.35 (t, CH3CH2O, 3JCP = 5.99 Hz, 3H). 31P NMR (CDCl3):  18.84 (s). 13C NMR (CDCl-

3):  64.50 (d, CH2O, 2JCP = 5.99 Hz), 36.87 (d, PN(CH3)2, 
2JCP = 2.77 Hz), 16.06 (d, CH3CH2O, 2JCP = 7.83 

Hz). Anal. Calcd. for C4H11ClNO2P: C, 28.00; H, 6.46; N, 8.16. Found: C, 27.88; H, 6.56; N, 8.28. GC-

MS: Calc., 171.56; Found, 171. 

    

Preparation of ethyl P-(4-bromo-1,3-bis[(dimethylamino)methyl]phenyl)-N,N-dimethylamino-

phosphinate (6). A solution of 2-bromo-1,3-bis[(dimethylamino)methyl]-5-iodobenzene (1.48, 3.73 

mmol) in Et2O (30 mL) was cooled to –100 °C and tBuLi (2 eq., 4.97 mL, 7.45 mmol, 1.5 M in pentane) 

was added dropwise. Stirring was continued for 10 minutes at this temperature and the reaction mixture 

was subsequently quenched with 5 (0.63g, 3.73 mmol) in Et2O (10 mL). The reaction mixture was stirred 

2 h at room temperature and then water (40 mL) was added. The aqueous phase was separated and the 

organic phase washed with NaOH (2  30 mL) and brine, dried over MgSO4. The mixture was filtrated 

and the filtrate concentrated in vacuo leaving the product as a yellowish oil (1.24 g, 82%). 1H NMR 

(CDCl3):  7.64 (d, ArH, 3JHP = 12.45 Hz, 2H), 4.10 (m, CH2O, 2H), 3.54  (s, ArCH2N, 4H), 2.66 (d, 

PN(CH3)2, 
3JHP = 9.89 Hz, 6H), 2.28 (s,N(CH3)2, 12H), 1.37 (t, CH3CH2O, 3JHH = 6.96 Hz, 3H). 31P NMR 

(CDCl3):  24.33 (s). 13C NMR (CDCl3):  139.49 (d, ArC, 3JCP = 14.04 Hz), 132.16 (d, ArC, 2JCP =10.95 

Hz), 131.40 (d, ArC, 4JCP = 4.02 Hz), 128.95 (d, ArC, 1JCP = 173.80 Hz), 64.14 (s, ArCH2N), 60.70 (d, 

CH2O, 2JCP = 5.43 Hz), 45.82 (s, N(CH3)2), 36.61 (d, PN(CH3)2,
 2JCP = 4.23 Hz), 16.60 (d, CH3CH2O, 3JCP = 
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6.11 Hz). Anal. Calcd. for C16H29BrN3O2P: C, 47.30; H, 7.19; N, 10.34. Found: C, 47.21; H, 7.25; N, 

10.12. 

 

Preparation of ethyl P-(4-bromoplatino-1,3-bis[(dimethylamino)methyl]phenyl)-N,N-dimethyl-

aminophosphinate (7). To a solution of 6 (0.36 g, 0.88 mmol) in benzene (10 mL) was added solid 

[Pt(tol-4)(SEt2)]2 (0.37 g, 0.40 mmol) and the resulting mixture was subsequently heated to reflux for 1 h. 

All volatiles were removed in vacuo and the remaining dark brown oil dissolved in CH2Cl2 (10 mL) and 

filtrated through a short path of Celite. The filtrate was concentrated and washed with pentane (3  10 mL, 

stirring 30 min.) and Et2O (2  10 mL, stirring 30 min.). The resulting solid was dried in vacuo to obtain 

the product as an off-white solid (0.38 g, 65%). 1H NMR (CDCl3):  7.06 (d, ArH, 3JHP = 12.82 Hz, 2H), 

3.96 (s, CH2N, 3JHPt = 46.88 Hz, 4H), 3.92 (m, CH2O, 2H), 3.03 (s, N(CH3)2, 
3JHPt = 38.09 Hz, 12H), 2.61 

(d, PN(CH3)2, 
3JHP = 8.06 Hz, 6H), 1.21 (t, CH3CH2O, 3JHH = 6.96 Hz, 3H). 31P NMR (CDCl3):  27.63 (s). 

13C NMR (CDCl3):  152.26 (d, ArC, 4JCP = 2.30 Hz), 143.75 (d, ArC, 3JCP = 15.85 Hz), 124.84 (d, ArC, 

1JCP = 177.07 Hz), 122.35 (d, ArC, 2JCP = 10.94 Hz), 77.24 (s, ArC, 3JCPt = 31.68 Hz), 59.89 (d, CH2O, 2JCP 

= 5.51 Hz), 53.93 (s, N(CH3)2), 36.29 (d, PN(CH3)2,
 2JCP = 3.70 Hz), 16.48 (d, CH3CH2O, 3JCP = 6.72 Hz). 

Anal. Calcd. for C16H29BrN3O2PPt: C, 31.96; H, 4.86; N, 6.99. Found: C, 31.85; H, 4.67; N, 6.78.  

 

Preparation of ethyl P-(4-chloroplatino-1,3-bis[(dimethylamino)methyl]phenyl)-N,N-dimethyl-

aminophosphinate (8). A mixture of 7 (0.77 g, 1.28 mmol) in wet acetone (20 mL) was treated with 

AgBF4 (0.25 g, 1.28 mmol) and stirred for 30 minutes at room temperature. The reaction mixture was 

filtrated through a short pad of Celite and NaCl (0.75 g, 12.80 mmol) was added to the filtrate. After 2 h 

stirring at room temperature the solvent was removed and the crude dissolved in CH2Cl2 (20 mL). Water 

(20 mL) was added and the CH2Cl2 phase separated. The aqueous phase was extracted with CH2Cl2 (2  

20 mL), the combined organic fractions were dried over MgSO4. The mixture was filtrated, the filtrate 

concentrated to 2 mL and pentane was added to precipitate the product as an off-white solid (0.64 g, 92%). 
1H NMR (CDCl3):  7.06 (d, ArH, 3JHP = 12.82 Hz, 2H), 3.96 (s, CH2N, 3JHPt = 46.88 Hz, 4H), 3.92 (m, 

CH2O, 2H), 3.03 (s, N(CH3)2, 
3JHPt = 38.09 Hz, 12H), 2.61 (d, PN(CH3)2, 

3JHP = 8.06 Hz, 6H), 1.21 (t, 

CH3CH2O, 3JHH = 6.96 Hz, 3H). 31P NMR (CDCl3):  27.63 (s). 13C NMR (CDCl3):  152.90 (d, ArC, 4JCP 

= 2.30 Hz), 143.99 (d, 3JCP = 15.24 Hz), 125.03 (d, 1JCP = 175.04 Hz, ArC), 125.03 (d, ArC, 1JCP = 175.04 

Hz), 122.46 (d, ArC, 2JCP = 10.42 Hz, 3JCPt = 17.26 Hz), 77.36 (s, ArC), 60.37 (d, CH2O, 2JCP = 6.11 Hz), 

55.26 (s, N(CH3)2), 36.70 (d, PN(CH3)2,
 2JCP = 4.23 Hz), 16.60 (d, CH3CH2O, 3JCP = 6.72 Hz).  Anal. 

Calcd. for C16H29BrN3O2PPt: C, 34.51; H, 5.25; N, 7.54. Found: C, 34.62; H, 5.28; N, 7.48. 

 

Preparation of ethyl 4-nitrophenyl P-(4-chloroplatino-3,5-bis[(dimethylamino)methyl]phenyl)-

phosphonate (2). Compound 8 (200 mg, 3.59 mmol) in benzene (20 mL) was treated dropwise with 5 

equivalents anhydrous HCl (1M in Et2O, 1.8 mL, 1.8 mmol) and stirring was continued for 3 h. The 

formed turbid mixture was filtrated under N2 atmosphere and a clear yellow solution was collected as the 

filtrate. The filtrate was concentrated in vacuo to a yellowish solid. The solid residue was re-dissolved in 

benzene (20 mL) and dry NEt3 (36.3 mg, 50 µL, 3.59 mmol) was added to the mixture, followed by drop-

wise addition of a solution of p-nitrophenol (50 mg, 3.59 mmol) in benzene (20 mL). Slowly a turbid 

mixture was formed during stirring of the reaction mixture for one hour, at room temperature. After 

filtration of the reaction mixture under N2 atmosphere, a saturated NaHCO3 solution (20 mL) was added 

and the organic phase separated, washed with a saturated NaHCO3 solution (2  20 mL) and water (20 
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mL). The product containing organic phase was dried on MgSO4, filtrated, and concentrated to a pale 

yellow solid (187 mg, 80%). 1H NMR (C6D6):  7.74 (d, ArH, 3JHH = 9.16 Hz, 2H), 7.42 (d, ArH, 3JHP = 

13.73 Hz, 2H), 7.22 (d, ArH, 3JHH = 9.16 Hz, 2H), 4.12 (dt, CH2O, 3JHH = 7.02 Hz, 3JHP = 15.57, 2H), 3.19 

(s, ArCH2, 
3JHPt = 19.53 Hz, 4H), 2.59 (s, N(CH3)2, 

3JHPt = 18.31 Hz, 12H), 1.10 (t, CH3CH2O, 3JHH = 7.02 

Hz, 3H). 31P NMR (C6D6):  20.6 (s).  13C NMR (C6D6):  156.08 (d, ArC, 4JCP = 6.10 Hz), 144.57 (d, ArC, 
3JCP = 17.7 Hz), 144.55 (s, ArC), 127.14, 125.49 (s, ArC), 123.03 (d, ArC, 2JCP = 11.60 Hz), 120.79  (d, 

ArC, 3JCP = 4.88 Hz), 120.60 (d, ArC, 1JCP = 194.10 Hz), 76.94 (s, ArCH2N, 3JCPt = 31.13 Hz), 62.68 (d, 

CH2O, 2JCP = 5.49 Hz), 53.84 (s, N(CH3)2), 16.28 (d, CH3CH2O, 3JCP = 6.10 Hz). MS (MALDI-TOF, 

CSA): m/z: 614.2 [M-Cl]+, 420.1 [M-Cl-Pt]+, 378.3 [M-Cl-Pt-OEt]+. Anal. Calcd. for C20H27ClN3O5PPt: C, 

36.90; H, 4.18; N, 6.46. Found: C, 37.01; H, 4.26; N, 6.37. 

 

Preparation of 4-bromopalado-(3,5-bis[(dimethylamino)methyl]phenyl)phosphonic acid (3). A 

solution of 9 (121 mg, 0.24 mmol) in CH2Cl2 (6 mL) was treated with 10 equivalents of 

bromotrimethylsilane (362 mg, 312.2 µL, 2.36 mmol) and subsequently stirred for 4 hours at room 

temperature. Dry MeOH (10 mL) was added and the resulting yellow solution stirred for 1 h. All volatiles 

were evaporated in vacuo and the remaining residue was washed with dichloromethane (2 mL). The crude 

was dissolved in a minimum amount of dry MeOH. Slow addition of diethylether precipitated the product 

as an off-white solid (96 mg, 89%). 1H NMR (D2O):  7.05 (d, ArH, 3JHP = 12.6 Hz, 2H), 3.96 (s, CH2, 

4H), 2.68 (s, NMe2, 12H). 31P NMR (D2O):  14.83 (s). 13C NMR (D2O):  156.41 (s, ArC), 145.90 (d, 3JCP 

= 15.4 Hz), 132.75 (d, 1JCP = 176.2 Hz, ArC), 122.06 (d, ArC, 2JCP = 10.4 Hz), 73.42 (s, CH2), 52.16 (s, 

N(CH3)2).  

 

Preparation of 4-bromoplatino-(3,5-bis[(dimethylamino)methyl]phenyl)phosphonic acid (4). The 

same procedure as for 3 was applied. 10 (100 mg, 0.17 mmol), bromotrimethylsilane (252 mg, 218 µL, 

1.66 mmol) in CH2Cl2 (5 mL). MeOH (8 mL), dichloromethane (2 mL). Yield: 85 mg, 94%. 1H NMR 

(D2O):  7.13 (d, ArH, 3JHP = 13.2 Hz, 2H), 4.04 (s, CH2, 
3JHPt = 43.9 Hz, 4H), 2.89 (s, NMe2, 

3JHPt = 36.2 

Hz, 12H). 31P NMR (D2O):  19.01 (s). 13C NMR (D2O):  161.46 (s, ArC), 149.14 (d, 3JCP = 16.8 Hz, 

ArC), 125.37 (d, 1JCP = 176.9 Hz, ArC), 121.81 (d, ArC, 2JCP = 11.58 Hz), 76.31 (s, CH2,
 3JCPt = 41.6 Hz), 

54.43 (s, N(CH3)2).  

 

X-ray crystal structure determinations 

X-ray intensities were measured on a Nonius Kappa CCD diffractometer with rotating anode (graphite 

monochromator,  = 0.71073 Å) up to a resolution of (sin / )max = 0.65 Å-1 at a temperature of 150 K. 

Structure 10 was solved with automated Patterson methods (program DIRDIF-99).33 The coordinates of 10 

were taken as starting model for 9. Refinement was performed with SHELXL-9734 against F2 of all 

reflections. Non hydrogen atoms were refined freely with anisotropic displacement parameters. All 

hydrogen atoms were located in difference Fourier maps and refined with a riding model. Geometry 

calculations, illustrations, and checking for higher symmetry was performed with the PLATON  program.35 

Further details about the crystal structure determinations are given in Table 2. 
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Table 2. Crystal data and structure refinement for complexes 9 and 10. 

 9 10 

formula C16H28BrN2O3PPd C16H28BrN2O3PPt 

fw 513.68 602.37 

crystal colour yellowish colorless 

crystal size [mm3] 0.36 x 0.18 x 0.15 0.51 x 0.42 x 0.24 

crystal system orthorhombic orthorhombic 

space group Pbca (no. 61) Pbca (no. 61) 

a [Å] 11.6346(1) 11.6310(1) 

b [Å] 13.3994(1) 13.3238(1) 

c [Å] 25.6125(4) 25.5378(2) 

V [Å3] 3992.90(6) 3957.57(5) 

Z 8 8 

Dx [g/cm3] 1.709 2.022 

µ [mm-1] 3.027 9.207 

abs. corr. method multi-scan analytical 

abs. corr. range 0.48 – 0.63 0.24 – 0.52 

refl. (meas./unique) 55649 / 4568 65001 / 4540 

param./restraints 223 / 0 223 / 0 

R1/wR2 [I>2 (I)] 0.0214 / 0.0520 0.0191 / 0.0477 

R1/wR2 [all refl.] 0.0279 / 0.0549 0.0221 / 0.0490 

S 1.041 1.067 

min/max [e/Å3] -0.59 / 0.38 -1.37 / 0.58 
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Chapter 4 
 

 

X-ray and NMR Study of the Structural Features of  

SCS-Pincer Metal Complexes of the Group 10 Triad 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract. SCS-pincer metal complexes [MX(SCS)] in which SCS = [2,6-(RSCH2)2C6H3]
– (R = 

Ph; PhSCS or Me; MeSCS) and M is a metal of the Group 10 triad have been synthesized via 

oxidative addition procedures involving mild reaction conditions. The complexes have been 

characterized by 1H and 13C NMR spectroscopy and X-ray crystal structure determination. 

Interestingly, the crystal structures of 4 [NiBr(MeSCS)], 5 [PdBr(MeSCS)], 6, [PtBr(MeSCS)], and 8 

[PtBr(PhSCS)] each have a unit cell with a unique set of independent [MBr(RSCS)] molecules 

which differ with respect to the conformation of the five-membered ortho-chelate ring  (including 

the configuration of the coordinated S-center). The temperature dependent 1H and 13C NMR 

resonance patterns of solutions of these complexes could be understood using the information 

gathered from the structural features encountered in the solid-state. 
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4.1  Introduction 

Since the first reports on organometallic complexes bearing the well-known, potentially 

terdentate monoanionic ECE-pincer ligand ([2,6-(ECH2)2C6H3]¯,
 E = SR, NR2, PR2, Figure 1) in 

the 1970’s,1 a large number of reports have appeared describing its intriguing properties.2 One of 

the main features of ECE-pincer metal complexes is the chemical stability of the metal-to-carbon 

-bond, a characteristic feature that has prompted many studies in a variety of areas. Examples 

include mechanistic studies involving elementary steps in metal catalyzed reactions,2 in synthetic 

applications as catalysts or catalyst precursor,3 catalyst immobilization and recycling set-ups, as 

advanced materials such as gas or metal sensor material,4,2b as reagent for ECE-pincer metal 

complex synthesis (Li, Au, Pt, Ru complexes),5,6,7 and as building blocks in the field of 

supramolecular chemistry.8 An important reason for the broad scope of the ECE-pincer ligand 

system is the possibility to introduce a wide variety of transition metals. By virtue of the high 

chemical stability, alterations of the electronic environment of the metal can easily be 

accomplished by changing the nature of both the donor atoms (E) and its substituents (R). In 

addition, ancillary groups attached to the aromatic backbone (Z),9 which can be used for other 

purposes such as anchoring of the ECE-metallopincer complexes to supports, have been 

introduced into the ligand system using straight-forward synthetic methods which also have 

significantly contributed to the wide applicability of the pincer metal complexes.  
 

E

E

Z

pincer system  
 

Figure 1. The potentially 6 electron donating (three electron pairs) monoanionic ECE-pincer system. E = 

e.g. PR2 (PCP), SR (SCS), NR2 (NCN); Z = ancillary group.  

 

The study described in this chapter was conducted in conjunction with our recent research efforts 

in which we covalently attached SCS- and NCN-pincer metal-d8 complexes to an enzyme using 

an active site-directed anchoring protocol (Scheme 1).10 This was achieved by functionalization 

of the complexes with an inhibitory active phosphonate via a robust 1,3-propane-diyl tether. The 

strategy comprises a facile method for the introduction of pincer complexes, bearing various 

metals, into the active site of lipases. Pincer metal-d8 complexes were chosen because they are 

stable and relatively small complexes and are, therefore, expected to be accommodated suitably 

by the active site of enzymes. Moreover, they are multifunctional and have proven to be good 

catalysts using solely a basic aqueous solution as solvent.11 In the course of our study we realized 

that common SCS-pincer palladation procedures, i.e. by CH activation methods of the 

corresponding SCS(H) arene ligand,12 were not suitable for the phosphonate functionalized SCS-

pincer arene ligands. Accordingly, we developed milder metallation procedures of SCS-pincer 
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ligands, resulting in the synthesis of a small series of SCS-pincer Pt- and Pd-complexes, 

including the first example of a square planar SCS-pincer Ni-complex compound [NiBr(MeSCS].  

 

E

E

M

P
EtO

O

O

L

E = NMe2, SPh, SMe
M = Pt, Pd, 
L = Cl, Br

NO2

OO2N E

E

M

P
EtO

O

O

LSer120

cutinase

cutinase-Ser120-OH

 
Scheme 1. ECE-pincer metal complex functionalized phosphonates inhibiting the active site of a lipase.10  

 

SCS-pincer metal complexes are known for their fluxional behavior in which the stereochemistry 

on the chiral sulfur atoms can interconvert and concurrently ring puckering inversion of the two 

metallacycles can occur.12b,13 We anticipated that when the complex immerses in the periphery of 

the lipase during the inhibition process, such a fluxional behavior can have an additional 

influence. These aspects were studied on a number of SCS-pincer nickel(II), palladium(II) and 

platinum(II) complexes by studying their structural features both in solution (NMR spectroscopy) 

and in the solid-state (X-ray diffraction). 

 

 

4.2  Results and Discussion 

Syntheses of ligands and complexes. The reported metallation procedures for SCS-pincer arene 

ligands include C-H activation reactions of the arene ligand with cationic metal complexes. For 

the synthesis of SCS-pincer palladium complexes mainly [PdCl2(RCN)2] or [Pd(RCN)4](BF4)2 

complexes (R = Me, Ph) as palladium sources have been used.12 Whereas the synthesis of two 

platinum (prepared by CH activation using PtCl2(COD))14 and of various SCS-pincer palladium 

complexes has been described in great detail, the synthesis of corresponding nickel complexes to 

the best of our knowledge has not been reported. 

Metallation of NCN-pincer arene ligands via C-H activation provided the NCN-pincer metal-d8 

compounds often in low yield.2 The preferred routes for the synthesis of NCN-pincer complexes 

are metallation of the ligand precursor to the corresponding lithium or gold complexes followed 

by transmetallation, electrophilic metal insertion into an NCN-silyl or -stannyl bond, or oxidative 

addition of a metal into an aryl-halide bond. In general, oxidative addition reactions at the Cipso-

halide bond make use of the mildest reaction conditions. This procedure is well documented for 

NCN-type ligands, however, it has never been applied to SCS-pincer ligands.15,16,17 The aryl 

halide substrates for this approach were prepared by reacting 118 with NaSMe (for 3) or with 

thiophenol in the presence of K2CO3 and 18-crown-6 (for 2, Scheme 2). Both reactions were 

performed at room temperature, yielding 219 (95%) and 320 (97%) as pale yellow oils. 
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E

E

M Br

4 E = SMe M = Ni
5 E = SMe M = Pd
6 E = SMe M = Pt
7 E = SPh M = Pd
8 E = SPh M = Pt

Br

Br

Br

E

E

Br

2 E = SMe
3 E = SPh

i (for 2) 
ii (for 3) iii

1

 
Scheme 2. Synthetic procedure applied for the synthesis of SCS-pincer metal complexes. i) NaSMe, RT, 

16 h, THF; ii) Thiophenol, K2CO3, 18-crown-6, reflux, 16 h, Et2O; iii) [Ni(COD)2], –80 °C  RT, 16 h, 

THF or [Pd2dba3]·CHCl3, RT, 16 h, C6H6 or [{Pt(p-tol)2(µ-SEt2)}2], reflux, 1 h, C6H6. 

 

SCS-pincer Ni-complex 4 was prepared by oxidative addition of ligand 2 to [Ni(COD)2] at -80 

°C. During the reaction, the initially light yellow colored solution became more intensely yellow 

colored when warmed to room temperature. The product is obtained by precipitation as a 

diamagnetic yellow, air-stable solid in 72% yield. No decomposition was observed after storage 

for a month at room temperature. Addition of an excess of CCl4 to the complex (in C6D6) did not 

show any evidence of the formation of a nickel-d7 complex. This is in striking contrast to the high 

reactivity of [Ni(halide)NCN] complexes. These complexes oxidize readily in air with CCl4 to 

stable nickel-d7 complexes. CV analysis of 4 showed an irreversible oxidation curve starting at 

300 mV (200 mV/s, CH3CN, 8 mM).  Obviously, reaction occurs in which presumably a Ni-d7 

complex is formed, which subsequently initiates a sulfur oxidation reaction or a reaction 

involving the aromatic backbone. Comparison of the 1H NMR chemical shifts of 4 with those of 

the starting material 2 in C6D6 revealed a shift to lower frequency of the signal for the methylene 

groups of 4 (  = –0.34 ppm), which appears at 3.26 ppm as a slightly broadened singlet. The 

methyl protons of 4 appear as a sharp, to higher frequency shifted peak at 2.14 ppm (  = 0.45 

ppm). Cyclopalladation of the aryl halides 2 and 3 with [Pd2dba3]·CHCl3 in benzene at room 

temperature afforded the corresponding SCS-pincer palladium complexes 5 and 7 as yellow 

colored solids in 71 and 69% yield, respectively. In the 1H NMR spectrum of 7 the chemical shift 

of the CH2 resonance appeared as a sharp singlet at 3.76 ppm, confirming the coordination of the 

S-donor atoms to the palladium center (  = –0.28 ppm compared to the shift of these resonances 

in 3). The corresponding PhSCS-pincer palladium complex 5 showed two broad overlapping 

signals at 3.48 and 3.27 ppm for the benzylic protons (cf. the singlet at 3.60 ppm in 2). These 

broad overlapping signals have also been observed for the benzylic protons in the 1H NMR 

spectrum of the corresponding chloride complex [PdCl(MeSCS)] (9) reported by Pfeffer and co-

workers (vide infra).12b The SCS-pincer Pt complexes 6 and 8 were prepared by reacting either 2 

or 3 in benzene in the presence of the platination agent [{Pt(p-tol)2(µ-SEt2)}2]. The products were 

obtained as crystalline, light yellow colored solids in 76% yield. In the 1H NMR spectrum of 8 in 

CDCl3 the benzylic protons appeared as a broad doublet with the shape of an unresolved AB 

pattern (  4.89 and 4.47 ppm). The platinum satellites, also unresolved, appeared as small 
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shoulders on the two doublets. The 1H NMR spectrum of 6 (C6D6), however, shows two distinct 

patterns for the CH2 and CH3 resonances (Figure 2). The signals for the benzylic protons in this 

case appear as an AB (3.73, 3.15 ppm, 2
JAB = 15.7 Hz) and an AX pattern (3.69, 3.27 ppm, 2

JAX 

= 15.7 Hz), both with platinum satellites. The presence of the two patterns is due to the 

stereogenity of each of the coordinated sulfur centers and, therefore, the complex exists in 

solution as two diastereoisomers SS/RR (rac) and RS/SR (meso) (enantiomeric pairs) 

respectively, which are in slow exchange.21 For 6 and 8 this is also reflected by the observation of 

two resonances in the 195Pt NMR. For 6 singlets are found at -3967 and -3980 ppm and for 8 at -

3967 and -4001 ppm. Noteworthy are the different 1H-195Pt coupling constants for each of the 

diastereotopic benzylic protons of 6. Furthermore, two singlets at 2.25 and 2.18 ppm were 

observed for the S-methyl protons, accompanied by platinum satellites with a 3
JPtH coupling of 

52.8 and 53.4 Hz, respectively.  

 
 

Figure 2. 1H NMR spectrum of the aliphatic part of [PtBr(MeSCS)] 6 in C6D6 at room temperature of the 

diastereoisomers rac-6 and meso-6. Inset shows the 195Pt NMR spectrum of 6. 

 
Structures of 4, 5, 6, 8 and 9 in the solid-state. The structures of complexes 4-6, 8 and 9 were 

studied by X-ray crystal structure determinations. Single crystals of the complexes were obtained 

by slow evaporation of a concentrated solution in CH2Cl2. A selection of the crystallographic data 

obtained is listed in Table 1. 

The nickel complex rac-4 has approximate, non-crystallographic C2 symmetry with the C2-axis 

collinear to the Br–Ni–C1 bond (Figure 3). The methyl groups occupy equatorial positions and 

are orientated in opposite direction with respect to the square planar coordination plane (rac 

conformation). As the crystal structure is centrosymmetric, the unit cell contains both the 

enantiomers Req,Req and Seq,Seq, which form pairs in parallel alignment with opposite Cipso Ni Br 

directions.22 A search in the Cambridge Crystallographic Database on organometallic nickel 
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complexes bearing two trans-positioned thioether ligands revealed only a small number of 

structures. This was rather surprising given the fact that nickel sulfur complexes have received 

considerable attention in biomimetic studies related to their reactivity and role in biocatalytic 

pathways.23 The few reported organometallic Ni(II) thioether complexes comprised only 

tetrahedral structures.23a It is obvious that this geometry is less likely in rac-4 type complexes as 

the trans sulfur donor atoms force a square planar geometry around the metal-d8 nickel center, 

illustrating a further unique example of the sometimes unusual coordination mode that can be 

encountered when using ECE-pincer ligands in organometallic chemistry. Similar NCN- and 

PCP-pincer Ni(II)-complexes have been prepared and their crystal structures reported. The 

Ni C1 bond in the NCN complex [NiBr(EtNCN)]24 is slightly shorter (1.825 Å) as compared to 

rac-4 (1.9001(16) Å), whereas the same bond in the PCP complex [NiBr(CyPCP)]25 has nearly the 

same length (1.908 Å). Also the C1 Ni E (E = donor atom) angles of rac-4 (84.41(6)° and 

84.95(6)°) are similar to those of the PCP complex (86.29° and 84.70°) and the NCN complex 

(84.14°and 84.45°). Further evidence for deviation from an ideal square planar geometry is 

indicated by significant puckering of the two five membered metallacycles and the torsion angles 

C1–C6–C8–S2 (22.3(2)° and C1–C2–C7–S1 (23.9(2)°. Consequently, a relative large interplanar 

angle ( , 19.18(8)°), defined as the angle between the calculated least-squares plane of the arene 

and the coordination plane, is found in rac-4. 

 

 
 

Figure 3. ORTEP representation of the molecular structure of one of the two enantiomers (Req,Req, Seq,Seq 

not shown) of rac-4. Displacement ellipsoids are drawn at the 50% probability level. The inset shows a 

view along the axis through Br–Ni–C1–C4.22  

 

The crystal structure of [PdBr(MeSCS)] 5 contains three independent molecules in the asymmetric 

unit, which represents three different isomers of the complex (Figure 4). The first molecule, rac-

5, has approximate C2-symmetry similar to rac-4. The second has one methyl group in axial and 

the other in equatorial position. Due to the presence of ring puckering in the two metallacycles 

the molecule lacks any symmetry element and is therefore labeled as asymm-5. The third 

molecule is disordered. The major disorder component (95%) has an approximate mirror plane 
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though the Br–Pd–C bond and is the meso isomer, labeled meso-5 (Cs symmetry). The minor 

component is a distorted rac-5 structure (5%). 
 

  

        
 

Figure 4. View of the molecular structure of rac-5. Displacement ellipsoids are drawn at the 50% 

probability level. The inset shows a view along the axis through Br–Pd–C1–C4 of the various isomers 

found in the crystal lattice. 

 
It is noteworthy that during our first attempts to obtain suitable crystals for X-ray structure 

determination of 5, using chloroform as solvent, we found that the bromide atom was replaced by 

a chloride, giving chloride complex 9 [PdCl(MeSCS)] instead. Traces of HCl in the solvent are 

most likely the cause of this halide exchange reaction during the re-crystallization process. A 

similar observation has been made earlier by Bergbreiter et al.26 In three PCP type complexes a 

trifluoroacetate ligand (TFA) coordinated to a palladium complex [Pd(TFA)(PCP)] was 

exchanged to a chloride during re-crystallization from dichloromethane. The crystals of 5 and 9 

are nearly isomorphic, with the only difference that the 5% disorder observed for 5 is absent in 

the unit cell of 9. Hence, in the case of 9 the unit cell contains the rac-9, asymm-9, and meso-9 

isomers. Bond lengths and angles differ only marginally in the corresponding isomers of 5 and 9, 

indicating that the halide ligand has only a small effect on their structural features (Table 1). The 

Pd C bond lengths for the different conformations of 5 are between 1.984(2)-1.987(2) Å and 

between 1.982(4)-1.992(4) Å for the molecules of 9, which is within the range found in other 

SCS-pincer palladium complexes (1.964-1.994 Å).12 Also the distortions from an ideal square 

planar geometry, dictated by the S1 Pd S2 bond angles (164.28(2)°-168.39(2)°, in 5) and the 

C1 Pd S angles (83.65°-85.57°, in 5) do not deviate from reported [Pd(halide)(SCS)] structures.  
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Table 1: Selected bond distances, angles and torsion angles. 

a Bond lengths are sorted in ascending order. b The interplanar angle ( ) is defined as the angle between 

the least squares plane of the anionic aryl ligand and the coordination plane.  

 

 4 

[NiBr(MeSCS)] 

5
a 

[PdBr(MeSCS)] 

9
a 

[PdCl(MeSCS)] 

6 

[PtBr(MeSCS)] 

8  

[PtBr(PhSCS)] 

Interatomic distances (Å) 

M–C1 1.9001(16) 1.984(2) meso 

1.986(2) rac 

1.987(2) asymm 

1.982(4) rac 

1.988(4) meso 

1.992(4) asymm 

1.973(4) 1.979(3) 

M–S1 2.1601(5) 2.2832(6) meso 

2.2847(6) rac 

2.3012(6) asymm 

2.2831(11) rac 

2.2838(11) meso 

2.3011(10) asymm 

2.2570(9) 2.2674(7) 

M–S2 2.1606(5) 2.2843(6) meso 

2.2894(6) rac 

2.2899(6) asymm 

2.2834(11) meso 

2.2882(10) asymm 

2.2911(11) rac 

2.2750(9) 2.2746(7) 

M–X 2.3587(3) 2.5244(3) rac 

2.5149(3) asymm 

2.5361(3) meso 

2.4406(10) rac 

2.4229((10) asymm 

2.4412(9) meso 

2.5116(4) 2.5213(4) 

 Bond angles (deg) 

C1–M–S1 84.41(6) 83.92(7) rac 

85.29(6) asymm 

85.34(6) meso 

83.93(12) rac 

85.01(11) asymm 

85.42(12) meso 

83.93(11) 86.15(9) 

C1–M–S2 84.95(6) 83.74(6) asymm 

84.55(7) rac 

85.57(6) meso 

84.57(12) rac 

83.65(11) asymm 

85.66(12) meso 

85.70(11) 86.45(9) 

C1–M–X 176.65(5) 177.68(6) rac 

173.35(6) asymm 

177.53(6) meso 

173.99(11) asymm 

177.41(11) rac 

177.41(11) meso 

175.80(10) 178.96(9) 

S1–M–S2 169.270(19) 164.28(2) meso 

167.42(2) asymm 

168.39(2) rac 

165.22(4) meso 

167.18(4) asymm 

168.38(4) rac 

167.78(3) 171.95(3) 

Torsion angles and interplanar angles (deg) 

C1–C6–C8–S2 22.3(2) -11.5(3) meso 

23.1(3) rac 

24.7(3) asymm 

-11.6(5) meso 

24.9(4) rac 

25.3(5) asymm 

-17.5(6) -5.8(4) 

C1–C2–C7–S1 23.9(3) 17.6(3) rac 

20.0(3) asymm 

20.3(3) meso 

17.6(5) rac 

19.8(5) meso 

20.6(5) asymm 

-24.3(5) -13.7(3) 

Interplanar angle 
b 

19.18(8) 3.11(8) meso 

13.73(8) rac 

14.05(8) asymm 

3.03(15) meso 

13.91(14) rac 

14.07(15) asymm 

11.40(19) 5.14(11) 
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Figure 5. ORTEP representation of the molecular structure of asymm-6. Displacement ellipsoids are 

drawn at the 50% probability level. The inset shows a view along the axis through Br–Pt–C1–C4.  

 

The SCS-pincer Pt-complex 6 [PtBr(MeSCS)] crystallized in a single conformational structure 

with one axial and one equatorial orientated S-methyl group (asymm-6, Figure 5). The molecule 

has a similar structure as the corresponding Pd-complex asymm-5. Bond lengths involving the 

platinum atom are shorter compared to asymm-5, which is due to the smaller ionic radius of Pt(II) 

and a stronger binding of the donor atoms to the metal center.27 The Cipso–Pt bond in asymm-6 has 

a length of 1.973(4) Å, which is shorter than those found in the two reported SCS-pincer Pt-

complexes (1.982 and 2.040 Å).14 The C–Pt–S angles are 83.93(11)° and 85.70(11)° and the 

interplanar angle  is 11.40(19)°, being slightly smaller as compared to asymm-5.  

 

 
 

Figure 6. ORTEP representation of the molecular structure of rac-8. Displacement ellipsoids are drawn at 

the 50% probability level. The inset shows a view along the axis through Br–Pt–C1–C4.  
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The platinum complex [PtBr(PhSCS)] rac-8 has both thiophenyl substituents in axial position with 

respect to the coordination plane (Figure 6). Both the Pt–C (1.979(3) Å) and the Pt–S1 (2.2674(7) 

Å) bond lengths are slightly longer compared to those in asymm-6 (Table 1). The C–Pt–S angles 

(86.16(9)° and 86.44(9)°) are larger as those in asymm-6, whereas the C1–C6–C8–S2 and C1–

C2– C7–S1 torsion angles (5.8(4)° and 13.7(3)° respectively) are smaller as in asymm-6, 

suggesting that a lower ring strain is present in the metallacycles of rac-8 compared to asymm-6. 

 

A comparison of all structural information of SCS-pincer Pd- and Pt-complexes available now 

reveals that most complexes have a rac-like structure with the substituents on the sulfur atom in 

axial positions, such as for 8, which seems independent of the nature of the thioether substituent 

(phenyl, t-butyl or ethyl).28 We obtain only rac isomers with methyl groups in equatorial 

positions (cf. 5 and 9), which is most probably caused by the small size of the methyl substituent. 

Larger substituents are likely directed into the axial position in order to obtain an optimal spatial 

arrangement and morphology during crystallization. Apparently, SCS-pincer complexes bearing 

a methyl group show a different structural behavior. Because the thiomethyl substituents require 

less space, they therefore can adopt various orientations in the solid-state, as found in the crystal 

structures of complexes 4-6.  

 

Structures in solution. The structural features of complexes 4, 5, 6 and 8 found in the solid-state 

can assist the visualization of possible exchange processes for these complexes in solution 

(Scheme 3). Two concurrent processes can be envisaged: 1) the stereochemical inversion of the 

sulfur configuration (s.i.) and 2) the concomitant ring puckering inversion (r.i.) of the two 

metallacycles, which has been suggested by Pfeffer et al. in their study of the exchange behavior 

of complex 9.12b As illustrated in Scheme 3, two different isomers, which can exist in a number of 

conformations, are considered to be involved in this mechanism. The scheme considers two rac 

isomers: a raceq complex with equatorial methyl groups and a racax complex with the methyl in 

axial position. These two rac conformations are interconvertable by ring puckering inversion. 

The three other structures presented in the scheme are one meso and two asymm isomers, of 

which the latter two are enantiomers. The meso structure can be regarded as the time-average 

conformer of the two asymm conformations of which the latter has substantially more ring 

puckering. In the 1H NMR spectrum of complex 6 two molecules are observed which means that 

one of the above-mentioned processes is in the slow exchange limit range at room temperature 

(vide supra). Based on the Scheme 3, the exchange process in solution can now be rationalized. 

Four possibilities can be envisaged: 1) both processes (r.i. and s.i.) are fast, 2) both processes are 

slow, 3) only sulfur inversion is fast and 4) only ring inversion is fast on the NMR timescale. In 

the fast exchange limit, both processes occur fast on the NMR timescale: i.e. one benzylic 

resonance should be observed for all the complexes. If the ring puckering and sulfur inversion 

would both be in the slow exchange limit, one would not only expect two AB patterns (or AB 

and AX) but at least one for each unique conformation. In that case conformer raceq, racax and 
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meso will give one AB or AX pattern and asymm an AB and AX pattern, since it lacks any 

symmetry. In total at least 5 pairs of doublets for the benzylic protons would be expected in the 
1H NMR spectrum, which is obviously not the case. If only ring puckering is in the slow 

exchange limit and sulfur inversion would be fast, no meso or rac conformer would be observed 

in solution due to the fast exchange of the methyl groups in the structures. The time average 

structure would only have two different conformers having opposite ring puckering orientations. 

These structures are enantiomers and would thus result in only one AB pattern in the slow 

exchange limit. The only option left is that sulfur inversion is in the slow exchange limit and ring 

puckering is fast on NMR timescale. In this case the puckering time-average isomers have a 

structure related to the meso (asymm and meso in Scheme 3) and rac (raceq and racax in Scheme 

3) conformers and will together give two AB like patterns in the 1H NMR spectrum, like we have 

observed for 6. We have to note here that the above discussion was conducted with the 

assumption that sulfur inversion occurs without de-coordination of the sulfur atom, which is the 

generally accepted mechanism for thioether platinum complexes.29 In addition, no evidence was 

found for uncoordinated sulfur atoms in the 1H NMR spectra at low temperature (vide supra). 

  

 

Scheme 3. The dynamic processes between rac and meso isomers of the MX-SCS complexes in solution 

according a single-site sulfur inversion (s.i.) and ring puckering inversion (r.i.). For the illustration the 

structures found in the unit cell of the crystal structure of 9 are used (meso-9, raceq-9, asymm-9. Structure 

racax-9 is not a crystal structure of 9 but a molecular model based on asymm-9 in order to illustrate the 

possible structures.30  
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The 1H NMR spectra of 4 ([NiBr(MeSCS)]) and 5 ([PdBr(MeSCS)]) at low temperatures (< 240 K, 

toluene-d8) indeed showed features consistent with the presence of two complexes in solution, 

similar to 6 at room temperature. Clearly separated AB and AX patterns were observed for the 

diastereotopic benzylic protons of complexes 4 and 5 (Figure 7). The same phenomenon has also 

been observed in the spectrum for 9 at 233 K.12b It appears that in the slow exchange region one 

of the isomers or conformers is preferred. For both complexes 4 and 5 the two isomers are 

observed in a 6:4 molar ratio where the isomer giving rise to the AX pattern is more abundant.  

At 223 K the benzylic resonances showed a broad singlet for Pd-complex 7 ([PdBr(PhSCS)]), 

indicating similar behavior to 4-6. Unfortunately, the coalescence temperature for the CH2 

resonances could not clearly be observed for 7 due to insolubility of the complex in toluene-d8 

below 223 K.  The spectrum of Pt-complex 8 displayed an unresolved AB pattern at 273 K, this 

in contrast to the Pt-complex 6 which shows two distinct patterns at room temperature. The slow 

exchange region could be reached since the complex was still slightly soluble at 248 K and 

therefore a full separation of the AB and AX signals could be observed, though the platinum 

satellites were to small and therefore not visible in the 1H NMR spectrum. 

 

 
 

Figure 7. 1H NMR (toluene-d8) of the benzylic protons of [NiBr(MeSCS)] 4 at various temperatures 

showing the coalescence of the AB and AX patterns of the two enantiopairs RR/SS (rac-4) and SS/SR 

(meso-4). 

 

The complexes were also measured at elevated temperatures and as expected all showed singlets 

in the fast exchange range. The fast exchange temperature range for complex 6 could be reached 

in toluene-d8 though the platinum satellites were still unresolved at 373 K. At 343 K the 1H NMR 
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spectrum of 8 showed a singlet for the benzylic protons with clearly visible platinum satellites 

(3JPtH = 36.9 Hz).  

At room temperature, the 1H NMR spectra of the complexes 4, 5, and 6 bearing the MeSCS 

display three different exchange stages (Figure 8). The CH2 resonances for the Ni-complex 4 are 

in the fast exchange range (singlet), the same resonances for the Pd-complex 5 are in the 

intermediate exchange (broad doublet) and the corresponding resonances for the Pt-complex 6 

are in the slow exchange range (AB and AX quartet). The same trend is also observed for the 

thiophenyl complexes 7 and 8. 

 

 

Figure 8. Part of the 1H NMR spectra showing the two patterns of CH2 resonances of complexes 4-8 at 

room temperature (C6D6). 

 

This trend was also reflected in the coalescence temperatures of the benzylic proton signals, 

which are listed in Table 2 (toluene-d8). Comparing the Tc values for complexes 4, 5, and 6, a 

concurrent increase in coalescence temperature for the benzylic protons when changing metal 

within group 10 was found. Dependence of the metal center on the coalescence temperature of 

exchanging resonances in platinum and palladium complexes bearing chelating thioether ligands 

has been reported. The relative rate of exchange is believed to depend on metal mass and size and 

reflects the relative strength of the M–S bond, which is the strongest for the platinum 

complexes.13a Whereas SCS-pincer palladium complexes bearing phenyl,12c t-butyl,12a i-propyl12n 

or ethyl12c groups on the sulfur donor atoms show a (in some cases broadened) singlet for the 

benzylic protons in the 1H NMR spectrum (CDCl3), complex 5 showed two broad, overlapping 

signals (3.6-3.0 ppm) at 3.48 and 3.27 ppm in the same solvent.12b In general lower coalescence 

temperatures of the CH2 resonances accounts for compounds with larger substituents on sulfur 

donor atoms.13a 
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Table 2. Coalescence temperature of the benzylic protons (toluene-d8). 

Complex Tc (K) 

4 274 

5 305 

6 370 

7 < 223 

8 308 

 

Coming back to the 195Pt NMR of 6 presented in the inset of Figure 2, two shoulders on the signal 

at lower field are observed. It must be noted that in 195Pt NMR (64.4 MHz) one can still observe 

processes that are roughly a factor 100 faster than exchange processes observed in the 1H NMR 

(300 MHz) spectrum.13c The meso related conformers exist as the pairs asymm Rax,Seq - Seq,Rax 

and Req,Sax - Sax,Req and as (true-) meso R,S - S,R. These three pairs are likely responsible for the 

broadened signal at lower field in the 195Pt NMR giving rise to the two observed shoulders. The 

rac isomers on the other hand consist of the pairs, Rax,Rax - Sax,Sax and Req,Req - Seq,Seq, which are 

actually two pairs of enantiomers and therefore will result in a maximum of two signals in the 
195Pt NMR spectrum. Considering the results of the exchanges process in solution presented here, 

these two pairs are in a faster exchange (vida supra) than the meso, asymm pairs, because it only 

requires ring-puckering inversion and is therefore present as a singlet in the 195Pt NMR spectrum. 

This suggests that the signal at -3967 ppm originates from the 6-rac structures and the resonance 

at -3980 ppm belong to the 6-meso isomers. The 195Pt NMR resonances of 8 were more 

broadened and no distinct shoulders were observed in the 195Pt NMR spectrum. 

 

Assignment of the AB and AX patterns. The assignment of the AX or AB patterns to a rac and 

meso structure cannot be made based on the given structural data in solution and in the solid-

state, however, a proposal can be made.  

The 1H NMR spectrum of the SCS-pincer platinum complex 6 has different accompanying 

platinum satellite coupling constants for the observed four doublets of the benzylic resonances as 

well as for the two methyl signals in the slow exchange limit (room temperature). Similar to the 

Karplus relation for JHH coupling constants of vicinal protons, a relation between dihedral angles 

and coupling constants for JCPt and JHPt coupling constants is known.31 It was reported that the JHPt 

increases with increasing dihedral angle, with a maximum at an angle of 180° and a minimum at 

0°. When we measured the JHPt coupling constants (room temperature, slow exchange limit) of 

the platinum complex 6, we observed that for the AX pattern the difference between the coupling 

constants of the platinum satellites of its two doublets is smaller than that for the coupling 

constants of the platinum satellites of the two doublets of the AB pattern ( 8.89 vs. 12.03 Hz). 

This would mean that the AX pattern corresponds to the isomer with the smallest dihedral angle 

between the benzylic protons and the metal atom. Since we have obtained the rac and meso  
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isomers of the same complex in solid-state, i.e. of complex 5 and 9, we can compare the dihedral 

angles of rac-9 and meso-9 involving the atoms of interest, Pd–S–C7/8–HA/B. We observed that the 

difference between torsion angle of the geminal protons HA and HB is smaller for the meso 

conformer then for the corresponding angles in the rac isomer (Table 3). Hence, this analysis 

would point to the meso configuration giving rise to the AX pattern in the NMR spectrum. 

 

Table 3. Torsion angles of two isomers of 9. 

Dihedral angles meso-9 rac-9 

C9–S1–C7–H7a -11 -16 

C9–S1–C7–H7b 108 103 

C10–S2–C8–H8a -116 -19 

C10–S2–C8–H8b 3 100 

Pd–S1–C7–H7a 100 96 

Pd–S1–C7–H7b -141 -145 

Pd–S2–C8–H8a -110 92 

Pd–S2–C8–H8b 131 -149 

 

Comparing geminal benzylic protons of the various structures of Pd-complex 9 found in the 

solid-state, the benzylic protons of the raceq structure appear to be chemically least different. This 

is indicated by the smaller difference between the two dihedral angles (C10–S2–C8–H8A - C10–

S1–C8–H8B and C10–S1–C7–H7A - C10–S2–C7–H7B) of the geminal benzylic carbon on the 

same pendant ligand ‘arm’ for the raceq (Table 3). As a result this would give rise to a smaller 

chemical shift ( AB) between the doublets and thus accounts for the AB pattern. Again, this 

would suggest the AB pattern originating from a rac isomer. In addition, comparison to reported 

NCN and SCS complexes and their spectroscopic data in which the isomers were separated or 

selectively prepared and analyzed reveals a similar phenomenon.21a,32 Also in these reports a 

larger separation of the doublets ( AB) for a meso isomer is observed, pointing to an AX pattern 

for the meso isomer and an AB pattern for the rac isomer. For complexes 4 and 5 the AB and AX 

coupling patterns are clearly separated in the NMR spectra at temperatures below -40 °C (Figure 

7). For example, at 203 K the NMR spectrum of complex 5 shows coupling constants of AB = 

34.3 Hz and AX = 159.6 Hz (toluene-d8), which corresponds to rac-5 and meso-5, respectively, 

according to the explanation above. 

Although we have to keep in mind that the crystal structures may be different than the time-

average structures in solution, based on the Karplus relation, the coupling constants of the 

geminal protons combined with the comparison of the NMR data to related structures in the 

literature, it seems acceptable to assume that the AB pattern in the 1H NMR of the complexes 

correspond to a rac structure. As a coincidence, according to this hypothesis the obtained crystal 
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structure for the rac-4 Ni-complex corresponds to the higher population of the AB pattern in the 
1H NMR spectrum at low temperature. Interestingly, the more favored isomer at low temperature 

in solution is also the preferred structure in the solid-state.  

 

 

4.3  Conclusions and perspective 

The oxidative addition of various metal sources to an SCS-aryl halide ligand provides facile 

access to organometallic square planar SCS-pincer metal complexes (M = Ni, Pd, Pt). Crystal 

structures of the Pd-complexes 5 and 9 showed the presence of three independent molecules in a 

single unit cell with rac, meso and asymmetric conformations. Our recent studies have shown that 

active site directed complexes as depicted in Scheme 1 bearing organometallic head groups with 

S-phenyl donor atoms experience substantially more steric hindrance upon incorporation into the 

lipase than the corresponding complexes with S-methyl donor atoms.10 In a modeling study we 

used the crystal structures of 5 and 8 presented here to illustrate the spatial differences between 

the two types of complexes embedded in the lipase. The results presented in this chapter conclude 

that the pyramidal sulfur inversion is a much slower process than the ring puckering inversion for 

these types of complexes.  

In terms of catalysis it is important to know which dynamic processes are occurring within the 

complex, particularly when external interactions are expected such as second sphere 

coordination. For the SCS-pincer Pt-complexes, 195Pt NMR can be a useful tool to examine such 

interactions. Based on the observed shift and ratio of the 195Pt NMR resonances of SCS-pincer Pt-

complexes one can determine the elative abundance of conformational structures in solution, i.e. 

rac versus meso. If this ratio differs substantially from a 50:50 population of rac:meso, an 

external effect causing the change can be expected. We believe this interesting concept deserves 

more attention and are currently, in conjunction with the application of SCS-pincer Pd-complexes 

as catalyst embedded lipases, studied in more detail in our laboratory. 

 
 

4.4  Experimental Section 

General. All reactions were performed under a dry nitrogen atmosphere by standard Schlenk techniques. 

Solvents were carefully dried and distilled from sodium benzophenone (pentane, hexane, toluene, C6H6, 

THF, Et2O) or CaH (CH2Cl2) prior to use. The compounds 1,18a [{Pt(p-tol)2(µ-SEt2)}2]
33 and 

[Pd2dba3]·CHCl3
34 were synthesized according to literature procedures. All other chemicals were obtained 

commercially and were used without further purification. NMR spectra were recorded at 298 K on a 

Varian Inova 300 spectrometer and the chemical shifts were referenced to residual solvent resonances 

(ppm). 195Pt {1H} NMR (64.4 MHz) spectra referenced using an external reference (1 M K2PtCl6 in D2O,  

= 0 ppm). Elemental analyses were performed by Dornis and Kolbe, Mikroanalytisches Laboratorium 

(Müllheim a/d Ruhr, Germany). 
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[C6H2(CH2SMe)2-2,6-Br-1] (2). Solid 1 (1.0 g, 2.92 mmol) was dissolved in THF (100 mL) and NaSMe 

(0.97 g, 13.8 mmol) was added in one portion. The reaction mixture was stirred for 16 h at room 

temperature. Diethyl ether (100 mL) and an aqueous solution of NaOH (1 M, 100 mL) were added and the 

mixture stirred for 30 minutes. The organic phase was separated and the aqueous phase extracted with 

diethyl ether (2  150 mL). The organic fractions were combined, dried on MgSO4, and concentrated to 

colorless oil, which solidified upon standing to a white solid. Yield 0.78 g (97%). 1H NMR (200 MHz, 

CDCl3):  7.23 (bs, ArH, 3H), 3.85 (s, CH2S, 4H), 2.06 (s, SMe, 6H). 13C NMR (CDCl3):  138.86, 

129.62, 127.62, 127.00 (s, ArC), 39.62 (s, CH2), 15.58 (s, SMe). Anal. Calcd. for C10H13BrS2: C, 43.32; H, 

4.73; S, 23.13. Found: C, 43.28; H, 4.76; S, 23.05. 
 

 [C6H2(CH2SPh)2-2,6-Br-1] (3). Thiophenol (3.02 g, 2.82 mL, 27.4 mmol), K2CO3 (5.68 g, 41.1 mmol), 1 

(2.35 g, 6.85 mmol) and 18-crown-6 (5 mg, 15.3 mmol) were dissolved in diethyl ether (100 mL) and 

stirred for 16 h at room temperature. A solution of NaOH (4 M, 100 mL) was added and the mixture 

stirred for 30 min. The organic phase was separated and the aqueous phase extracted with diethyl ether (2 

 100 mL). The organic fractions were combined, dried on MgSO4 and concentrated to a yellowish oil. 

Yield 2.61 g (95%). 1H NMR (300 MHz, CDCl3):  7.36-7.04 (bm, ArH, 13H), 4.29 (s, CH2). 
13C NMR 

(75 MHz, CDCl3):  138.05, 136.00, 131.01, 129.88, 129.16, 127.15, 127.03, 126.96 (s, ArC), 40.84 (s, 

CH2S). Anal. Calcd. for C20H17BrS2: C, 59.85; H, 4.27; S, 15.98. Found: C, 60.08; H, 4.36; S, 15.86. 
 

[NiBr(C6H2(CH2SMe)2-2,6)] (4). The complex was prepared according a modified literature procedure.15 

A yellow solution of [Ni(COD)2] (0.34 g, 1.23 mmol) in THF (150 mL) was cooled to -78 ºC and a 

solution of 2 (0.34 g, 1.23 mmol) in THF (50 mL) was added dropwise. The reaction mixture was stirred 

for 30 min at -80 ºC and subsequently allowed to warm to room temperature while stirring was continued 

for 2 h. The solvent was removed in vacuo and the product dissolved in benzene (40 mL) and filtrated 

through a short pad of Celite. The filtrated was concentrated to 5 mL and the product precipitated by 

adding hexanes as non-solvent. The product was obtained as a yellow solid after removal of all volatiles in 

vacuo. Yield: 0.30 g (72%). Yellow crystals suitable for X-ray diffraction were obtained by slow 

evaporation of a solution of the product in CH2Cl2.
1H NMR (300 MHz, C6D6):  6.86 (t, ArH, 1H, 3JHH = 

7.50 Hz), 6.50 (d, ArH, 2H, 3JHH = 7.20 Hz), 3.26 (bs, CH2SMe, 4H), 2.14 (s, SMe, 6H). 13C NMR (75 

MHz, C6D6):  155.59 (s, ArCPd), 150.16, 124.98, 121.42 (s, ArC), 74.14 (s, CH2), 51.64 (s, SMe). Anal. 

Calcd. for C10H13BrNiS2: C, 35.75; H, 3.90; S, 19.09. Found: C, 35.71; H, 4.08; S, 19.07. 
 

[PdBr(C6H2(CH2SMe)2-2,6)] (5). The palladium source [Pd2dba3]·CHCl3 (0.39 g, 0.38 mmol) and 2 (0.21 

g, 0.76 mmol) were dissolved in benzene (30 mL) and the resulting dark purple solution was stirred at 

room temperature for 16 h. The solvent was removed in vacuo and the residue dissolved in CH2Cl2 (20 

mL) and subsequently filtrated through a short path of Celite. The yellow residue was concentrated to 3-5 

mL and Et2O was added to precipitate the product. After a second precipitation from CH2Cl2 and drying in 

vacuo the product was obtained as a yellow solid. Yield: 0.20 g (69%). Yellow needle-shaped crystals 

suitable for X-ray diffraction were obtained by slow diffusion of Et2O into a solution of 20 mg of the 

product in 20 mL CH2Cl2.
1H NMR (300 MHz, CDCl3):  6.81 (t, ArH, 1H, 3JHH = 7.60 Hz), 6.56 (d, ArH, 

2H, 3JHH = 7.70 Hz), 3.47 (bs, CH2S, 2H), 3.24 (bs, CH2S, 2H), 2.24 (s, SMe, 6H). 13C NMR (CDCl3):  

162.76 (bs, ArCPd), 148.74 (s, ArCCH2), 125.24, 122.64 (s, ArC), 49.89 (s, CH2), 23.67 (s, SMe). Anal. 

Calcd. for C10H13BrPdS2: C, 31.31; H, 3.42; S, 16.72. Found: C, 31.20; H, 3.50; S, 16.61. 
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 [PtBr(C6H2(CH2SMe)2-2,6)] (6). To benzene (30 mL) was added the aryl bromide 2 (0.21 g, 0.76 mmol) 

and [{Pt(p-tol)2(µ-SEt2)}2] (0.36 g, 0.38 mmol). The white suspension was heated to reflux for 1 h. The 

resulting yellowish clear solution was allowed to cool to room temperature and the volatiles were removed 

in vacuo. The residue was dissolved in CH2Cl2 (15 mL) and filtrated through a short path of Celite. The 

filtrate was concentrated to 2-3 mL and Et2O (~20 mL) was slowly added to precipitate the product. The 

solid was collected and the precipitation repeated once more. The product was dried under reduced 

pressure and obtained as a yellowish solid. Yield: 0.16 g (76%). If necessary the product can be 

recrystallized from hot toluene. Yellow needle-shaped crystals suitable for X-ray diffraction were obtained 

by slow evaporation of a CH2Cl2 solution. 1H NMR (300 MHz, C6D6):  6.89, 6.88 (t, ArH, 3JHH = 7.58 

Hz, 1H), 6.63 (d, ArH, 3JHH = 7.58 Hz, 2H), 3.73 (d, CH2, 
2JHH = 15.69 Hz, 3JHPt = 42.36 Hz, 2H), 3.69 (d, 

CH2, 
2JHH = 15.16 Hz, 3JHPt = 31.38 Hz, 2H), 3.27 (d, CH2, 

2JHH = 15.16 Hz, 3JHPt = 19.35 Hz, 2H), 3.15 (d, 

CH2, 
2JHH = 15.69 Hz, 3JHPt = 33.47 Hz, 2H), 2.25 (t, SMe, 3JHPt = 52.82 Hz, 6H), 2.18 (t, SMe, 3JHPt = 

53.40 Hz, 6H). 13C NMR (CDCl3):  152.41, 152.17 (s, ArCipso), 146.15 (t, ArCortho, 
2JCPt = 109.86 Hz), 

124.53 (s,  ArCpara), 121.90, 121.81 (t, ArCmeta, 
3JCPt = 39.06 Hz), 52.24 (t, CH2, 

2JCPt = 34.18 Hz), 52.08 (t, 

CH2, 
2JCPt = 32.96 Hz), 24.96 (t, SMe, 2JCPt = 20.71 Hz), 24.45 (t, SMe, 2JCPt = 21.02 Hz). 195Pt NMR 

(toluene-d8):  -3967.36, -3980.18. Anal. Calcd. for C10H13BrPtS2: C, 25.43; H, 2.77; S, 13.58. Found: C, 

25.54; H, 2.67; S, 13.67. 
 

[PdBr(C6H2(CH2SPh)2-2,6)] (7). Solid [Pd2dba3]·CHCl3 (0.29 g, 0.28 mmol) was added to a solution of 3 

(0.23 g, 0.57 mmol) in benzene (20 mL) and the resulting dark purple solution was stirred for 16 h at room 

temperature. The solvent was removed under reduced pressure. The residue was dissolved in CH2Cl2 (20 

mL) and filtrated through a short pad of Celite. The yellow filtrate was concentrated to 2-3 mL and diethyl 

ether was slowly added to precipitate the product. The solid was collected, dissolved in CH2Cl2 (2 mL), 

and precipitated again until the mother liquor was nearly colorless. The product was dried in vacuo and 

obtained as a yellow solid. Yield: 0.21 g (71%). 1H NMR (300 MHz, CDCl3):  7.86 (m, ArH, 4H), 7.38 

(m, ArH, 6H), 6.96 (m, ArH, 3H), 4.63 (s, CH2S, 4H). 13C NMR (CDCl3):  164.50 (s, ArCPd), 149.64 (s, 

ArCCH2), 132.63 (s, ArS), 131.77, 130.05, 129.82, 125.22, 122.29 (s, ArC), 52.83 (s, CH2). Anal. Calcd. 

for C20H17BrPdS2: C, 47.30; H, 3.37; S, 12.63. Found: C, 47.30; H, 3.37; S, 12.72. 
 

[PtBr(C6H2(CH2SPh)2-2,6)] (8). The pincer aryl halogen starting material 2 (0.14 g, 0.36 mmol) and 

[{Pt(p-tol)2(µ-SEt2)}2] (0.17 g, 0.18 mmol) were added to benzene (30 mL) and the resulting white 

suspension was heated to reflux for 1 h. The yellowish clear solution was allowed to cool to room 

temperature and the volatiles removed under reduced pressure. The residue was dissolved in CH2Cl2 (15 

mL) and filtrated through a short pad of Celite. The filtrate was concentrated to 2-3 mL and Et2O was 

added slowly to precipitate the product. The solid was collected and the precipitation repeated once. The 

product was dried in vacuo and obtained as a yellowish solid. Yield: 0.16 g (76%). Yellow needle-shaped 

crystals suitable for X-ray diffraction were obtained by slow evaporation of the solvent CH2Cl2. 
1H NMR 

(300 MHz, CDCl3):  7.81 (m, ArH, 4H), 7.37 (m, ArH, 6H), 7.08 (m, ArH, 3H), 4.91 (bd, CH2S, 3JHH = 

29.80 Hz, 2H), 4.45 (bd, CH2, 
3JHH = 27.60 Hz, 2H). 13C NMR (CDCl3): 146.92, 132.67, (bs, ArC), 

132.67, 130.57, 129.72, 124.54 (s, ArC), 121.37 (s, 2JCPt = 36.62 Hz), 56.05 (bs, CH2). 
195Pt NMR 

(toluene-d8):  -3967.36, -4000.50. Anal. Calcd. for C20H17BrPtS2: C, 40.21; H, 3.04; S, 10.73. Found: C, 

40.08; H, 2.89; S, 10.79.  
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Crystal structure determinations. X-ray intensities were measured on a Nonius KappaCCD 

diffractometer with rotating anode and graphite monochromator (  = 0.71073 Å) at a temperature of 

150(2) K up to a resolution of (sin / )max = 0.65 Å-1. The structures were solved with automated Patterson 

methods (program DIRDIF35, compounds 4 and 5) or Direct Methods (program SHELXS-9736, 

compounds 6 and 8). The initial coordinates for 9 were taken from the isostructural compound 5. 

Refinement was performed with SHELXL-9736 on F2 of all reflections. Non-hydrogen atoms were refined 

freely with anisotropic displacement parameters. In 4 all hydrogen atoms were located in the difference 

Fourier map; in all other structures hydrogen atoms were introduced in calculated positions. In all 

structures hydrogen atoms were refined as rigid groups. Geometry calculations, drawings and checks for 

higher symmetry were performed with the PLATON software package.37 Further crystallographic details 

are given in Table 4. 
 

Table 4. Experimental details for the X-ray crystal structure determinations 

 4 5 6 8 9 

formula C10H13BrNiS2 C10H13BrPdS2 C10H13BrPtS2 C20H17BrPtS2 C10H13ClPdS2 

fw 335.94 383.63 472.32 596.46 339.17 

crystal colour red yellow yellow yellow yellow 

crystal size [mm3] 0.36 x 0.24 x 0.06 0.27 x 0.15 x 0.12 0.42 x 0.24 x 0.24 0.45 x 0.30 x 0.30 0.24 x 0.18 x 0.09 

crystal system monoclinic monoclinic monoclinic monoclinic monoclinic 

space group P21/c (no. 14) P21/c (no. 14) P21/c (no. 14) C2/c (no. 15) P21/c (no. 14) 

a [Å] 13.9357(2) 8.9406(1) 8.8451(7) 15.2670(6) 8.8210(1) 

b [Å] 5.4349(1) 33.1246(2) 15.6207(9) 11.6724(6) 33.1239(2) 

c [Å] 19.5421(2) 13.0758(1) 11.1398(6) 20.2824(13) 12.9573(1) 

 [°] 126.9595(5) 110.1258(2) 128.208(6) 94.243(6) 109.5799(3) 

V [Å3] 1182.69(3) 3635.99(5) 1209.42(17) 3604.5(3) 3567.02(5) 

Z 4 12 4 8 12 

Dx [g/cm3] 1.887 2.102 2.594 2.198 1.895 

µ [mm-1] 5.329 5.131 15.210 10.233 2.094 

abs. corr. method analytical multi-scan analytical multi-scan multi-scan 

abs. corr. range 0.42 – 0.80 0.41 – 0.54 0.02 – 0.20 0.57-1.00 0.68 – 0.83 

refl. 

(meas./unique) 

21903 / 2687 58090 / 8315 25739 / 2781 27679 / 4146 64109 / 8109 

param./restraints 129 / 0 395 / 3 129 / 0 217 / 0 385 / 0 

R1/wR2 

[I>2 (I)] 

0.0204 / 0.0503 0.0198 / 0.0437 0.0193 / 0.0499 0.0194 / 0.0441 0.0358 / 0.0945 

R1/wR2 [all refl.] 0.0243 / 0.0523 0.0256 / 0.0458 0.0217 / 0.0512 0.0276 / 0.0468 0.0441 / 0.0990 

S 1.037 1.041 1.168 1.096 1.059 

min/max [e/Å3] -0.57 / 0.35 -0.64 / 0.42 -1.74 / 0.82 -1.45 / 0.68 -1.85 / 2.18 
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Chapter 5 
 

 

Sulfato-Bridged ECE-Pincer Palladium(II) Complexes:  

X-Ray Structures, Spectroscopic Analysis,  

and Catalytic Properties 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract. ECE-pincer sulfato palladium complexes (pincer = [C6H3(CH2E)2-2,6]¯; E = SPh (1), 

SMe (2), StBu (3), NMe2 (4)) were synthesized and characterized. In the solid state (X-ray 

determinations) 3 and 4 exist as neutral ECE-pincer palladium sulfato complexes with a 2-O,O’ 

bridging sulfato ligand. IR and Raman spectroscopic studies revealed that the complexes can be 

present both as either neutral and ionic species in the solid state. In water an equilibrium between 

the ionic [Pd(ECE)(H2O)]2(SO4) and neutral species exists which lies primarily at the side of the 

ionic form. Preliminary studies of the catalytic activity of 1-4 in the Suzuki cross-coupling 

reaction of 3-iodobenzoic acid and sodium tetraphenylborate in water reveals that the C-C cross-

coupling product is formed in 60% (3) to 90% (1, 2 and 4) yield in 8 h at room temperature. 
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5.1  Introduction 

A major advantage of biocatalysts over their homogeneous organometallic counterparts is their 

compatibility with the most environmental benign, save and abundant solvent, water.1 In order to 

compete with such a beneficial property, organometallic complexes have been chemically 

adapted to render these water-soluble. A large variety of water-soluble phosphine and amine 

ligands as well as water-soluble counter ions have been developed to improve the overall water 

solubility of metal complexes.2 In the case of organometallic catalysts, introduction of 

hydrophilic substituents on the organo ligand skeleton is the commonly used approach to increase 

water solubility. Ionic functionalities such as sulfonates, carboxylates, mono- and diphosphonic 

acids as well as (alkyl) ammonium groups have been frequently used for this purpose.1 An 

interesting and promising new development in the field of homogeneous catalysis is the use of 

bioscaffolds. The applied scaffolds are as diverse as amino acids,3 carbohydrates,4 proteins5 

including enzymes6 and even DNA strands have recently been used.7 An attractive feature of the 

latter two scaffolds is that these hydrophilic ‘substituents’ may provide the complexes with other 

unique properties due to the chiral and domain-like structure. In this context, we have recently 

reported the attachment of NCN- and SCS-cyclometallated complexes derived from the 

monoanionic, terdentate coordinating ECE-pincer ligands (E = NR2, SR; pincer = 

[C6H3(CH2ER)2-2,6]-)8 with a hydrolytic enzyme, the lipase cutinase.9 SCS-pincer palladium 

complexes as well as NCN-pincer platinum complexes could be readily attached to cutinase by 

means of an inhibitor connected to the para-position of the pincer complex, which reacts 

selectively to the active site of the lipase. With this novel strategy, the physical properties as well 

as the second coordination sphere around the complexes can easily be altered in a single reaction.  

In our ongoing research on the catalytic applications of protein–organometallic pincer hybrids in 

aqueous solutions, we became interested in the catalytic properties of the corresponding 

unsubstituted pincer metal complexes in aqueous solutions under mild reaction conditions. 

Recently, Watanabe and co-workers reported the pH-dependent catalytic activity of pincer Pd-

complexes (complex 4, Figure 1)10a in various C-C cross-coupling reactions in basic, aqueous 

solutions. This method entails the use of the proper counter ions to solubilize compounds that in 

general are not soluble in aqueous solution, a strategy which has been frequently applied in 

pharmaceutical and chemical studies.11 
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Figure 1. ECE-pincer palladium(II) aqua complexes 1-4.  
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The representation of the structures suggests that these palladium complexes are ionic when 

dissolved in water having an O-coordinated H2O molecule as the fourth ligand. Ample evidence 

is available which shows that this is generally the case when anions like BF4 and PF6 are used.10,12 

The solid state structures of, for example [NCNPt-OH2](OTf)13 and [NCNPd-OH2](BF4),
19h show 

that these anions remain closely associated with the coordinated water molecule via H-bonding, 

thus forming extensive H-bonding networks. However, recently it was found that in the case of 

NO3
¯ as the counter anion the complex exists as a neutral compound in the solid state having the 

anion coordinated to the metal center.14 Even when the compound is recrystallized from an 

aqueous solution the nitrate coordinates to the metal center. 

Our further studies will concentrate on the use of these ECE-pincer palladium sulfato complexes 

in the synthesis of enzyme organometallic complex hybrids. We have therefore studied the 

binding of ECE-pincer metal cations and sulfate anions both in solution and in the solid state in 

detail. Our intentions are to extend this approach to the corresponding ECE-pincer metal 

complexes we have incorporated into lipases. The complexes with complimented sulfate counter 

anions have been prepared (1-4, Figure 1) and their structural features studied by X-ray 

diffraction, NMR and vibrational spectroscopy. X-ray crystal structure determination revealed 

interesting structural motifs in which the sulfate acts as a bridging, bidentate ligand coordinating 

to two pincer units. The structures will be discussed, in conjunction with the results of a study on 

the coordination mode of the sulfate moiety using IR and Raman spectroscopy, in aqueous 

solution and in the solid state. In addition, our initial results on the catalytic activity of the 

complexes in the Suzuki cross-coupling in an aqueous solution at room temperature are 

presented. 

 

 

5.2  Results  

Synthesis and characterization of the complexes. The commonly applied methodology for 

exchange of the halide ion in ECE-pincer metal halide compounds was employed.12,15,16 To this 

end, bromide complexes 5 and 6 were suspended with 0.5 equivalent of Ag2SO4 in water with 

protection from light (Scheme 1).17 To be able to isolate the pure bispincer metal complex sulfato 

salt the use of stoichiometric quantities of reagents is essential. Complexes 1 and 2 were obtained 

as yellow solids in 27 and 65% yield, respectively. For 1 extension of the reaction time to one 

week and the use of a rather dilute suspension in water appeared necessary to obtain the product. 

The driving forces of this reaction are the precipitation of AgBr as well as the solvation of the 

product. However, in the case of 1 we found that the complex is poorly soluble, which hampered 

its preparation and purification, resulting in a moderate isolated yield. In addition to the SCS-

pincer Pd-complexes, NCN-pincer Pd-complex 4 was prepared from 8 following the same 

synthetic procedure. The product was obtained as a white solid in 74% yield. Complex 3 was 

prepared as described.10 Elemental analysis of the complexes provided evidence for the presence 

of a single SO4 anion as well as the presence of two water molecules. 
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Scheme 1: Preparation of ECE-pincer Pd-complexes 1-4. i) 0.5 eq. of Ag2SO4, H2O. 

 
1H NMR spectra of solutions of 2, 3, and 4 in either D2O or acetone-d6 showed a signal resonance 

pattern in both solvents pointing to the presence of a single complex. Complex 2 showed a broad 

doublet (D2O, 4.06 ppm) for the benzylic protons indicating these to be diastereotopic as a result 

of the lack of an (apparent) molecular symmetry plane containing the benzylic carbon atoms. 

Complexes 3 and 4 dissolved in D2O both showed sharp singlets at 4.09 and 4.08 ppm for the 

benzylic protons, respectively. Complex 1 showed a singlet at 4.50 ppm for the benzylic protons 

in DMSO-d6, the only solvent in which the complex dissolves sufficiently for NMR analysis.  
 

X-ray crystal structures. Single crystals suitable for X-ray diffraction of complexes 3 and 4 

were obtained by slow evaporation of the solvents from a 9:1 (v/v) acetone-water mixture. Their 

molecular structures are presented in Figures 2 and 3, respectively. Selected bond distances, bond 

and torsion angles for these structures are listed in Table 1. 
 

 
 

Figure 2. Views of the molecular structure of 3 in the crystal. Displacement ellipsoids are drawn at the 

50% probability level. Co-crystallized water molecules and hydrogen atoms are omitted for clarity. Inset: 

View along the Pd…Pd vector. Symmetry operation a: 1-x, y, 0.5-z.  

 

Interestingly, complex 3 crystallizes as a neutral complex with the sulfato anion bridging two 

[Pd(SCS)]+-cations which are orientated on top of each other. As a result, the sulfato sulfur atom 

is located on an exact, crystallographic twofold axis. The tertiary butyl groups of each 

[Pd(SCS)]+-cation are directed towards the same side of the [Pd(SCS)]-coordination plane and 
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away form the side where the second [Pd(SCS)]+-cation is situated. As a result each [Pd(SCS)]+-

cation represents a meso-structure. Whereas Figure 2 might suggest that the structure has an 

additional molecular symmetry plane, the projection (see inset) along the Pd-Pd vector (Pd Pd 

interatom distance amounts to 3.1263(3) Å) clearly shows the presence of an angle between the 

two axes through the two O Pd Cipso vectors, which is approximately 37°. In addition, the two 

aromatic rings are not exactly parallel to each other but form an interplanar angle of 9.39(8)°. The 

interatomic distance between the two palladium atoms in complex 3 is rather short which could 

suggest the presence of a weak attractive interaction of the <pz|dz2> orbitals of the Pd atoms.18 

However, the fact that the [Pd(SCS)]
+
 coordination planes are tilted (interplanar angle of 

14.41(4)°), makes any interaction between the metal centers unlikely. The perpendicular 

centroid-to-ring distance between the phenyl rings amounts 3.675 Å, which points to the absence 

of significant attractive intramolecular -  interactions. 

Geometric parameters in each [Pd(SCS)] entity are similar as found in other SCS palladium 

complexes bearing alkyl substituents on the sulfur atoms.19 The Pd C bond distance is 

1.9708(16) Å and is within the range found in related structures (1.965-2.001 Å).10,20 The square 

planar geometry is slightly distorted to accommodate the short Pd C bond length. As a result, 

decreased C Pd S bond angles of 85.94(5)° and 85.87(5)° compared to the 90° angle between 

cis-ligands in an ideal square planar geometry are found. Puckering of the five-membered chelate 

rings is nearly absent, which is not unprecedented.19g,20d,21  

Complex 4 also crystallizes as a neutral sulfato bridged, dimeric organometallic Pd-complex. 

However, the mutual spatial arrangement of the [Pd(NCN)] cations differs drastically from that in 

3 (Figure 3). In 4, the [Pd(NCN)] entities are aligned along the same axis in opposite directions. 

The aromatic planes of the bridged pincer-metal moieties are nearly perpendicular to each other 

with an interplanar angle of 81.1° between the aromatic rings (inset of Figure 3).  
 

 
 

Figure 3. Views of the molecular structure of 4. Displacement ellipsoids are drawn at the 50% probability 

level. Co-crystallized water molecules are omitted for clarity. Inset shows a perpendicular view on one of 

the NCN-pincer palladium units in the molecule.  

 

The oxygen atoms O1 and O2 are bonded to the Pd atoms and have Pd O bond distances of both 

2.176(3) Å with Pd O S angles of 122.99(19)° and 121.13(18)°, respectively (2.097-2.212 Å in 

related structures with a Pd O bond).22,23b,h The sulfate moiety has S O bond distances of 
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1.487(4) and 1.489(3) Å for the palladium coordinated oxygen atoms and slightly shorter S O 

bond lengths for the uncoordinated oxygens (1.471(3) Å and 1.470(3) Å for S1 O3 and S1 O4, 

respectively). Bond distances and angles involving the pincer unit are of the same magnitude as 

found in similar NCN-pincer palladium complexes.20c,23 The Pd1 C11 bond distance is 1.913(5) 

Å (1.909-1.921 Å in reported structures).23 The deviation from a perfect square planar geometry 

around the Pd atom is illustrated by the C11 Pd1 N11 and C11 Pd1 N12 bond angles 

(82.30(17)° and 81.44(17)°, respectively). Comparing the bond distances involving the palladium 

atom of the organometallic entities of complex 3 and 4 it is clear that the bond distances of the 

N,C,N donor atoms to palladium in [Pd(NCN)] (4) are shorter than the S,C,S donor atoms in the 

[Pd(SCS)] entity. It is interesting to note that the Pd O bond in 4 is larger than the same bond in 

3, in spite of the fact that they both have a similar Cipso trans to the O(SO3) anion. This difference 

may be due to the fact that the palladium atom in [Pd(NCN)] is embedded in a markedly more 

compact coordination environment than in [Pd(SCS)] (3). 
 

Table 1: Selected bond distances (Å) and bond angles (deg).  

Bond distances for 3 Bond distances for 4 

Pd1  C1 1.9708(16) Pd1  C1 1.913(5) 

Pd1  S1 2.3067(4) Pd1  N11 2.097(4) 

Pd1  S2 2.3163(4) Pd1  N12 2.103(3) 

Pd1  O1 2.1308(12) Pd1  O1  2.176(3)  

S1  C7 1.8186(17) N11  C17 1.520(6) 

S3  O1 1.4940(13) S1  O1 1.487(4) 

S3  O2 1.4570(13) S1  O3 1.471(3) 

Pd1  Pd1a 3.1263(3)   

Bond angles for 3 Bond angles for 4 

C1  Pd1  S1 85.84(5) C11  Pd1  N11 82.30(17) 

C1  Pd1  S2 85.94(5) C11  Pd1  N12 81.44(17) 

C1  Pd1  O1 178.58(6) C11  Pd1  O1 173.25(17) 

S1  Pd1  S1 171.801(15) N11  Pd1  N12 163.69(15) 

Pd1  O1  S3 128.30(7) Pd1  O1  S1 122.99(19) 

O1  S3  O2 107.99(7) O1  S1  O2 107.05(19) 

Out of plane C7 -0.1964(8) Out of plane C17 0.459(5) 

 C8  0.039(2)  C110 0.620(5) 
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Hydrogen bonds in the structures. Water as lattice solvent is present in the crystals of both 3 

and 4. In 3 the sulfate oxygen O2 accepts a single hydrogen bond from water molecule O3. The 

second hydrogen atom of water O3 is disordered over two positions and is the donor of a 

hydrogen bond to the symmetry related water O3c (Figure 4, Table 2).  
 

 
 

Figure 4. Displacement ellipsoids are drawn at the 50% probability level. Hydrogen bonding to 3 by two 

water molecules. All C H hydrogens and carbons are omitted for clarity. One of the hydrogen atoms in 

the water molecule is positionally disordered; only one of the positions is shown. 

 

Table 2: Selected hydrogen bond lengths (Å) and angles (deg) for complex 3. Symmetry 

operation c: 1-x, y, 1/2-z. 

Donor – H ··· Acceptor D – H H ··· A D ··· A D – H ··· A 

O3  H10 … O2 0.97 1.83 2.774(3) 166 

O3  H20 … O3c 0.97 2.15 3.020(4) 147 

 

The asymmetric cell of 4 contains one molecule of 4 and six water molecules (Figure 5). The 

hydrogen-bonded water molecules and the non-coordinated oxygen atoms of the bridging sulfato 

ligand form two-dimensional sheets aligned in the crystallographic a,c plane (Figure 6, showing 

the a,b plane). The same hydrogen bonding motif can be found in 3, i.e. two water molecules that 

are hydrogen bonded to the non-coordinated S=O oxygen atoms forming an eight membered ring. 

Each sulfate accepts five moderately strong hydrogen bonds from five water molecules 

surrounding the sulfate moiety. The oxygen atoms coordinated to a Pd atom, O1 and O2, also 

accept one hydrogen bond from a water molecule, which are the relatively weakest among the 

hydrogen bonds (O31…O1 length is 2.884(5) Å and O32…O2 is 2.839(5) Å, see Table 3). 

Noteworthy is the strong hydrogen interaction H32…O35, indicated by the short O32…O35 bond 

(2.679(6) Å), which seems to compensate for the weaker hydrogen bond involving the O32 water 

atom (O32…O2). The sixth water molecule is solely hydrogen bonded to other water molecules 

(O36) and is bridging the water molecules (O32 and O31) that are hydrogen bonded to the 

sulfates creating the two-dimensional sheets mentioned above. All the hydrogen bonds suggest a 

moderate to strong hydrogen bonding network of water molecules around the sulfato ligand, a 

property known for sulfato-metal containing compounds.24 It must be noted that elemental 
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analysis of 4 revealed the presence of only two equivalents of water molecules instead of the six 

found in the crystal structure. The sample, however, was prepared for analysis by exposure to 

high vacuum (2.0·10-7 mbar) at room temperature overnight. The fact that still two water 

molecules remained shows their strong binding.  

 

 
 

Figure 5. Hydrogen bonding around the bridging sulfato ligand in 4. The C H hydrogen atoms are 

omitted for clarity. 
 

 
 

Figure 6. View of the a,b face of the infinite network hydrogen bonding in the crystal of 4, forming  two-

dimensional sheets containing water molecules and sulfates. The C H hydrogen atoms are omitted for 

clarity. 
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Table 3: Selected hydrogen bond lengths (Å) and angles (deg) for 4a. Symmetry operation d, e 

and f: +x, - y, +z. Symmetry operation g: 1+x, y, z. 

Donor – H ··· Acceptor D – H H ··· A D ··· A D – H ··· A 

O31  H31a … O1 0.95 1.94 2.884(5) 173 

O31  H31b … O36 0.95 1.81 2.763(6) 172 

O32  H32a … O2 0.95 1.89 2.839(5) 172 

O32  H32b … O35d 0.95 1.73 2.679(6) 176 

O33  H33a … O3 0.95 1.84 2.789(6) 173 

O33  H33b … O35e 0.95 1.84 2.790(6) 170 

O34  H34a … O4 0.95 1.87 2.821(6) 172 

O34  H34b … O33 0.95 1.86 2.816(6) 177 

O35  H35a … O4 0.96 1.89 2.829(4) 165 

O35  H35b … O31 0.95 1.92 2.871(6) 174 

O36  H36a … O34f 0.96 1.83 2.781(6) 171 

O36  H36b … O32c 0.95 1.82 2.760(6) 170 
a All hydrogen atoms are in calculated positions. 

 

Vibrational spectroscopy. The various coordination modes of the sulfato groups in metal 

complexes can be distinguished by the fact that the symmetry of the free sulfate anion is reduced 

when it is mono- or bidentate coordinated to a metal, giving rise to a different number and type of 

vibrations in IR and Raman spectra (Table 4).25 For instance, the triply degenerated S=O 

asymmetric stretching mode ( 3(F2) ~1105 cm-1) of the Td symmetric free anion splits into two 

bands (A1 and E) when mono-coordinated to a metal ion according to the selection rules for 

compounds of the point group symmetry C3v, while in C2v symmetric, bidentate coordinated 

sulfates the same vibration splits into three new ones (A1, B1 and B2).
25 In addition, the symmetric 

S–O stretching mode ( 1(A1) ~983 cm-1), which is only active in Raman for uncoordinated sulfate 

anions, shifts in energy upon coordination to a metal and becomes active in both IR and Raman 

for the coordinated sulfates.25 Hence, the presence of a strong IR band between 990-950 cm-1 

indicates a coordinated sulfate anion and the absence of a signal at 1110-1090 cm-1 points 

towards the absence of uncoordinated sulfates. 

IR (ATR, solid) and Raman spectra (solid state as well as in aqueous solution) of complexes 1-4 

were recorded. The SO4 vibrations were assigned by subtraction of the spectra of the 

corresponding precursor complexes (5-8). The assigned vibrations are listed in Table 5 and 6.  
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Table 4. Correlation table between Td, C3v and C2v and the activities of SO4 vibrations.25 

Coordination mode 

SO4 

Symmetry 
Vibration (irreducible representation)  

[Activity],a  (cm-1) 

Monodentate 

O

S

O

O O

M

 

C3v 
b 

 
1(A1) 

[IR, R] 
4(E) 

[IR, R] 
2(A1) 

[IR, R] 

  
 

 

Free ion 

SO4
-2  

Td 
3(F2) [IR, R], 

1105 (S=O) 
1(A1) [R],  

983 (S–O) 

  
 

 

Bridging 

O

S

O

O O

M M O

S

O

O O

M M

or

 
or chelating 
O

S

O

O O

M

 

C2v 
b 1(A1) 

[IR, R] 
6(B1) 

[IR, R] 
8(B2) 

[IR, R] 
2(A1) 

[IR, R] 

a) IR= Infrared active, R= Raman active. b) vibrations for the C3v and C2v symmetric sulfato ligands can 

vary depending on the metal and metal ligand system. 

 

The solid state IR spectrum of 1 (entry 1, Table 5) showed a strong band between 960-946 cm-1 

( 2(A1)) originating from a coordinated sulfate moiety. Two more strong bands are observed, at 

1196 and 1105 cm-1, belonging to a monodentate-coordinating sulfate ligand. Solid state Raman 

spectroscopy showed similar S=O and S–O vibration bands, though with much weaker 

intensities. Generally, sulfate S=O and S–O vibrations appear much weaker in the Raman spectra 

than in IR spectra, where these groups show strong bands.26  

In the case of [(Pd(MeSCS))2(µ2-SO4)] (2), a strong IR signal was observed at 990 cm-1, 

accompanied by three more bands belonging to a C2v bidentate-coordinating sulfate ligand. The 

Raman (see Table 5) vibrations were in agreement with those found in the solid state IR 

spectrum. The IR frequencies for chelating sulfate ligands are higher than for the same bands in 

bridging complexes of similar types of molecules.30 The spectroscopic data of 2 point to bidentate 

coordination mode of the sulfate ion, however, it not possible to distinguish between bridging and 

chelating sulfate coordination modes because no comparison with an unambiguously confirmed 

structure of 2 (e.g. by X-ray diffraction analysis) can be made. The additional presence of also 

free SO4
2- anions and [Pd(MeSCS)(H2O)]+ in the sample was confirmed by the observation of two 

bands around 1100 cm-1, at 1105 and 1088 cm-1, which can be assigned to free sulfate anions.  

The infrared spectrum of the crystals used for the X-ray crystal structure determination of 3 

(entry 4 – Table 6) unambiguously reveals the binding mode of the SO4 group. The 3 vibration 
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mode gives rise to three bands at 1232, 1050 and 1017 cm-1 which corresponds to a bidentate 

bridging coordination mode of the sulfate ligand with C2v symmetry. Moreover, the 2(A1) mode 

appears strongly at 956 cm-1, confirming the presence of a palladium coordinated sulfate anion. 

The position of the bands in the infrared for 3 corroborate with those observed in its Raman 

spectrum. Four well defined peaks at 1254 ( 1(A1)), 1067 ( 6(B1)) and 1014 ( 8(B2)) cm-1 and 951 

cm-1 for 2(A1) were observed. Indications for the presence of structures with free sulfate anions 

were not detected (see Table 6, no peaks at 983 and 1105 cm-1). The infrared spectrum of 

[(Pd(tBuSCS))2(µ2-SO4)]·2H2O (3) which was obtained after solvent evaporation in vacuo showed 

different vibration bands (entry 3 – Table 6) from the spectra obtained from recrystallized 3. In 

this case, peaks corresponding to the presence of various sulfato compounds were detected in the 

sample. Vibrations of Td and C2v as well as a C3v (major) symmetric sulfate compound were 

found. In the Raman spectrum only Td and C3v peaks could be observed since the pincer skeleton 

signals were stronger and in some cases overlapping.  

 

Table 5. Selected infrared bands (cm-1)a of complexes 1-4 including literature examples. 

Entry Complex Symmetry 3(SO4) 1(SO4) 

1 1b C2v or C3v 1196m 1104s  960-946s 

2 2b C2v, Td 1177m 1105s, 1088s 1012m 990s 

3 3b C2v, C3v, Td 
1236w, 

1161s 
1105m, 1046w 1028s 973m 

4 3c 
C2v 

bridging 
1232s 1050m 1017s 956s 

5 4b C2v, Td  1168m 1090m, 1052m 1019s 964w 

6d [Pd(SO4)(H2O)(NH3)2] 
C3v 

monodentate 
 1140-1110 1050-1030 970 

8e 
[{Ni( 3-NCN)}2(µ-

SO4)] 

C2v 

bridging  
1190 1105 1020 970 

9f [Pd( 2-SO4)(dppp)] 
C2v 

Chelating 
1235 1099  900-850 

 a Solid state. IR intensities: s = strong, m = medium, w = weak. b Samples measured from products 

obtained after work-up. c Sample measured from crystals used for X-ray diffraction analysis.d reference 

30. e reference 16. f Structure was confirmed with X-ray diffraction analysis, see ref 22. 

 

Complex [(Pd(NCN))2(µ2-SO4)] (4) was also measured to examine the structure prior to 

recrystallization.27 The IR spectrum shows the presence of the characteristic pattern of a bidentate 

bridging sulfate ligand as the major component (signal at 964 cm-1 and strong to medium signals 
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at 1168, 1051 and 1019 cm-1). Furthermore, a band with medium intensity at 1102-1090 cm-1 also 

reveals the presence of free sulfate anions in the sample. In the Raman spectrum (solid) of 4 a 

medium strong vibration at 960 cm-1 and two weak signals at 1142 and 1097 cm-1 were found, 

again in line with the view of compounds with coordinated and free sulfates. The Raman spectra 

of complexes 2-4 dissolved in water all showed a signal at 979 cm-1 corresponding to an 

uncoordinated sulfate (1 is very poorly soluble in water). For example, when dissolving 3 in 

water, the vibration at 960 cm-1 became weaker compared to the solid state Raman spectrum and 

a signal at 979 cm-1 appeared, indicating the formation of free sulfate ions and as a consequence 

the pincer aqua complexes. 

 

Table 6. Selected SO4 Raman bands (cm-1)a of complexes 1-4. 

Entry Complex Symmetry 3(SO4) 1(SO4) 

1 1 C2v or C3v 1203w 1102w  968w 

2 2 C2v, Td 1189m 1089m   957w 

3 2 (aq) Td    979m 

4 3 C2v, C3v, Td 1163m  1030m 971m  

5 3 (aq) Td    
979m 

 

6 3 
C2v 

bridging 
1232m 1067m 1014m 951m 

7 4 C2v, Td 1182w  1097w  960w 

8 4 (aq) Td    979s 

a Solid state. Raman intensities: s = strong, m = medium, w = weak.  

 

The structures of 3 and 4 in the solid state revealed the presence of co-crystallized water 

molecules in H-bonding networks. The IR spectra of 1-4 confirmed that water is indeed present 

in all products. For [(Pd(PhSCS))2(µ2-SO4)] 1 a broad peak was observed at 3625 cm-1 and 3428 

cm-1, while [(Pd(MeSCS))2(µ2-SO4)] 2 showed four different O H vibrations at 3519, 3389, 3291 

and 3190 cm-1. For 3 three clear signals were observed at 3630, 3397, 3230 cm-1. For the crystals 

of 3 only a weak very broad signal between 3400-3100 cm-1 was observed. Complex 4 showed 

five distinct O–H vibrations at 3656, 3554, 3408, 3291 and 3170 cm-1.  

 

Catalytic activity in C–C Suzuki-Miyaura cross-coupling. The catalytic activities of 

complexes 2-4 in the Suzuki reaction of sodium tetraphenylborate and 3-iodobenzoic acid were 

tested using 0.5 mol % of the complexes in a NaHCO3 buffered solution of pH 9.0. Under these 

conditions 1 is insoluble and was therefore not tested. A blank reaction was also performed, using 
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Ag2SO4 in order to determine whether traces of silver salts could have any effect on the reaction. 

In order to have a better compatibility with the conditions under which most lipases are stable 

(see Chapter 2), we performed the reactions at 25 °C. The results are presented in the graph in 

Table 7 and Figure 8. The results show activities for the complexes with turnover numbers 

(TON) in similar order of magnitude. 

 

Table 7. Catalytic reaction of 3-iodobenzoic acid and sodium tetraphenylborate in aqueous 

solution at pH 9.0.a 

Cat. (E) Time (h) Conversion (%) 

2 (SMe) 1 58 

3 (StBu) 1 55 

4 (NMe2) 1 19 

a Conditions: catalyst 2-4 (0.5 mol %), 3-iodobenzoic (100 mmol), NaBPh4 (25 mmol), NaHCO3/NaOH 

buffer (1 M, pH 9.0), 25º C. 

 
Figure 8. Formation of 3-phenylbenzoic acid in the [Pd(ECE-pincer)(H2O)]2(SO4) catalyzed Suzuki cross-

coupling reaction of 3-iodobenzoic acid and sodium tetraphenylborate in water at pH 9.0. Conditions: 

catalyst 2 ( ), 3 ( ) or 4 ( ) (0.5 mol %), 3-iodobenzoic (100 mmol), NaBPh4 (25 mmol), NaHCO3/NaOH 

buffer (1 M, pH 9.0), 25 ºC. AgSO4 ( ) (2 mol %). 

 
 

5.3  Discussion 

Crystal and molecular structures of 3 and 4. To the best of our knowledge, there are no crystal 

structures of neutral organometallic sulfato palladium complexes reported in the Cambridge 

Structural Database (CSD). Though various structures with a sulfate ligand coordinated to a 

group 10 metal center are known (platinum and nickel), only one report comprises a crystal 

structure, i.e. of the platinum(IV) species [(PtMe3(H2O)2)2-(µ2-SO4)].
28 The only two structures 

which are related to 3 and 4 are the ionic terpyridine palladium(II) sulfate compound 
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[Pd(SO4)(terpy)], prepared by Woodward,29 and the complex [Pd( 2-SO4)(dppp)] published by 

Cavinato.22 In case of the terpyridine complex, the sulfate anion is 1-O bonded and has a slightly 

shorter Pd–O bond 2.00 Å as compared to complexes 3 and 4 (2.1308(12) Å for 3 and 2.176(3) Å 

for 4), which both have a bridge bonded sulfate ligand. The complex [Pd( 2-SO4)(dppp)] is a 

bidentate chelate bonded sulfate complex with Pd O bond lengths of 2.093 and 2.097 Å.  

The absence of a hydrogen bond network in the crystals of 3 can be understood by examining the 

crystal packing of the structure. The crystal structure of 3 contains alternating orientations of sets 

of two complexes above each other in opposite directions (Figure 7). The tertiary butyl groups 

are pointing towards each other forming ‘hydrophobic areas’ in the crystals. With this orientation 

of the tertiary butyl groups the molecules fit on top of each other, facilitating the U-shaped 

conformation of layers of the complexes in the crystals. These ‘hydrophobic areas’ are preventing 

the binding of more water molecules by means of hydrogen bonding than the two water 

molecules observed to bind per dinuclear molecule. In the case of [(Pd(NCN))2(µ2-SO4)] 4, a U-

shaped type structure is not feasible since the two methyl groups on each nitrogen atom are 

pointing in axial and equatorial directions, respectively. This orientation in a U-shaped type 

structure would result in significant steric hindrance between the NMe2 groupings of the two 

pincer moieties of the same molecule.  

 

Figure 7. Crystal packing of 3. Hydrogens are omitted for clarity. 

 

IR and Raman spectroscopy. Characterization and study of the nature of the binding of sulfate 

anions in both organic and organometallic sulfate compounds is important because the physico-

chemical, chemical and biological properties of sulfate compounds often are related to the 

binding mode of the SO4
2- anion. The binding to the metal ions, i.e. either monodentate, 

bidentate, chelating or bridging, has been extensively studied by IR and Raman spectroscopy.30-33 

Although correct assignment of the coordination mode and symmetry is possible using these 

techniques, the transmittance window of the solvent and, in most of cases, the overlap of many 

different vibration bands in the molecule are commonly encountered problems that complicate 

the assignment of SO4 vibrations. So far, just a few of metal sulfate complexes have also been 
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successfully subjected to IR or Raman analysis, which provided full proof of the expected 

vibration frequency related to the actual SO4-symmetries. The results reported in the present 

chapter for bridging sulfates, the palladium sulfato complex with a chelate bonded SO4 anion22 

and the palladium sulfato terpyridine complex with a monodentate bonded SO4 anion29 are the 

only examples for which IR and Raman analysis of the various sulfato-Pd interaction in the solid 

state have been confirmed by X-ray structure analysis.  

However, in solution an entirely different situation has been encountered. Whereas the 

coordination mode of the SO4 moiety in 4 of crystallized material (determined by X-ray 

diffraction spectroscopy) was in agreement with the measured infrared and Raman spectroscopic 

data, complexes 1, 2, 3 and 4 obtained after evaporation of the solvent contained various 

compounds according to IR and Raman spectra. It seemed that upon slow recrystallization the 

products are obtained as complexes with bidentate sulfato ligands. However, when the solvent is 

rapidly removed in vacuo all three structures, i.e. aqua complex and free sulfate (Td), mono-

coordinated sulfato (C3v) and bidentate sulfato compounds (C2v), are present. These results 

suggest that during this process an equilibrium involving exchange between sulfate-to-metal and 

water-to-metal exchange is occurring (cf. Scheme 2). Once obtained as a neutral complex, the 

complex hydrates poorly. This was observed upon redissolving a sample of crystallized 4 in 

water, which required grinding of the crystals and heating. This is in striking contrast to the 

excellent water solubility of the non-crystallized products, which is ascribed to the ionic character 

of these products and probably is aided by the high extent of hydrogen bonded water molecules 

in the sample. Once completely hydrated and subsequently dissolved in water, the equilibrium 

eventually shifts to the solvent separated ion pair, i.e. the aqua ECE-pincer palladium cations and 

free sulfate anions. This was confirmed by the Raman analysis of 2, 3 and 4 dissolved in water, 

which showed the presence of aqua complexes, as indicated by a medium strong band at 979 cm-1 

originating from a free sulfate anion.  
  

[Pd(NCN)(H2O)]2(SO4)              (Td)

[Pd(NCN)(H2O)]+ + [Pd(NCN)(SO4)]-   (C3v)

[Pd(NCN)(SO4)]2               (C2v)

+ H2OH2O-

+ H2OH2O-

 

Scheme 2. Equilibria between the three coordination modes of the sulfate anion. 

 

Catalysis. In general the relatively harsh conditions required for organic transformations are 

often incompatible with the stability and reactivity of bioscaffolds. The advantage of the use of 

ECE-pincer palladium complexes as precatalysts in the Suzuki reaction is that the reactions can 

be performed in a moist atmosphere and under reaction conditions that are compatible with the 
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thermal stability of for example lipases. The results of our preliminary catalytic studies show that 

reactions can be performed in water under mild conditions (room temperature, basic water at pH 

9.0). The activity of 2-4 as precatalysts are of similar order of magnitude. However, a small but 

interesting reactivity difference can be noted. Complex 3 (E = StBu) shows a slightly lower 

activity compared to the other two complexes 2 (E = SMe) and 4 (E = NMe2). Watanabe and co-

workers observed a similar trend when complexes 3 (E = StBu) and [Pd(iPrSCS)(H2O)]2·SO4 were 

used as precatalyst in the same reaction.10b In their case the complex with the smaller SiPr 

substituents (E = SiPr) reveals a higher activity (13% higher) and, according to the authors, this 

arise from steric effects. This information can be of importance for the choice of the ECE-pincer 

metal head group in the lipase-ECE-pincer metal hybrid described in Chapter 2 for application of 

such hybrids as catalysts.  

 

 

5.4  Conclusions 

The present studies shows that the coordination mode of sulfate anions to ECE-pincer metal 

cations can have a large effect on the solubility properties of the resulting complexes, depending 

on the purification and isolation methods applied. X-ray crystal structures of organometallic 

palladium sulfate complexes were obtained in which the sulfate anion is bridging the Pd centers 

in a 2-O,O’ fashion. IR and Raman spectroscopy could be successfully used for the elucidation 

of the binding mode of the sulfate anion with cationic ECE-pincer palladium groups, either in 

monodentate or in bidentate coordinating mode. Our preliminary studies on the catalytic activity 

of the ECE-pincer palladium sulfate complexes in the Suzuki reaction between 3-phenylbenzoic 

acid and sodium tetraphenylborate have shown that these precatalysts are active in water (pH 9) 

at room temperature. These conditions are compatible with bioscaffolds such as thermally labile 

lipases. Studies on catalytic applications of ECE-pincer precatalysts embedded in lipases are 

currently under way in our laboratory. 

 

 

5.5  Experimental Section 

General. All reactions were performed in air. Water necessary (18.2 M cm) for the preparation of pincer 

sulfato Pd-complexes was obtained from the Milli-Q Synthesis system (Millipore; Quantum Ultrapure). 

The complexes 5-817,34,35 and 310 were synthesized according to literature procedures. All other chemicals 

were obtained commercially and were used without further purification. NMR spectra were recorded at 

298 K on a Varian Inova 300 spectrometer and the chemical shifts were referenced to residual solvent 

resonances (ppm). IR spectra were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer. Raman 

spectra of solids were recorded on a Perkin Elmer 2000 FT-Raman spectrometer (excitation wavelength 

1064 nm) and of aqueous solution on a Kaise RXN 532 dispersive instrument. Elemental analyses were 

performed by Dornis and Kolbe, Mikroanalytisches Laboratorium (Müllheim a/d Ruhr, Germany).  

 [(Pd-C6H2(CH2SPh)2-2,6)2(µ 2-SO4)]·(H2O)2 (1): Complex 5 (304.6 mg, 0.66 mmol)) was suspended in a 

solution of Ag2SO4 (102.5 mg, 0.33 mmol) in distilled water (150 ml) and stirred for 1 week with 
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protection from daylight. The reaction mixture was filtrated through a short pad of Celite, the residue 

washed with distilled water (2  100 mL) and the filtrate concentrated in vacuo. The complex was 

dissolved in 500 ml of acetone and filtrated again to assure complete removal of AgCl and Ag2SO4 traces. 

Yield: 88 mg (27 %). 1H NMR (300 MHz, DMSO-d6):  7.87 (d, ArH, 4H, 3JHH = 7.80 Hz), 7.36 (s, ArH, 

6H), 6.95 (t, ArH, 1H, 3JHH = 7.47 Hz), 6.88 (d, ArH, 2H, 3JHH = 7.07 Hz), 4.50 (s, CH2, 4H). 13C NMR 

(DMSO-d6):  154.20 (s, ArCPd), 151.27 (ArCCH2), 133.42, 131.19, 130.04, 129.73, 125.30, 123.23 (s, 

ArC), 47.64 (s, CH2). Anal. Calcd. For C40H34O4Pd2S5·2H2O: C, 48.63; H, 3.88; S, 16.23. Found: C, 48.55; 

H, 3.81; S, 16.12. IR (cm-1, solid (powder form)): 1196s 1(A1), 1104s 6(B1), 960s-946 2(A1) (SO4). 

Raman (cm-1, solid state): 1203w 1(A1) C2v or 1(A1) C3v, 1102w 6(B1) C2v or 4(E) C3v, 968w 2(A1) (SO4). 

 

[(Pd-C6H2(CH2SMe)2-2,6)2(µ 2-SO4)]·(H2O)2 (2): Complex 6 (90.0 mg, 0.23 mmol)) was suspended in a 

solution of Ag2SO4 (36.6 mg, 0.12 mmol) in distilled water (21 ml) and stirred for 24 h with protection 

from daylight. The reaction mixture was filtrated through a short pad of Celite. The residue was washed 

with distilled water and the filtrate concentrated in vacuo. The complex was dissolved in acetone and 

filtrated again to assure complete removal of AgCl and Ag2SO4 traces. After removing the water under 

reduced pressure a yellowish solid was obtained. Yield: 56.0 mg (65 %).  1H NMR (300 MHz, 0.4 ml 

acetone-d6 and 2 drops of D2O):  6.92 (s, ArH, 3H), 4.27 (bs, CH2S, 4H), 2.85 (s, SMe, 6H). 13C NMR 

(0.4 ml of acetone-d6 and 2 drops of D2O):  151.57 (s, ArCPd), 150.31 (s, ArCCH2), 124.86, 122.86 (s, 

ArC), 46.43 (s, CH2), 22.37 (s, NMe2). Anal. Calcd. For C20H26O4Pd2S5·2H2O: C, 32.48; H, 4.09. Found: 

C, 32.56; H, 3.97. IR (cm-1, solid (powder form)): 3519w, 3389m, 3291w, 3189w (H20); 1177s 1(A1), 1106s 

6(B1) C2v, 1088s 3(F2) Td, 1012m 8(B2), 990S 2(A1) C2v or 1(A1) Td (SO4),  884w (Pd-H2O). Raman (cm-1, 

solid state): 1189m 1(A1) C2v, 957w 2(A1) (SO4). Raman (cm-1, aqueous solution): 979m 1(A1) Td (SO4). 

 

 [(Pd-C6H2(CH2S
tBu)2-2,6)2(µ 2-SO4)]·(H2O)2 (3): This complex was prepared as reported by Watanabe 

and co-workers.10 Yellow block-shaped crystals suitable for X-ray analysis were obtained by slow solvent 

evaporation from a 9:1 acetone:water solution containing the complex. IR (cm-1, crystal): 1232s 1(A1), 

1050s 6(B1), 1017s 8(B2), 956S 2(A1). Raman (cm-1, crystal): 1232s 1(A1), 1067s 6(B1), 1014s 8(B2), 

951S 2(A1). IR (cm-1, solid (powder form)): 3399w (H2O), 1236w, 1161s, 1046s , 1028s (SO4), 875w (Pd-

H2O). 

 

[(Pd-C6H2(CH2NMe2)2-2,6)2(µ 2-SO4)]·(H2O)2 (4): The same procedure as for 2 was applied using 

complex 8 (125.1 mg, 0.36 mmol), Ag2SO4 (55.6 mg, 0.18 mmol), distilled water (26 ml). Colorless 

block-shaped crystals suitable for X-ray analysis were obtained by slow solvent evaporation from a 9:1 

acetone:water solution containing the complex. Yield: 85.0 mg (74 %). 1H NMR (300 MHz, acetone-d6):  

6.92 (t, ArH, 1H, 3JHH = 6.90 Hz), 6.75 (d, ArH, 2H, 3JHH = 7.2 Hz), 3.99 (s, CH2NMe2, 4H), 2.98 (s, 

NMe2, 12H), 2.86 (s, H2O, 2H). 13C NMR (acetone-d6):  153.57 (s, ArCPd), 146.08 (s, ArCCH2), 124.18, 

119.52 (s, ArC), 74.14 (s, CH2), 51.64 (s, NMe2). Anal. Calcd. For C24H38N4O4Pd2S·2H2O: C, 39.62; H, 

5.82; N, 7.70; S, 4.41. Found: C, 39.78; H, 5.76; N, 7.59; S, 4.48. IR (cm-1, solid (powder form)): 3655w, 

3554m, 3408w, 3291w, 3170w, 1644w (H20); 1168s 1(A1), 1090s 3(F2) Td, 1050m 6(B1) C2v, 1019s 8(B2), 

964s 2(A1) C2v (SO4), 843w (Pd-H2O). Raman (cm-1, powder): 960w 1(A1) (SO4). Raman (cm-1, aqueous 

solution): 957m 1(A1) (SO4). 

 Procedure for the C-C Suzuki-Miyaura Reaction. In a typical reaction, a solution of 3-iodobenzene 

(124 mg, 500 µmol) and NaBPh4 (42.8 mg, 100 µmol) in a NaHCO3/NaOH buffer (5 mL, 1 M, pH 9.0) 
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was prepared. A solution of the catalyst (5 mM, 1 mol % Pd, 500 µL) was added and the reaction mixture 

stirred at room temperature. Samples were taken every hour and analyzed by 1H NMR. Conversions were 

determined based on the product and 3-benzioc acid signals in the proton spectrum. Samples were 

prepared by addition of 4 M HCl to neutralize the mixture and to quench the reaction. The solvent was 

removed in vacuo and the products were dissolved in acetone-d6 for analysis. 

 

X-ray crystal structure determinations 

X-ray intensities were measured on a Nonius Kappa CCD diffractometer with rotating anode (graphite 

monochromator,  = 0.71073 Å) up to a resolution of (sin / )max = 0.65 Å-1 at a temperature of 150 K. 

The structures were solved with automated Patterson methods (program DIRDIF-9936) and refined with 

SHELXL-9737 against F2 of all reflections. Non-hydrogen atoms were refined with anisotropic 

displacement parameters. Geometry calculations and checking for higher symmetry was performed with 

the PLATON  program.38 

Complex 3: C32H50O4Pd2S5 · 2H2O, Fw = 907.85, yellowish plate, 0.45 x 0.24 x 0.15 mm3, monoclinic, 

C2/c (no. 15), a = 15.5104(6), b = 14.0482(6), c = 17.2217(13) Å,  = 101.700(5)°, V = 3674.5(4) Å3, Z = 

4, Dx = 1.641 g/cm3, µ = 1.30 mm-1. 35292 Reflections were measured. An absorption correction based on 

multiple measured reflections was applied (0.67-0.82 correction range). 4226 Reflections were unique 

(Rint = 0.0217). All hydrogen atoms were located in the difference Fourier map. One hydrogen atom of the 

uncoordinated water molecule was disordered over two positions. The hydrogen atoms of the water 

molecule were kept fixed on their located positions and all other hydrogen atoms were refined with a 

riding model. 210 Parameters were refined with no restraints. R1/wR2 [I > 2 (I)]: 0.0191/0.0447. R1/wR2 

[all refl.]: 0.0242/0.0464. S = 1.053. Residual electron density between -0.44 and 0.42 e/Å3.  

Compound 4: C24H38N4O4Pd2S · 6H2O, Fw = 799.54, yellow plate, 0.51 x 0.42 x 0.18 mm3, monoclinic, 

Cc (no. 9), a = 8.9056(3), b = 24.7652(5), c = 15.04568(13) Å,  = 91.169(1)°, V = 3317.61(13) Å3, Z = 4, 

Dx = 1.601 g/cm3, µ = 1.20 mm-1. 36548 Reflections were measured. The crystal appeared to be non-

merohedrally twinned with a twofold rotation about the reciprocal a* axis as twin operation. The 

intensities were integrated using an accurate description of the experimental setup and taking the twin 

relationship into account.39 No absorption correction was applied. 12407 Reflections were unique (Rint = 

0.0879). The structure was refined with a HKLF5 twin refinement.40 Non-hydrogen atoms were refined 

with anisotropic displacement parameters. All hydrogen atoms of the metal complex and of the 

uncoordinated water molecules were introduced in calculated positions. The hydrogen atoms of the water 

molecule were kept fixed during the refinement and all other hydrogen atoms were refined with a riding 

model. 379 Parameters were refined with 2 restraints. R1/wR2 [I > 2 (I)]: 0.0378/0.1118. R1/wR2 [all 

refl.]: 0.0385/0.1125. S = 1.088. The twin fraction refined to 0.5227(6). The Flack parameter41 was 

determined as x = -0.03(3). Residual electron density between -1.16 and 0.85 e/Å3.  
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Addendum 
 

 

Binding between NCN-Pincer Platinum(II) Cations and  

p-Nitrophenolate Anions in Basic Aqueous Media 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract. The interaction of p-nitrophenol with the organometallic complex [PtCl(NCN)] in a 

basic aqueous solution (pH 8.0) has been studied using UV-Vis spectroscopy. Under these 

conditions the model compound [Pt(OC6H4-4-NO2)(NCN)] (NCN = [C6H3(CH2NMe2)2-2,6] ) 1 

slowly releases its p-nitrophenol moiety, which was demonstrated by the gradual increase of 

absorbance at 400 nm measured at a 100 µM concentration level. Formation of 1, starting from p-

nitrophenol and [PtCl(NCN)] in basic aqueous solution does not occur. The geometry of 1 was 

confirmed by an X-ray crystal structure determination. 
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6.1  Introduction 

Recently we reported the attachment of organometallic ECE-pincer metal fragments to lipases 

using p-nitrophenyl phosphonate ester substituents as inhibitors (Scheme 1).1 As a result of the 

inhibition reaction the p-nitrophenyl phosphonate ester group releases an equivalent amount of p-

nitrophenolate anions, resulting in an increase of the wavelength and intensities of the absorption 

bands of the p-nitrophenolate moiety in the UV-Vis spectrum.2 Of analytical interest is the K-

band (    transitions), which ends up at 400 nm, allowing facile quantification of the 

nitrophenolate anion. Hence, this also allows monitoring of any subsequent reaction the p-

nitrophenolate anion might undergo, for example with the NCN-pincer platinum(II) chloride 

moiety. In fact, such subsequent reactions could influence the outcome of the quantification of 

the release of the p-nitrophenolate moiety.  
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Scheme 1. Reaction of p-nitrophenyl phosphonate tethered pincer metal complexes with lipases. 

(Mechanism of this reaction is presented in Chapter 1, Figure 50) 

 

Recent studies have shown that at low concentrations of [PtCl(NCN)] (25 µM) in basic aqueous 

media in the presence of large excess of chloride ions the halide ligand can still be replaced by a 

pyridine ligand.3 In addition, for corresponding NCN-pincer Pd complexes similar reactions (i.e. 

replacement of the halide ligand by a phenolate moiety in methanol) have been reported.4 Here, 

we have studied the reaction of p-nitrophenolate anions with [PtCl(NCN)] as a model pincer. In 

addition, we studied the behavior of [Pt(OC6H4-4-NO2)(NCN)] 1, which was prepared 

independently,  in buffered aqueous solutions by UV-Vis and NMR spectroscopy.  
 

 

6.2  Results 

Synthesis. For the synthesis of 1 a new route has been applied that recently has been developed 

in our laboratory.5 This method circumvents the use of silver salts and avoids possible 

complications during separation of silver traces from the product. The method entails the use of a 

phenolate (or thiophenolate) alkali salt for the direct substitution of the halide anion and is based 

on the same principle as the reaction applying silver compounds, i.e. the insolubility of the 

formed alkali halogen salt.  
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Scheme 2. Synthesis of an NCN-pincer nitrophenolate complex 1. 

 

The NCN-pincer platinum phenolate 1 was prepared by reacting potassium p-nitrophenolate with 

the NCN-pincer platinum chloride complex [PtCl(NCN)] during 16 h at room temperature in 

acetone (Scheme 2). The product has been isolated as an intense yellow colored powder and is 

stable to air and atmospheric moisture. The 1H NMR spectrum of 1 dissolved in acetone-d6 

showed a shift to lower frequency of the NMe2 (  = 2.93 ppm,  = -0.09 ppm) and a shift to 

higher frequency for the benzylic protons (  = 4.17 ppm,  = 0.10 ppm) compared to the same 

resonances of the parent NCN-pincer Pt-complex. The proton resonances of the p-nitrophenolate 

group appear as an AX pattern with a large separation between the doublets ( v = 0.98 ppm). 

 

X-ray Crystal Structure. Formation and nature of the product was unambiguously confirmed by 

the results of single crystal X-ray diffraction analysis. An ORTEP representation of the molecular 

structure of 1 is presented in Figure 1 and a selection of bond lengths and angles are listed in 

Table 1. 

 

Figure 1. ORTEP drawing of the molecular structure of 1. Displacement ellipsoids are drawn at the 50% 

probability level. Inset shows a view of the structure along the axis through the C1 Pt1 O1 bonds. 

 

The pincer unit is tridentate N,C,N-coordinated and shows structural characteristics commonly 

encountered for NCN-pincer d8-metal complexes. The two five-membered metallacycles are 

twisted in opposite direction and adopt a more sterically favorable orientation of the NMe2 

methyl groups, with decreased ring strain in the metallacycles (see inset Figure 1). The C–Pt–N 

bond angles deviate from the ideal 90° angle and amount to 81.7(4)° and 82.4(4)° for C1–Pt–N1 

and C1–Pt–N2, respectively. The inset in Figure 1 shows the nearly square planar arrangements 
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around Pt as well as the close to orthogonal orientation (interplanar dihedral angel of 87.3(5)°) of 

the p-nitrophenolate group with respect to the platinum coordination plane. The Pt–O distance of 

2.134(8) Å is slightly longer as compared to the same bond in the mono-anionic catecholate 

NCN-pincer Pt(II)-complex [Pt(2-OH-OC6H4)(NCN)] (2.108(13) Å).6 The C13–O1 bond 

distance is relatively short (1.293(13) Å) compared to the same bond in p-nitrophenol and p-

nitrophenyl ethers (1.347(2) - 1.3497(19) Å)7 and of similar length as in reported structures 

comprising nitrophenolate alkali salts (1.292 -1.316 Å, Table 2).8  

Like in all p-nitrophenolate containing structures the nitro functionality in 1 is aligned nearly 

coplanar with the phenoxy ring.9 The C–NO2 bond length is 1.461(14) Å and is of similar length 

as found in X-ray crystal structures of p-nitrophenol or p-nitrophenyl ethers (Table 2).7 In the 

anionic p-nitrophenolate structures this bond is shorter (around 1.420 Å). p-Nitrophenol 

derivatives in which a shortened C–O and elongated C–NO2 bond are found are rare and are 

restricted to transition metal O-coordinated metal p-nitrophenolate complexes.10 For example, 

like in the related Pt-complex [NEt4][Pt(C6F5)2(OC6H4-4-NO2)(CO)], having 1.304 and 1.460 Å 

bond distances for the mentioned bonds, respectively.11  
 

Table 1. Selected bond lengths (Å), bond and torsion angles (deg) for 1. 

Bond distances for 1  Bond angles for 1 

Pt1  C1 1.915(9) C1  Pt1  N1 81.7(4) 

Pt1  N1 2.061(9) C1  Pt1  N2 82.4(4) 

Pt1  N2 2.068(9) C1  Pt1  O1 178.4(3) 

Pt1  O1 2.134(8) N1  Pt1  N2 164.1(4) 

O1  C13 1.293(13) Pt1  O1  C13 125.1(7) 

N3  O2 1.221(16) C1  C2  C7  N1 -21.8(12) 

N3  O3 1.235(16) C1  C6  C10  N2 -25.3(11) 

C16  N3 1.461(14)   

 

Table 2. Selected relevant bond distances (Å) of related structures. 

Bond 4-NO2-C6H4OH 
-polymorph[7e] 

4-NO2-C6H4OH 
-polymorph[7e] 

[Pt(OC6H4-2-OH)(NCN)]6 [Li(OC6H4-4-NO2)(H2O)3]
8a K(4-NO2-C6H4O) 8b 

 C – M --  1.901(17) -- -- 

 M – O --  2.108(13) 1.918 -- 

 O – C 1.3497(19) 1.347(2) 1.35(2) 1.316 1.292 

 C – NO2 1.4432(19) 1.437(2) - 1.426 1.417 
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UV-Vis Spectrometry. The active site-directed modification of lipases with p-nitrophenyl 

phosphonate platinum chloride pincer  complexes  reported in Chapters 2 and 3 were performed 

in a buffered solution containing 50 mM TRIS-HCl and 0.1 % Triton X-100 at pH 8.0, (TRIS = 

tris(hydroxymethyl)aminomethane). Triton X-100 is a commonly applied non-ionic surfactant 

which enhances hydrolase activity.12 The pKa value of p-nitrophenol is 7.15 and in these basic 

buffered aqueous solutions (pH 8.0) the molecule exists as the phenolate anion with the 

protonated TRIS cation acting as the counter ion. As a consequence of the inhibition of the active 

site by the phosphonate ester moiety the p-nitrophenolate anion is liberated (Scheme 1). 

Potentially, the liberated p-nitrophenolate anion could react with the NCN pincer platinum 

chloride head group to form a Pt–O-phenolate bond. 

Pt

NMe2

NMe2

O

NO2

Pt

NMe2

NMe2

Cl +

1

pH 8.0
TRIS-H TRIS-HCl+

NO2

O

 
Scheme 2. Reaction of [PtCl(NCN)] and the p-nitrophenolate anion in aqueous basic media (50 mM 

TRIS-HCl, 0.1 % Triton X-100, pH 8.0). 

 

In order to study this possibility in more detail, [PtCl(NCN)] was reacted with p-nitrophenol in 

the buffered basic aqueous solutions discussed above (Scheme 2). The reaction was followed by 

UV-Vis spectrometry. To this end, an equimolar mixture of [PtCl(NCN)] and p-nitrophenol (75 

µM, clear yellow solution) was dissolved in the buffered solution, containing 50 mM of TRIS-

HCl and 0.1 % Triton X-100 at pH 8.0. UV-Vis spectra were subsequently recorded every 2 h 

during 24 h (Figure 2). During this period no change in absorption was observed at 400 nm. If 

complex 1 had formed, a decrease in absorption intensity would have been expected since the 

molar extinction coefficient of 1 is lower at 400 nm than that of the p-nitrophenolate salt in the 

buffered solution. 
 

 

Figure 2. UV-Vis spectra of p-nitrophenol (75 µM) and [PtCl(NCN)] (75 µM) dissolved in an aqueous 

buffered solution recorded every 2 h during 24 h. 
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It must be noted that, in Figure 2, a change in absorption is observed at lower wavelengths (250 

nm and 290 nm) with two isobestic points. The fact that the contribution of the p-nitrophenolate 

molecule in the spectra at higher wavelength remains unchanged suggests a reaction that only 

involves the NCN-pincer complex. NCN-pincer Pt-complexes are known as robust 

organometallic compounds in which the tridentate N,C,N-coordination mode stays intact in both 

acidic and basic aqueous media. Accordingly, the changes in the spectra occur most likely 

because a ligand exchange reaction trans to the aryl moiety in the NCN-pincer Pt-complex is 

taking place. In this reaction a chloride atom is replaced, by for example an O-coordinated water 

or an N-coordinated TRIS molecule. In polar solvents the chloride ligand can be exchanged to 

other (water-soluble) ligands, which is aided by extensive hydrogen bonding of the solvent, even 

when a large excess of halogens is present in solution.  

The reverse reaction depicted in Scheme 2 was examined by measuring spectra of complex 1 

during 48 h with 1 h time intervals under the same conditions as in the previous experiment. A 

100 µM solution of 1 in the buffered solution was prepared while UV-Vis spectra were 

immediately recorded (Figure 3, spectra of every 2 h shown).  

 

 
 

Figure 3. UV-Vis spectra of 1 (100 µM, 50 mM TRIS-HCl, 0.1 % Triton X-100, pH 8.0) every 2 h during 

48 h. Inset shows the change in absorbance at 400 nm in time. 

 

As can be seen in Figure 3, a gradual increase of absorbance at 400 nm, the max of the p-

nitrophenolate anion, is observed. The appearance of this band indicates that 1 slowly converts 

into the p-nitrophenolate anion and a [PtL(NCN)] (L = chloride, solvent or TRIS (vide infra)) 

pincer complex. Prolonged standing of the solution resulted in an absorption level (A = 1.6) at 

400 nm corresponding to free p-nitrophenolate at the same concentration level. Thus, under these 

conditions the equilibrium presented in Scheme 2 is situated completely at the left site with 

complete dissociation of the p-nitrophenol ligand. During the reaction a small red shift from 398 
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to 400 of the max is observed. After the experiment a clear solution remained and no precipitation 

was observed. Noteworthy is the absorbance profile of complex 1 at the beginning of the 

reaction, represented as the first spectrum in Figure 3 (lowest thick line). In the region 340 to 460 

nm the complex [PtL(NCN)] (L = X, or (H2O)BF4) and p-nitrophenol (at neutral pH) do not 

absorb in aqueous solutions, whereas can be seen from Figure 3 a broad band in this region for 1 

is present. The phenolate group in 1 appears to have similar spectroscopic properties as the ‘free’ 

p-nitrophenolate anion.  

The combined results of the forward and backwards reaction in Scheme 2, which concluded the 

release of the p-nitrophenolate anion from 1 under basic aqueous conditions, provide evidence for 

the absence of the formation of 1 when [PtCl(NCN)] and the anion [4-NO2C6H4O]¯ are present at 

a 100 µM concentration level.  

 

 

6.3  Conclusions  

Complex [Pt(OC6H4-4-NO2)(NCN)] 1 was successfully prepared without the necessity of the use 

of silver salts. The UV-Vis spectrum of 1 (Figure 3) revealed absorption bands similar to those of 

the p-nitrophenolate anion, which suggests the contribution of the quinoid form to the bonding in 

the p-nitrophenolate ligand. This conclusion finds further support from the 13C NMR C–O value 

(  = 177.91 ppm) in the 13C NMR spectrum of 1. Compared to this resonance of p-nitrophenol 

(  = 164.03 ppm), it lies at higher frequency and in the region where carbonyl signals are 

commonly found. As can be seen from Figure 3, the p-nitrophenolate moiety in 1 slowly 

dissociates from the NCN-pincer Pt-complex in aqueous solutions (pH 8.0).  

Conversely, coordination of p-nitrophenolate anions to the organometallic NCN-pincer Pt-

complex [PtL(NCN)] does not occur in basic aqueous solutions (pH 8.0) at low concentrations (< 

100 µM). This excludes the possibility for artifacts in enzymatic studies during the construction 

of protein metal complex hybrids when the p-nitrophenolate anion is used as a quantification tool 

to follow the course of the inhibition of enzymes using UV-Vis spectrometry.  

 

 

6.4  Experimental section. 

General. The complex [PtCl(NCN)] 113 was prepared following a reported procedure. Triton X-100 was 

purchased from Serva and tris(hydroxymethyl)aminomethane (TRIS) from J. T. Baker. All other 

chemicals were obtained commercially and were used without further purification. Buffer solutions were 

prepared using Milli-Q grade water. Purification of water (18.2 M cm) was performed with the Milli-Q 

Synthesis system (Millipore; Quantum Ultrapure). NMR spectra were recorded at 298 K on a Varian 

Inova 300 spectrometer and the chemical shifts were referenced to residual solvent resonances (ppm). UV-

Vis experiments were performed at room temperature using a Varian Carey-100 double beam 
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spectrometer or a Varian Carey-50 spectrometer. Elemental analysis was performed by Dornis and Kolbe, 

Mikroanalytisches Laboratorium (Müllheim a/d Ruhr, Germany). 

Synthesis of 2,6-bis[(dimethylamino)methyl]phenyl-(4-nitrophenoxy)platinum (1). To a solution of 

[PtCl(NCN)] (0.41 g, 0.90 mmol) in acetone (200 mL) was added the yellow solid potassium p-

nitrophenolate (0.16 g, 0.91 mmol). The resulting yellow suspension was stirred at room temperature for 

16 h. The formed solid KCl was removed from the mixture by filtration and the remaining yellow clear 

solution was concentrated in vacuo. The resulting yellow solid was dissolved in distilled dichloromethane 

(100 mL) and washed with water (50 mL). The organic layer was separated and dried on MgSO4. MgSO4 

was filtered off and the filtrate concentrated in vacuo to obtain the product as a yellow solid. Crystals 

suitable for X-ray diffraction analysis were obtained by layering a solution of 1 in dichloromethane with 

diethyl ether. Crystals from the same batch were used for UV-Vis analysis. Yield: 0.46 g (92 %). 1H NMR 

(CDCl3):  8.10 (d, ArH, 2H), 7.07 (d, ArH, 2H), 7.01 (t, ArH, 2H, 3JHH= 7.26 Hz), 6.84 (d, ArH, 1H, 
3JHH= 7.26 Hz), 4.08 (s, CH2, 4H, 3JHPt= 23.59 Hz), 2.94 (s, NMe2, 12 H, 3JHPt= 18.3 Hz). 13C NMR 

(CDCl3):  177.89, 143.88, 140.76, 135.21, 127.14, 123.90 (s, ArC), 119.63 (s, ArC, 3JHPt= 16.37 Hz), 

118.79 (s, ArC), 77.40 (s, CH2), 54.25 (s, NMe2, 
3JHPt= 7.39 Hz).Anal. Calcd. for C18H23N3O3Pt: C, 41.22; 

H, 4.42; N, 8.01 Found: C, 41.23; H, 4.37; S, 7.96. 

 

X-ray crystal structure determination of 1. C18H23N3O3Pt, Fw = 524.48, yellow block, 0.33 x 0.12 x 

0.12 mm3, triclinic, P 1   (no. 2), a = 9.1017(7), b = 9.7446(9), c = 11.3060(7) Å,  = 107.902(7),  = 

100.315(4),  = 103.986(5)°, V = 890.39(12) Å3, Z = 2, Dx = 1.956 g/cm3, µ = 7.90 mm-1. 12248 

Reflections were measured on a Nonius Kappa CCD diffractometer with rotating anode (graphite 

monochromator,  = 0.71073 Å) up to a resolution of (sin / )max = 0.65 Å-1 at a temperature of 150 K. 

The crystal appeared to be non-merohedrally twinned with a twofold rotation about the reciprocal b* axis 

as twin operation. The intensities were integrated using an accurate description of the experimental setup 

and taking the twin relationship into account.14 An analytical absorption correction was applied (0.17-0.30 

correction range). 4067 Reflections were unique (Rint = 0.1309). The structure was solved with automated 

Patterson methods (program DIRDIF-99)15 and refined with SHELXL-9716 against F2 of all reflections 

with a HKLF5 twin refinement.17 Non-hydrogen atoms were refined with anisotropic displacement 

parameters. All hydrogen atoms were introduced in calculated positions and refined with a riding model. 

231 Parameters were refined with no restraints. R1/wR2 [I > 2 (I)]: 0.0490/0.1387. R1/wR2 [all refl.]: 

0.0528/0.1412. S = 1.084. The twin fraction refined to 0.515(2). Residual electron density between -4.08 

and 2.96 e/Å3 (0.86 and 0.84 Å from Pt1, respectively). Geometry calculations and checking for higher 

symmetry was performed with the PLATON  program.18 
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Summary 

 

 

Although still somewhat unexplored, organometallic compounds nowadays play an increasing 

role in interdisciplinary research. This is not surprising since through the combination of metals 

and organic ligands, these compounds exhibit unique spectroscopic properties (e.g. as a 

diagnostic tool or contrast agent), chemical and medicinal (re-)activity (e.g., synthesis of new 

medicines) and exhibit remarkable properties as metal catalyst (e.g., in vitamin B12, or for green 

synthesis of polymers and selective synthesis of small molecules). On the fringe of biology and 

organometallic chemistry, recently the synthesis of hybrid materials comprising an 

organometallic complex embedded in a protein or enzyme, have increasingly emerged in 

literature. The reported methods to construct these hybrid materials are based on the insertion of 

modified co-factors (e.g. artificial heme groups) and metal functionalized inhibitors in the 

complementary pocket of proteins or enzymes. The resulting binding in the hybrid can be 

covalent (involving a covalent C–X bond, X = S, N, O) or non-covalent (e.g. ionic or hydrogen 

bonding interactions or coordination of an amino acid side chain to a metal atom). For the above 

mentioned applications of protein–metal complex hybrids, the controlled introduction of a single 

biocompatible organometallic complex at a selective site in a protein is a perequisite for success. 

So far, general protein modification protocols that meet this requirement are scarce.  

 

This thesis describes the development of a straightforward general method to attach an 

organometallic complex to serine hydrolases (lipases, proteases) in a single-site directed fashion. 

The method relies on the use of reactive phosphonate esters that are acting as irreversible 

inhibitors of serine hydrolases. Reported examples of co-factors or inhibitors modified with a 

metal complex concern mainly biological active moieties bound to a metal chelator. Metal 

coordination to this chelator is then performed after attachment of the ligand-probe to the protein 

of choice. Once metal coordination has taken place the desired hybrid is constructed and can 

subsequently be purified by various means. In this thesis the inhibitors are ‘pre-metalated’ using 

various types of terdentate ECE-pincer d8-metal complexes (ECE = [C6H3(CH2E2-2,6]¯; E = NR2, 

SR, PR2), i.e., the inhibitor is covalently bound to an ECE-pincer metal complex prior to 

attachment to the lipase. This approach circumvents the use of elaborate work-up procedures. 

Hence, we have developed a synthetic procedure for the various organometallic inhibitors, as 

well as a straightforward method to attach the complexes to a lipase to construct lipase–ECE-

pincer metal complex hybrid materials. This work is described in the first part of this thesis.  

The remainder of this thesis deals with a study of the properties of the ECE-pincer metal 

complexes that are similar to the complexes used in the lipase inhibition studies. The 

conformational and configurational exchange processes of the SCS-pincer metal complexes in 

solution were examined by relating solid-state information obtained from the X-ray structures to 
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NMR analysis in solution. This (model) study was performed to provide information about the 

shape of the ECE-pincer metal head group in solution since this can become an important factor 

in the interplay of the complex with the protein both during the protein inhibition, i.e., formation 

of the hybrid material, as well as the ultimate properties of the newly synthesized hybrid. In 

addition, the behavior of water-soluble ECE-pincer metal complexes bearing water-soluble 

ligands in aqueous solutions is discussed. Finally, application of water-soluble ECE-pincer 

palladium complexes as C-C bond formation catalysts performed under biochemically tolerant 

reaction conditions is briefly explored.  

Chapter 1 provides a literature overview of the protocols that have been developed to tag proteins 

with metal complexes for diagnostic or catalytic purposes. Chapter 2 describes the newly 

developed synthetic procedure for the preparation of NCN- and SCS-pincer d8-metal-complexes 

functionalized with a p-nitrophenyl phosphonate ester functional group, which are connected to 

each other through a propyl tether. Also, the subsequent regioselective introduction of the 

prepared organometallic inhibitors into the active site of the lipase cutinase is demonstrated 

(Figure 1). Indeed, after a straightforward membrane dialysis purification work-up the cutinase–

ECE-pincer metal complex hybrids were found to contain only one pincer metal complex per 

protein as was determined by ESI-mass spectrometry analysis. The success of this Active-Site-

Directed Complex (ASDC) approach relies on several important factors; 1) the biocompatibility 

of ECE-pincer metal complexes, 2) the irreversible lipase inhibitory activity of p-nitrophenyl 

phosphonate esters, and 3) the ability to modify the lipase in a controlled manner at a selected site 

in the lipase. The presented results show that a phosphonate ester covalently attached to a 

biocompatible organometallic complex provides an excellent combination to prepare well-

defined protein metal complex hybrids through a single site-directed immobilization protocol.  

E
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NO2
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O
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Lipase OH

 
Figure 1. Graphical representation of the active site directed metal-complex protocol (M = Pd, Pt; E = 

NMe2, SMe, SPh; X = Cl, Br). 

 

In Chapter 3 the ASDC protocol is extended to organometallic phosphonate inhibitors without a 

tether between the organometallic pincer unit and the phosphonate functionality. The 

organometallic NCN-pincer complexes bear either a phosphonate or a phosphonic acid group 
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directly attached to the aromatic ring of the metal complex (Figure 2). In this manner the position 

of the metal atom of the pincer metal complex with respect to the chiral  cavity of the protein can 

be altered. The construction of the hybrid system starting from the p-nitrophenol phosphonate 

ester was performed under the same conditions as for the ASDCs discussed in Chapter 2. We 

found that reactions were approximately two orders of magnitude slower than the inhibition of 

the complexes with a propyl tether. The difference of reaction time is affected by steric 

interaction of the ASDC and the periphery of the protein active site. Full conversion of the lipase 

to the hybrid construct could easily be achieved by using an excess of the ASDC. The highly 

water-soluble phosphonic acid complexes appeared to be not active as a cutinase inhibitor. 

 
NMe2

NMe2

MP Cl
O

HO

OH

NMe2
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M = Pt, Pd M = Pt  
Figure 2. Organometallic phosphonic acid/ester compounds as active site directed complexes. 

 

A set of SCS-pincer complexes (E = SPh: PhSCS, and E = SMe: MeSCS) containing metals of the 

group 10 triad (Ni, Pd, Pt) were prepared in Chapter 4 and characterized by 1H NMR and 13C 

NMR spectroscopy, and X-ray diffraction analysis. The two sulfur atoms in SCS-pincer metal 

complexes become chiral centers once they are coordinated to the metal atom. This gives rise to 

multiple enantiomeric pairs of diastereoisomers which, in solution, are exchanging (Figure 3).  

 

 
 

Figure 3. Molecular geometries of [PdBr(MeSCS)] showing the different conformers and isomers 

(projection along the Br–Pd–Cipso axis) found in solid state.    

 

Insight into this phenomenon is of importance when applications of these types of complexes in, 

e.g., hybrid materials containing these SCS-pincer metal complexes, come into practice. The 

fluxional behavior of the complexes in solution has been studied by (VT-)NMR and these results 

were related to the structural features of [MBr(MeSCS)] (M = Ni, M = Pd, M = Pt) and 

[PtBr(PhSCS)] found in the solid state. The solid state structures were used to assist our 

understanding of the dynamic interconversion processes occurring in solution. It turned out that 

of the two processes occurring in solution, i.e., ring puckering inversion and sulfur inversion, 
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sulfur inversion is the slowest process. Since the process causes the exchange of the 

diastereomers (change of configuration), conformational positioning as a result of the interaction 

with the protein can be of great influence on the course of processes, e.g. catalysis or 

coordination chemistry, taking place at the ECE-pincer metal site.   

 

Synthesis of ECE-pincer palladium sulfato complexes (E = SPh, SMe, StBu, NMe2) provides easy 

access to highly water-soluble ECE-pincer metal catalysts. Chapter 5 describes a study of such 

complexes in the solid state and in aqueous solutions. Crystal structures of the complexes 

revealed that in the solid state these exist as neutral ECE-pincer palladium sulfate complexes with 

a bridging sulfate ligand [Pd(ECE)2-µ2-(SO4)] (Figure 4). IR and Raman spectroscopic studies 

showed that after re-dissolving the complexes in water both neutral and ionic forms, i.e., ion 

separated salts, are present and that after isolation this is also the case in the solid state. Dissolved 

in water, the ionization equilibrium lies at the site of the aqua complexes [Pd(ECE)(H2O)]2(SO4). 

Preliminary studies of the catalytic activity of the complexes in the Suzuki cross-coupling 

reaction of 3-iodobenzoic acid with sodium tetraphenylborate in water revealed that the C–C 

cross-coupling product is formed in 60-90% yield in 8 h at room temperature. 

 
Figure 4. Water-soluble, sulfato bridged NCN-pincer platinum(II) complex. Hydrogen bonding between 

the sulfate anion and five water molecules is observed. 

 

The Addendum deals with a brief study on the binding of the p-nitrophenolate anion in the NCN-

pincer platinum complex [Pt(C6H4O-4-NO2)(NCN)] (Figure 5) in aqueous basic solution. This 

study was performed to investigate to possibility of the formation of such complexes during the 

ASDC process described in Chapters 2 and 3. The UV-vis spectrum of [Pt(C6H4O-4-NO2)(NCN)] 

in water showed a considerable absorption at 400 nm, the wavelength at which the p-

nitrophenolate anion has an extinction coefficient of 14580 M-1cm-1 and p-nitrophenol almost no 

absorption at all. UV-vis spectra of the NCN-pincer complex [Pt(OC6H4-4-NO2)(NCN)] in a 

buffered aqueous basic solution (pH 8.0) showed that the complex is not immediately converted 

into a dissociated salt, but instead a slow release of the p-nitrophenolate anion occurs (~30% in 

48 h). The reaction between [PtCl(NCN)] and the p-nitrophenolate anion to form [Pt(OC6H4-4-

NO2)(NCN)] and NaCl was also examined. No formation of [Pt(OC6H4-4-NO2)(NCN)] could be 
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detected in this case. From this result was therefore concluded that the presence of both an NCN-

pincer platinum chloride complex and generation of a p-nitrophenolate anion does not lead to 

incorrect analysis when using p-nitrophenol as analytic quantification tool during the active site-

directed complex protocols described in Chapters 2 and 3.  
 

 

Figure 5. ORTEP representation of [Pt(C6H4O-4-NO2)(NCN)]; inset shows te projection along the O1–

Pt–C1 axis. 

 

 

Concluding Remarks and Perspective 

A novel protocol for the construction of well-defined lipase–metal complex hybrids has been 

developed. In this study, the use of phosphonate suicide inhibitors in the development of an 

ASDC protocols has proven to be an excellent choice. The results described in Chapters 2 and 3 

furthermore show that variations in tether length between the organometallic complex and the 

phosphonate ester of the ASDC allows positioning of the transition metal of the metal complex 

with respect to the cavity of the protein. Although the research efforts described in this thesis 

exclusively concerned the use of cutinase as the bioscaffold, the ASDC protocol can be extended 

to the vast majority of the serine hydrolases. Hence, the ASDC protocol offers a highly flexible 

and versatile approach and provides ample possibilities to further adjust second sphere 

coordination in lipase–ECE-pincer metal complex hybrids.   

The ECE–pincer metal type complexes are ideal organometallic complexes to explore the ASDC 

protocol. Besides their enhanced thermodynamic stability, which is due to the covalent M–C 

bond and the terdentate coordination mode, the ECE-pincer metal complexes exhibit good kinetic 

stability as well. For these reasons, the ECE-pincer palladium and platinum complexes are 

biocompatible. As a result, the lipase–ECE-pincer metal complex hybrids are also stable and, in 

addition, can be purified using simple procedures (dialysis). The work described here comprises 

mainly ECE-pincer platinum and palladium complexes, however, earlier work showed that a 

wide variety of metals can be introduced into the pincer ligand framework. As electron density on 

the metal can be adjusted by alterations in the organic framework of the pincer ligand as well as 

by substitution of the ligand trans to the Cipso-M bond, the chemical and physical properties of the 

complexes can be tuned (e.g. water-solubility, spectrometric and catalytic properties, cf. Chapter 
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5 and the Addendum), and facile optimization of the first coordination sphere is possible. 

Therefore, ECE-pincer metal complexes hold great promises in detailed hybrid description 

studies and call for further implementation in applications and research efforts in this field. The 

attractive features of ECE-pincer metal complexes have furthermore illuminated some important 

factors worth considering when selecting a metal complex for the construction of a protein-metal 

complex hybrid: a) the metal complex of interest needs to be sufficiently stable during its 

attachment to the protein, hybrid purification and in further applications, b) the metal complex 

must preferably be easy to modify to be able to alter the ligand set or structure, allowing fine-

tuning of the hybrid material, and c) when incorporated into a protein a well-defined structure of 

the metal complex is required, in which the coordination motif of the metal complex in known. 

 

Although reports of the first examples on protein–metal complex hybrids date back several 

decades, this fascinating field is still in its infancy. The development of new and versatile 

protocols such as the ASDC protocol presented here can be considered as a constructive 

expansion within this field. Applications as both artificial enzymes and diagnostic tools in protein 

studies and protein discovery systems using the distinct spectroscopic properties and ligand 

coordination ability of the metal center, will thrive scientists to further develop and investigate 

such approaches. Interesting opportunities to apply the developed hybrid materials as artificial 

enzymes in catalytic tandem reaction processes are now eminent. Although the ASDC protocol 

eliminates the catalytic activity of the native enzyme, a new catalytic moiety is added. By 

addition of native enzyme or other artificial enzymes with organometallic hybrids, tandem 

catalysis can be performed in one pot as a result of the compartmentalization of the complexes 

inside the protein. Furthermore, as mentioned above, the ligand trans to the Cipso atom in ECE-

pincer metal complexes can easily be replaced by other ligands. The presence of a single 

coordination site in lipase ECE-pincer metal complex hybrids is a quite unique property for 

hybrid molecules and deserves further exploration in, for example, the development of 

supramolecular hybrid materials, by means of coordination of the hybrid complexes to large 

nano- and microsized molecules, or in protein purification protocols.   
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Samenvatting 

 

 

Op het grensvlak van biologie en scheikunde krijgen organometaalcomplexen een toenemende 

rol toebedeeld in interdisciplinair academisch onderzoek. Organometaalcomplexen kunnen, 

dankzij de combinatie van metalen en organische liganden, beschikken over zeer karakteristieke 

spectroscopische eigenschappen, unieke chemische als medische (re-)activiteit en  

indrukwekkende katalytische activiteit en selectiviteit. Een interessante nieuwe ontwikkeling zijn 

hybridesystemen bestaande uit een eiwit en een overgangsmetaalcomplex. De gepubliceerde 

methoden die de synthese van eiwit–metaalcomplexhybriden beschrijven zijn grotendeels 

gebaseerd op de insertie van gemodificeerde co-factoren, gemodificeerde of kunstmatige 

heemgroepen en metaalcomplex-gefunctionaliseerde enzymremmers. Afhankelijk van de 

synthesemethoden toegepast voor  eiwit–metaalcomplexhybriden kan de ontstane nieuwe binding 

covalent, bijvoorbeeld een C–X binding (X = S, N, O), of niet covalent zijn, bijvoorbeeld d.m.v. 

coördinatie van een aminozuurzijketen aan een metaalatoom of via Coulombische of 

waterstofbrug interacties. Voor de ontwikkeling en toepassing van eiwit-metaalcomplexhybriden 

is de beschikbaarheid van  gecontroleerde methodes voor de insertie van een enkel biocompatibel 

organometaalcomplex op een geselecteerde plaats in een eiwit van doorslaggevend belang. Tot 

dusver zijn algemene eiwitmodificatieprotocollen die leiden tot een dergelijk hybriden schaars.  

Dit proefschrift beschrijft de ontwikkeling van een eenvoudige en algemene methode om 

organometaalcomplexen op een enkele positie covalent te hechten aan enzymen uit de serine 

hydrolase familie. Deze methode is gebaseerd op de inhibitie-eigenschappen van fosfonaatesters 

die als zeer sterk en irreversibel ten opzichte van deze groep enzymen bekend staan. 

Enzymremmers die in de literatuur gebruikt worden voor de synthese van eiwit-

metaalcomplexhybriden zijn over het algemeen gehecht aan een eiwit voordat een metaalatoom 

aan het ligand gecoördineerd wordt. Dit heeft als nadeel dat extra zuiveringsstappen nodig zijn 

om overtollige metaalbevattende reagentia te verwijderen. De hier ontwikkelde methode voor de 

synthese van eiwit–metaalcomplexhybriden voorkomt dit probleem door gebruik te maken van 

‘gepremetaleerde’ eiwitremmers bestaande uit een fosfonaatester en een ECE-tangmetaalcomplex 

(ECE-tang = [C6H3(CH2E)2-2,6]¯; E = NR2, SR, PR2). Het eerste deel van dit proefschrift 

beschrijft de procedures voor de synthese van diverse organometaalenzymremmers en het 

gebruik van deze remmers in het nieuwe lipasemodificatieprotocol. Het tweede gedeelte van dit 

proefschrift beschrijft de eigenschappen van de ECE-tangmetaalcomplexen die overeenkomstig 

zijn aan de complexen gebruikt voor de ontwikkeling van het lipasemodificatieprotocol. Het 

bestaan van verschillende conformaties en configuraties van SCS-tang-metaalcomplexen werd 

bestudeerd in oplossing met behulp van (variabele temperatuur) 1H, 13C en 195Pt NMR 

spectroscopie en in de vaste toestand aan de hand van kristalstructuren. Deze (model)studie werd 

uitgevoerd om informatie over het structurele gedrag van het ECE-tang-metaalfragment in 

oplossing te verkrijgen, omdat dit een belangrijke factor kan zijn in de interactie van het 
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tangmetaalcomplex met het eiwit tijdens de synthese van een hybride en tevens de uiteindelijke 

eigenschappen van de nieuw ontwikkelde hybride mede kan bepalen. Bovendien wordt het 

gedrag van wateroplosbare ECE-tang-metaalcomplexen besproken en de eerste resultaten als 

katalysator in een C–C koppelingsreactie gepresenteerd. 
 

Hoofdstuk 1 geeft een overzicht van de tot nu toe ontwikkelde strategieën om 

overgangsmetaalcomplexen d.m.v. covalente of niet-covalente interacties aan eiwitten te hechten. 

Het gebruik van co-factoren, gemodificeerde of kunstmatige heemgroepen en het gebruik van 

antilichamen wordt besproken als zijnde niet covalente modificatiestrategieën. Onder de noemer 

covalente eiwitmodificatiestrategieën vallen gefunctionaliseerde metaalcomplexen die specifiek 

reageren met een bepaald aminozuur, bijvoorbeeld lysine of cysteine, en metaalgebonden 

enzymremmers die selectief reageren met het actieve centrum van een enzym. Hierbij is de 

nadruk gelegd op de synthese van de hybriden, specificiteit van de eiwitbindende moleculen, 

zuiveringsmethodes en de toepassing van de beschreven methode. Hoofdstuk 2 beschrijft de 

synthese van NCN- en SCS-tang-d8-metaalcomplexen die d.m.v. een propyl-linker verbonden 

zijn aan een p-nitrophenolfosfonaatester (Figuur 1). Vervolgens wordt gedemonstreerd hoe het 

katalytisch actieve centrum van de lipase cutinase gemodificeerd kan worden met de 

gesynthetiseerde ECE-tang-fosfonaatestermetaalcomplexen. De verkregen cutinase–tang-

metaalcomplexhybriden blijken volgens ESI-MS analyse, na een eenvoudige dialyse 

zuiveringsstap, precies één metaalcomplex per enzymmolecuul te bevatten. De resultaten laten 

zien dat de covalente combinatie van reactieve fosfonaatesters en ‘biocompatibele’ ECE-tang-

metaalcomplexen toegang geeft tot eenvoudige en selectieve enzymmodificatieprotocollen. 

E

E

M

P
EtO

O

O
X

NO2

+ +

O

NO2

Lipase OH

 
Figuur 1. Grafische weergave van het enzymmodificatieprotocol (M = Pd, Pt; E = NMe2, SMe, SPh; X =  

Cl, Br). 

 

In Hoofdstuk 3 is deze methode verder uitgebreid tot fosfonaatester- of fosfonaatzuurgroepen die 

direct verbonden zijn aan de arylring van ECE-tang-metaalcomplexen (Figuur 2). Op deze manier 

kan niet alleen de elektronische omgeving van het metaalatoom gestuurd worden door 

veranderingen aan te brengen in het organische skelet, maar kan ook de positie van het 

metaalatoom ten opzichte van de holte rond het actieve centrum van het enzym aangepast 
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worden. Voor toepassingen als biosensor of als hybridekatalysator kan dit extra mogelijkheden 

voor verder optimalisatie van het gewenste systeem bieden. Uit inhibitiereactie studies is 

gebleken dat de reactie van cutinase met het NCN-pincer platinum chloride complex direct 

gebonden aan een fosfonaatester twee orders van grootte langzamer is dan met de complexen 

beschreven in Hoofdstuk 2. De reactietijd wordt klaarblijkelijk sterk beïnvloed door de sterische 

interactie van het metaalcomplex met de katalytisch actieve holte van het enzym. Desondanks 

kon een snelle en volledige inhibitie bewerkstelligd worden door een tienvoudige overmaat van 

het fosfonaat-tang-metaalcomplex ten opzichte van cutinase te gebruiken. De wateroplosbare 

ECE-tang-metaalcomplexen met een fosfonaatzuur als functionele groep bleken niet actief te zijn 

als cutinaseremmers. 
NMe2

NMe2

MP Cl
O

HO

OH

NMe2

NMe2

MP Cl
O

EtO

O

O2N

M = Pt, Pd M = Pt  
Figuur 2. Organometaalcomplexen met een fosfonaatester- of fosfonaatzuurgroep. 

 

Een serie SCS-tang-metaalcomplexen (E = SPh: PhSCS of SMe: MeSCS) met metalen van de groep 

10 triade is gesynthetiseerd in Hoofdstuk 4 d.m.v. een milde oxidatieve additieprocedure en 

vervolgens gekarakteriseerd met behulp van 1H en 13C NMR spectroscopie en Röntgendiffractie. 

Dergelijke SCS-tang-metaalcomplexen bezitten twee stereogene zwavelatomen, waardoor 

meerdere enantiomeren en diastereomeren van één complex in oplossing aanwezig kunnen zijn 

en dat deze met elkaar kunnen uitwisselen (Figuur 3). 

 

 
 

Figuur 3. Kristalstructuur van [PdBr(MeSCS)] (projectie langs de Br–Pd–Cipso as) met de drie verschillende 

structuren (isomeren en conformeren) in de eenheidscel.  

 

Naast de verscheidene isomeren zijn er ook meerdere conformaties van één en dezelfde isomeer 

mogelijk. Deze conformeren kunnen uitwisselen d.m.v. inversie van de ringdeformatie in de twee 

chelaatringen in het complex. Het flexibele gedrag van deze complexen is bestudeerd met behulp 

van (variabele temperatuur) 1H NMR spectroscopie en geïnterpreteerd aan de hand van de 

kristalstructuren van [MBr(MeSCS)] (M = Ni, M = Pd, M = Pt) en [PtBr(PhSCS)]. Uit dit 

onderzoek is gebleken dat van de twee gelijktijdige processen, namelijk chelaatringinversie en 

zwavelconfiguratie-inversie, het laatste proces de meest langzame van de twee is. Aangezien 

zwavelinversie verantwoordelijk is voor de uitwisseling tussen isomeren kan een invloed van het 
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enzym op de structuur van het tangcomplex verwacht worden wanneer SCS-tang-

metaalcomplexen zijn ingebed in lipasenhybriden. 
 

De synthese van kationische ECE-tang-metaalcomplexen (E = SPh, SMe, StBu, NMe2) met een 

sulfaattegenion geeft toegang tot complexen met een goede wateroplosbaarheid. Hoofdstuk 5 

beschrijft een studie van dit type ECE-tang-palladiumcomplexen in de vaste toestand alsmede in 

oplossing. Uit twee verkregen kristalstructuren (E = StBu en NMe2) is gebleken dat de complexen 

bestaan als neutrale verbindingen waarbij de sulfaatanionen coördineren aan twee palladium- 

atomen en daarbij een brug vormen tussen twee kationische ECE-tang-palladiumomplexen 

([(Pd(ECE))2-µ2-(SO4)], Figuur 4). IR en Raman spectroscopische studies toonden aan dat de 

ECE-tang-palladiumomplexen na synthese en zuivering verscheidene vormen kunnen aannemen, 

namelijk als neutrale sulfaat-gebrugde complexen, complexen bestaande uit een enkel 

gecoördineerd sulfaatanion en een kationisch aquapalladiumcomplex, en als 

aquapalladiumcomplexen met een vrij sulfaatanion in oplossing. In de geïoniseerde vorm bestaan 

twee situaties waarbij het sulfaatanion niet coördineert aan palladium of enkelvoudig 

gecoördineerd is. Wanneer de complexen worden opgelost in water schuift het evenwicht geheel 

naar de vorm waarin het sulfaattegenion niet meer gecoördineerd is aan het palladiumatoom 

([Pd(ECE)H2O]2·SO4). De complexen zijn getest als katalysator in de Suzuki reactie tussen 3-

iodobenzoëzuur en natriumtetrafenylboraat in water bij kamertemperatuur en vertoonden 60 tot 

90% conversie in 8 uur.  

 
Figuur 4. Een bis-NCN-tangplatinacomplex met vijf watermoleculen aan het sulfaatanion gebonden 

d.m.v. waterstofbruggen. 

 

Het Addendum behandelt een korte studie naar de coördinatie van  het p-nitrophenolaatanion  aan 

het platina-atoom van het NCN-tang-platinacomplex (Figuur 5) in een basisch waterig milieu. 

Beide type verbindingen zijn aanwezig tijdens de inhibitieprocedures beschreven in 

Hoofdstukken 2 en 3 en beïnvloeden elkaar mogelijk. Deze studie werd uitgevoerd om de 

vorming van dergelijke complexen tijdens de inhibitiereactie in Hoofdstukken 2 en 3 te 

onderzoeken. Het UV-vis spectrum van [Pt(C6H4O-4-NO2)(NCN)] laat een duidelijke absorptie 

band zien bij 400 nm, de golflengte waarbij het p-nitrofenolaat anion een extinctiecoëfficiënt van 

14580 M-1cm-1 heeft en p-nitrofenol nagenoeg niet absorbeert. UV-vis spectra van [Pt(OC6H4-4-
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NO2)(NCN)] in een gebufferde oplossing (pH 8.0) laten zien dat het complex niet direct 

dissocieert, maar dat het p-nitrofenolaat anion geleidelijk los laat (~30% in 48 h). De reactie 

tussen [PtCl(NCN)] en p-nitrofenolaat werd ook bestudeerd onder dezelfde condities en de 

vorming van [Pt(OC6H4-4-NO2)(NCN)] kon niet worden waargenomen. Een dergelijke reactie 

zou een afname van absorptie van 400 nm (UV-vis analyse) veroorzaken tijdens de 

inhibitieprocedures beschreven in Hoofdstuk 2 en 3. De combinatie van p-nitrofenolaatanionen en 

ECE-tang-platinacomplexen leidt echter niet tot een afname in absorptie bij 400 nm en daarom 

kan p-nitrofenol als indicator in de kwantitatieve analyse van de inhibitieprotocollen gebruikt 

worden. 

 

Figuur 5. ORTEP weergave of [Pt(C6H4O-4-NO2)(NCN)]. Rechter figuur geeft een projectie van het 

complex langs de O1–Pt–C1 weer. 

 

 

Algemene conclusies en Perspectief 

Een nieuw protocol voor de synthese van structureel gedefinieerde lipase-metaalcomplex-

hybriden is ontwikkeld. Het gebruik van irreversibele ‘suïcide’ enzymremmers voor de 

ontwikkeling van een actief-centrum-gericht eiwitmodificatieprotocol bleek hierbij een 

succesvolle keuze te zijn. De resultaten beschreven in Hoofdstukken 2 en 3 laten verder zien dat 

variaties in de linkerlengte tussen het organometaalcomplex en de fosfonateestergroep in de 

enzymremmer de mogelijkheid biedt om het metaalatoom op verschillende locaties ten opzichte 

van het eiwit te positioneren. Hoewel in dit proefschrift uitsluitend met cutinase als biologische 

drager gewerkt is, kan het ontwikkelde protocol worden uitgebreid en toegepast op de overgrote 

meerderheid van serine hydrolases. Het beschreven actief-centrum-gericht 

eiwitmodificatieprotocol beloofd een flexibele en veelzijdige methode te zijn voor 

enzymmodificatie en biedt daarnaast mogelijkheden om de tweede coördinatieschil van het 

metaalcomplex te moduleren in lipase-ECE-tang-metaalcomplexhybriden. 

Uit de bovenbeschreven studies is gebleken dat ECE-tang-metaalcomplexen uitstekende 

bouwstenen zijn voor ontwikkeling en bestudering van nieuwe eiwit-metaalcomplexhybriden. Dit 

komt voort uit de combinatie van thermodynamische en kinetische stabiliteit van deze 

complexen. In dit opzicht zijn vooral de platina en palladium ECE-tangcomplexen biocompatibel 

en daarmee geschikt voor studies aan hybridematerialen. Het gebruik van deze complexen 

resulteert in stabiele lipasen-ECE-tang-metaalcomplexhybriden, die dientengevolge eenvoudig te 
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zuiveren zijn m.b.v. dialyse. Naast platina en palladium kunnen vele andere metalen in het 

tangligandsysteem gecomplexeerd worden wat de toepassingsmogelijkheden van tangcomplexen 

aanzienlijk verbreedt. De elektronendichtheid op het metaalcentrum in een tangcomplex kan 

gevarieerd worden door aanpassingen aan te brengen in het organische raamwerk van het 

tangligand evenals d.m.v. substitutiereacties van het ligand trans ten opzichte van de Cipso-M 

binding. Dit biedt de mogelijkheid om de chemische en fysische eigenschappen van de 

complexen aan te passen, zoals bijvoorbeeld wateroplosbaarheid, spectrometrische en 

katalytische eigenschappen (Hoofdstuk 5 en het Addendum).  

De fysische en chemische eigenschappen van tang-metaalcomplexen hebben tijdens deze studie 

een aantal aandachtspunten aan het licht gebracht betreffende de keuze van een metaalcomplex 

voor de ontwikkeling van hybride systemen: a) het geselecteerde metaalcomplex moet voldoende 

stabiel zijn tijdens zowel de insertie in het eiwit en de zuiveringsstappen, als tijdens toekomstige 

applicaties, b) het is een groot voordeel als het metaalcomplex eenvoudig te modificeren is zodat 

moduleren van de elektronendichtheid op het  metaalcentrum, en daarbij optimalisatie van het 

hybridensysteem, mogelijk is, en c) eenmaal geïntroduceerd in een eiwit dient er een goed 

gedefinieerd hybridenmateriaal verkregen te worden, waarbij het coördinatiemotief van het 

metaalcomplex bekend is. 

 

Hoewel de voorbeelden van de eerste hybridensystemen in de literatuur enkele decennia geleden 

zijn verschenen is het aantal beschreven voorbeelden desondanks beperkt en staat dit 

fascinerende wetenschapgebied nog duidelijk in zijn kinderschoenen. De ontwikkeling van 

nieuwe en veelzijdige protocollen voor de synthese van eiwit-metaalcomplexen, zoals het 

protocol beschreven in dit proefschrift, zijn een nuttige en waardevolle uitbreiding van het veld. 

Toepassingen als kunstmatig enzym in bijvoorbeeld meervoudige katalytische protocollen en als 

diagnostisch hulpmiddel in eiwitstudies en eiwitdetectiesystemen, gebruikmakend van de 

verschillende spectroscopische eigenschappen en coördinatiecapaciteit van het metaalcentrum, 

zullen academici stimuleren om eiwit-metaalcomplexhybriden verder te ontwikkelen en te 

bestuderen. Hoewel het ontwikkelde systeem beschreven in dit proefschrift de oorspronkelijke 

katalytische activiteit van het enzym uitgeschakeld wordt, komt er een nieuw katalytisch actief 

centrum voor terug. Door toevoeging van (andere) natuurlijke of kunstmatige enzymen kunnen 

meervoudige katalytische reacties (één-pot reacties) gelijktijdig uitgevoerd worden door het 

insluiten en afschermen van de metaalcomplexen in het eiwit. Tot slot, zoals hierboven vermeld, 

kan het ligand trans aan het Cipso atoom in ECE-tang-metaalcomplexen eenvoudig door andere 

liganden worden vervangen. De aanwezigheid van één enkele coördinatieplaats in lipasen-ECE-

tang-metaalcomplexhybriden is een unieke eigenschap voor hybridematerialen en nodigt uit tot 

verder onderzoek naar, bijvoorbeeld, de ontwikkeling van supramoleculaire hybriden, en naar 

eiwitdetectie- en zuiveringssprotocollen. 
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Dankwoord 

 

 

Klaar! Het werk zit erop, het proefschrift is af. Nu rest mij nog enkel de mensen te bedanken die 

hebben bijgedragen aan het voltooien van dit proefschrift.  

Allereerst wil ik graag mijn promotoren prof. dr. Gerard van Koten, prof. dr. Bert Klein Gebbink 

en prof. dr. Maarten Egmond noemen. Beste Gerard, ik ben je erg dankbaar voor de mogelijkheid 

die je mij hebt gegeven om in jouw groep, een zeer inspirerende en uitdagende wetenschappelijke 

omgeving, aan een bijzonder project te werken. Het feit dat je mij het eerste project met een stap 

in de richting naar de Chemische Biologie hebt toevertrouwd, de huidige koers van de vakgroep, 

heb ik altijd zeer gewaardeerd. Niet alleen op wetenschappelijk gebied heb ik ontzettend veel van 

jou kunnen leren maar ook de manier waarop je mij hebt weten te enthousiasmeren en stimuleren 

op de momenten dat ik ‘beren op de weg zag’ heb ik zeer bewonderd aan je. Ook voor jou breekt 

nu een nieuwe periode aan. Je gaat de groep (“officieel”) verlaten en genieten van de extra vrije 

tijd die je straks tot je beschikking hebt (toch?). Ik wens je veel plezier en geluk toe de komende 

nieuwe periode. 

Beste Bert, ook jou wil ik graag hartelijk danken voor de goede samenwerking de afgelopen 

jaren. Tijdens mijn promotieonderzoek heb ik mede dankzij jouw adviezen met betrekking tot de 

chemie en je scherpe blik op het manuscript, het proefschrift goed kunnen afronden. Je deur stond 

altijd open voor een klein vraagje en dat heb ik altijd als zeer prettig ervaren. Je bent inmiddels 

hoogleraar geworden en leider van onze groep; ik wens je veel succes en plezier toe de komende 

spannende en uitdagende jaren.  

Beste Maarten, toen ik, als puur organisch chemicus, mijn avontuur begon als eerstejaars aio, en 

daarbij in aanraking kwam met de “wondere wereld” die enzymologie heet, heb ik mij geregeld 

afgevraagd “hoe doen ze dit toch?”. De manier waarop biochemici publicaties schrijven, en 

vooral het experimentele gedeelte, was in het begin even wennen voor mij. Als ik er niet uitkwam 

liep ik naar de “zesde” en klopte op je deur. Gelukkig was je altijd bereid om even tijd voor mij 

vrij te maken om mijn vragen te beantwoorden en eventueel advies te geven omtrent de 

biochemische experimenten. Ook bood je mij toegang tot jouw lab, waar ik veel, voor mij 

nieuwe, technieken heb kunnen leren. Daar wil ik je graag voor bedanken. Ik denk dat 

Hoofdstukken 2 en 3 een mooi resultaat is van de vruchtbare samenwerking tussen beide 

vakgroepen en zeker een goede start zijn geweest.  

Van de overige vaste stafleden van de vakgroep wil ik dr. Jaap Boersma, dr. Berth-Jan Deelman, 

dr. Gerard van Klink en dr. Johann Jastrzebski bedanken voor nuttige tips betreffende het 

onderzoek, maar vooral ook de prettige niet-wetenschappelijke discussies. Johann bedankt voor 

acuut opgeloste computerproblemen en voor je altijd openstaande deur voor meer chemisch-

gerelateerde vraagstukken. Beste Gerard, bedankt voor alle informatieve discussies tijdens mijn 

promotie. Ook zal ik zeker je gezelligheid aan de koffietafel missen. Henk, bedankt voor 
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alle hulp in en rondom het lab. Dankzij jouw vele activiteiten achter de schermen liep alles op 

rolletjes en konden wij altijd direct gebruik maken van de faciliteiten die ons lab te bieden heeft. 

Ook zal ik nooit de zweefvlieglabstaps meer vergeten. Bedankt! Henk en Johann, bedankt voor 

het draaiende houden van de groep, zonder jullie kon er geen onderzoek gedaan worden!  

Geen vakgroep zonder een goed lopend secretariaat. Margo Pruiksma en Milka Westbeek, ik wil 

jullie hartelijk danken voor jullie bereidwilligheid om mij bij te staan met allerlei 

organisatorische werkzaamheden, hoe druk jullie ook waren. Milka, dankzij jouw inzet is de 

eindfase van mijn promotie soepel verlopen, veel dank daarvoor. Hester, jou mag ik ook zeker 

niet vergeten, veel dank voor de vele malen dat je mij tussendoor inroosterde in de drukke agenda 

van Gerard. Dat heeft mij zeker tijd gescheeld. Hester en Margo, niet alleen op de werkvloer 

waren jullie onmisbaar, ook brachten jullie veel gezelligheid aan de koffietafel, kerstdiners, 

sinterklaasfeestjes, op borrels en de vrijdagavond-uitstapjes naar de stad. Dat zal ik zeker gaan 

missen.  

Van alle overige leden van de vakgroep is dr. Harm Dijkstra degene die ik het eerst moet 

bedanken. Beste Harm, ik begon als een van jouw hoofdvakstudenten, in een ver verleden, en 

sindsdien hebben wij samen al een lange tijd van samenwerken achter ons. In mijn studietijd, en 

ook nog even daarna, heb jij me wegwijs gemaakt in het lab en alle fijne kneepjes van het vak 

bijgeleerd. Dat heeft mijn onderzoek zeker geholpen. Wat me ook vooral is bijgebleven zijn de 

vele late uurtjes op de achtste waarbij wij, uitkijkend op een ondergaande zon boven de stad, 

fantaseerden over chemie en nieuwe projecten bedachten. Natuurlijk ben ik de uitjes naar 

Engeland niet vergeten: Sheffield, Londen en uiteraard je bruiloft. Bedankt voor de fijne tijd en 

goede vriendschap. 

I would also like to express my sincere gratitude to dr. Gabriela Guillena and dr. Gema 

Rodrìguez for their assistance and guidance during the first year of my Ph.D. period. Both of you 

kindly found the time to introduce me into the wonderful field of chemical biology. Dr. Rob 

Gossage, thank you for reading and correcting my first article (Chapter 2). Tevens wil ik de leden 

van de beoordelingscommissie, prof. dr. Rob Liskamp, prof. dr. Antoinette Killian, prof. dr. 

Dieter Vogt en prof. dr. Hans de Vries bedanken voor hun bereidwilligheid tot het lezen en 

beoordelen van het manuscript. 

 

Veel van de beschreven resultaten in dit proefschrift zijn verkregen dankzij een goede 

samenwerking met specialisten uit andere vakgroepen. Dr. Martin Lutz en prof. dr. Ton Spek wil 

ik graag bedanken voor de kristallografische analyses. Beste Martin, het is een groot voorrecht 

om vakkundige specialisten zoals jij op dezelfde verdieping in “het Kruyt” gevestigd te hebben. 

Je was altijd bereid om tussen het werk door even de kwaliteit van de kristallen te controleren, 

veel dank daarvoor. Prof. dr. Albert Heck, Anca van der Kerk-van Hoof en Cees Versluis van het 

departement Biomoleculaire Massaspectrometrie wil ik graag bedanken voor de fijne 

samenwerking met betrekking tot het onderzoek beschreven in Hoofdstukken 2 en 3. Anca en 

Cees, bedankt voor de massaspectrometrische analyses van de vele eiwitmonsters. Uit de 



Dankwoord 

 

157 

vakgroep Anorganische Chemie en Katalyse wil ik graag Fouad Soulimani en Tom Visser 

bedanken voor de IR en Raman spectrometrische analyses welke beschreven zijn in Hoofdstuk 5. 

Jan den Boesterd, Aloys Lurvink, Ingrid van Rooijen wil ik hartelijk danken voor de 

vervaardiging van vele fraaie posters. I would also like to thank my master students, Thomas 

Gomez and Maria Alvarez (thank you for the gifts!!), for their enthusiasm and hard work on the 

various (tough) projects. It was a great pleasure to have you as my students and I wish you all the 

best in the future. 

 

Promoveren is een tijd van hard werken, een periode met successen, maar soms ook met 

tegenslagen. Een goede sfeer op de werkvloer is dan ook onmisbaar. Mede dankzij vele (oud-)- 

collega’s kan ik terugkijken op een fantastische tijd waarin ik niet alleen veel geleerd heb, maar 

ook veel heb gelachen, gezellige momenten heb beleefd en zelfs vrienden voor het leven heb 

gemaakt. De goede sfeer op de tweede “zuidzaal” maakte het voor mij altijd een plezier om aan 

de slag te gaan. Graag wil ik dan ook mijn dank uitspreken voor de mensen die verantwoordelijk 

waren voor de goede sfeer op Zuid II; Aidan, Rob K., Jie, Bartje (wie schreef het volgende 80’s 

lied.), Alexey, Harm, Jeroen, Birgit, Jêrome, Judith, Patrick, Joep, Michel, Martijn en Sander. 

Mijn kamergenoten van Z810 Nilesh en Aidan wil ik graag bedanken voor de gezelligheid “op 

kantoor”. Nilesh, we zijn tegelijk begonnen aan ons promotie-avontuur en kunnen nu allebei 

terugkijken op een geslaagde en mooie tijd. Je hebt intussen Utrecht ingeruild voor Groningen 

waar je al weer meer dan een jaar met plezier vertoeft. Hoog tijd dat ik je kom opzoeken! Aidan, 

ook jou wil ik hartelijk danken voor alle gezelligheid, zowel op het lab als in kamer Z810. Soms 

moest even de rem erop omdat het anders te gezellig werd en er van werken niets terecht zou 

komen. Gelukkig was dat voor ons beiden geen enkel probleem en konden we de “gemiste tijd” 

ruimschoots inhalen. Ik wens je veel succes met het afronden van je promotie. Dennis en Henk, 

bedankt voor de gezellige sfeer op Z801. Birgit, jouw onderzoek begon waar ik gestopt ben. Ook 

jij moest even wennen aan de combinatie organometaalchemie & biochemie. Je hebt je daar 

uitstekend doorheen geslagen en intussen al leuke resultaten behaald. Ik wens je veel succes met 

je onderzoek en ik kijk uit naar je publicaties. 

Verder wil ik ook de overige (oud-) collega-aio’s en post-docs bedanken voor alle gezelligheid en 

de fijne werksfeer. Daarbij denk ik met name aan: Nilesh, Dennis, Henk, Anne, Rob(bie) C., 

Marianne, Guido (Zürich was leuk!), Silvia&Pieter, Alexsandro, Catelijne, Preston, Niels, 

Morgane, Nesibe, Erwin (2x), Sipke, Maaike, Monica, Serenella, Scott, Peter, Patrick, Gema en 

Gabriella. Uiteraard wil ik het Filemon-team, onder leiding van het Angry Beaver comité, nog 

even apart bedanken voor de vele vrijdagavonden waarin we onder het genot van een aperitiefje 

de week nog eens voorbij lieten passeren: Alexsandro (goood), Catelijne, Aidan, Bartje, 

Pieter&Silvia, Preston (biertje?), Hester, Margo, Elena (beaver queen), Sarita, Maria en Koen, 

nogmaals bedankt! Deze avonden zullen me nog lang heugen en de herinneringen zullen 

ongetwijfeld keer op keer een brede glimlach veroorzaken. 
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Naast promoveren was er gelukkig tijd over voor activiteiten van minder (lees niet) 

wetenschappelijke aard. Graag wil ik alle betrokkenen, vrienden en vriendinnen buiten de 

vakgroep, bedanken voor alle gezelligheid tijdens deze stressvolle periode in mijn leven. Af en 

toe wat “stoom kunnen afblazen” is van essentieel belang tijdens een promotieonderzoek. Peter 

(succes met het afronden van je masteropleiding scheikunde), William, Danny, Barry, Mark, 

Guido, Joop, Alice, Michiel, Frank, Jesse, Dirk en Joyce, allen bedankt voor de getoonde 

interesse en de gezellige avonden. In addition, I would like to thank Oele, Mimi, Liu and 

Shuyuan for the nice Monday evenings and the wonderful traditional Chinese dinners. Learning a 

new language from scratch was an interesting experience. 

 

Mijn beide broers, Wienik en Sebastiaan, wil ik graag bedanken voor hun aanwezigheid op die 

éne belangrijke dag voor mij. Ik was zeer verheugd te horen dat jullie instemden op mijn vraag of 

jullie mijn paranimfen wilde zijn.  

 

Tot slot wil ik graag mijn ouders bedanken. Pa en ma, zonder jullie inzet, vertrouwen, aansporing 

en onvoorwaardelijke steun was ik nooit zover gekomen als waar ik nu ben. Ik heb altijd volledig 

op jullie kunnen rekenen en daar ben ik jullie zeer dankbaar voor. Voor mij is het dan ook 

vanzelfsprekend dat ik dit proefschrift aan jullie opdraag.  
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