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Chapter One 
 
 

 
 

Building Blocks in  
Organometallic and Coordination Chemistry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abstract 
Suitably functionalized organometallic and coordination transition metal complexes can be 
applied as molecular building blocks for the (supramolecular) construction of new materials 
which can be applicable as catalysts or sensor materials. This chapter illustrates their use in 
(supramolecular) catalysis, self-assembly, crystal engineering, and bio-organometallic 
chemistry by presenting selected examples from the respective fields. 
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1.1 Introduction 
A rapidly evolving field in inorganic chemistry is the application of organometallic and 
coordination complexes as building blocks or active components in the construction of new 
materials exhibiting specific catalytic, redox, optical or sensor activities.1 Coordinatively 
unsaturated transition metal complexes can self-assemble in the presence of suitable ligands 
to form superstructures. The wide range of bonding geometries available in transition metal 
chemistry allows the targeted construction of linear, square, cubic, spherical, or other 
geometrical assemblies. These structures can be functional as catalysts, sensors and molecular 
devices, or are prepared for purely aesthetic reasons.2 Besides this, functionalization of 
catalytically active transition metal complexes allows regulation of their solubility behavior or 
immobilization on supports. This offers the opportunity to separate homogeneous catalysts 
from the reaction products for recycling of the expensive transition metal or ligand system, 
generating cleaner product streams. An exciting development in the field of ligand 
functionalization is the design and construction of supramolecular catalysts.3 Catalytically 
active transition metal building blocks can be combined with strategically placed 
receptor/host moieties, metal ions, functional groups or steric bulk, to mimic the substrate and 
product selectivities encountered in biological enzymatic systems.  
 
The availability and synthetic accessibility of suitably functionalized organometallic building 
blocks forms a crucial factor in the expanding field of organometallic materials science. Since 
the metal-to-ligand bonds are often the most reactive part of transition metal complexes, 
ligands are generally metallated in the final stage of the synthesis. Coordination complexes 
based on ligands such as phosphanes, pyridines, and oxazolines, are prepared by facile 
treatment of the ligand with a suitable metal salt. In contrast, the formation of a metal-to-
carbon bond often requires more stringent conditions, which should be compatible with the 
functional groups already present in the ligand. Consequently, the use of coordination 
complexes as molecular synthons is further developed compared to organometallic 
complexes, with heterocyclic nitrogen ligands dominating the field. This chapter highlights 
the use of organometallic and coordination complexes as building blocks with illustrative 
examples concerning (catalyst) assembly, crystal engineering, catalyst immobilization, 
supramolecular catalysis, and bio-organometallic chemistry. Furthermore, ligand 
functionalization offers the opportunity to tune the electronic properties of its metal complex. 
The final paragraph describes the aim and scope of this thesis.  

1.2 Assembly in Solution and in the Solid State 
The assembly of organic building blocks in solution or in the solid state (crystal engineering) 
relies on weak intermolecular interactions such as hydrogen bonding, π-π stacking, dipole-
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dipole interactions, and coulombic interactions. Strong hydrogen bond donor and acceptor 
groups, e.g. COOH, OH, CONH2, and CONHR groups, form essentially the same type of 
hydrogen bonding interactions whether part of an organic molecule or of a metal-coordinating 
ligand.4  In contrast, (transition) metal complexes offer additional bonding features, namely 
coordinate and covalent bonds. As a result, materials containing covalent or metal-based 
coordination networks are generally more robust than those relying on weak interactions 
between organic building blocks alone.2b In addition, the presence of metal atoms in the 
molecular building block generates new types of interactions, which are characteristic of 
inorganic and organometallic systems, including M....M interactions5 and M−X....H hydrogen 
bonds.6 The ample availability of metal-binding ligands, and the varying coordination 
geometries and numbers of different metal ions allows the formation of any imaginable 
structure.7 The strategic use of kinetically labile or inert metal ions, and conversions between 
them during or after the assembly process, allows efficient scanning of the potential energy 
surface for the thermodynamically most stable product and subsequent kinetic immobilization 
of the obtained structure.8  

1.2.1 Self-Assembly in Solution 
Porphyrin systems, in particular zinc(II) tetraphenylporphyrin (ZnTPP), offer readily 
accessible building blocks for the construction of supramolecular assemblies, utilizing the 
complexation of nitrogen based (pyridyl) ligands to the zinc(II) ion. Additionally, numerous 
functionalizations on porphyrin systems have made them highly versatile building blocks in 
supramolecular transition metal chemistry.9 Pyridyl functionalized Zn(II) porphyrins were 
found to self-assemble in solution and in the solid state. Combinations of free-base porphyrins 
and various degrees of pyridyl functionalisation on the porphyrins allows self-assembly in 
controllable supramolecular architectures (Figure 1).10 
 

N

HNN

NH

N

N
N

N Zn

N

Ph

Ph

Ph

Ph

PhPh

Ph

N

NN

N
Zn N

Ph

Ph

Ph

N

N N

N
ZnN

Ph

Ph

Ph

N N

NN
Zn

N

Ph
Ph

Ph

N N

NN
Zn

N

PhPh

Ph

1 2 3

NN

N N
Zn

NN

N N
Zn R

R

R

R

R

R

N

NH

N

HN

NN

N N

NN

N N
Zn

NN

N N
Zn R

R

R

R

R

R

 
Figure 1. Self-assembly of pyridyl porphyrins in dimers (1)10a, tetramers (2) 10b, and other 

architectures (3)10c. 
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The group of Hupp applied the complexing abilities of ZnTTP towards pyridyl groups for the 
introduction of steric bulk around a chiral manganese(III) salen based catalyst (4, Figure 2). 
The presence of the ZnTPP moieties in the vicinity of the catalyst improved its activity and 
lifetime, but hardly altered its enantioselectivity.11  
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Figure 2. Chiral manganese(III) salen catalyst with ZnTPP.11 

 
A more complex system published by this group uses large supramolecular assemblies of 
pyridyl functionalized zinc(II) and manganese(III) porphyrins, held together by coordination 
to rhenium atoms (5, Figure 3). The authors state that this assembly resembles the catalytic 
core of cytochrome P450, both structurally and functionally. Although the catalyst is 
embedded in steric bulk, an apical ligand is missing on the central manganese porphirin. This 
ligand is of crucial importance in the structure and catalytic activity of cytochrome P450, but 
not included in its mimic 5. In epoxidation experiments with several functionalized cis-
stilbenes, shape selectivity was observed. The least bulky substrates were epoxidized 
preferentially over the bulky substrates.12 
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The group of van Leeuwen prepared hemispherical assemblies with the metal center 
completely encapsulated in steric bulk by combining pyridylphosphanes, ZnTPP and 
transition metal salts. Ligand 6 can complex to three porphyrin moieties forming an extremely 
bulky phosphane (Figure 4).13  
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Figure 4. Supramolecular assembly of encapsulated transition metal catalysts with altered activities 

and selectivities.13 
 
The palladium(II) complex of ligand 6 has hardly any activity in the Heck reaction of styrene 
and iodobenzene, in the absence of zinc(II)porphyrins. However, the addition of ZnTPP to the 
complex leads to the assembly of a highly active Heck catalyst when compared to its 
triphenylphosphane analogue. A similar effect is observed for ligand 6 in the rhodium(I) 
catalysed hydroformylation of 1-octene, showing a significant drop in the linear to branched 
ratio and higher activities in the presence of the porphyrin. The enhanced activity and altered 
selectivity of the catalyst is attributed to the preferred formation of monophosphane 
complexes as a result of the steric bulk of the assembled ligands.  
 
The versatility of pyridyl-type ligands in the construction of supramolecular assemblies is 
represented by the work of Fujita et al. The combination of designed ligands, appropriate 
metal salts, and templates allows the supramolecular assembly of various rings, cages, and 
two- or three-dimensional synthetic receptors.14 One illustrative example involves the 
spontaneous assembly of pyridyl-based ligands and metal salts into two interlocked 
coordination cages (7, Figure 5).15 This assembly uses ten components, which have to be 
organized in a specific way. While at first a statistically distributed mixture is formed, a 
gradual increase in the thermodynamic product (7) is observed after prolonged heating.  
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Figure 5. Assembly of ten components into two interlocked coordination cages.15 

 
Functionalized transition metal terpyridine units have been studied in detail as building blocks 
for the construction of coordination dendrimers.16,17 Main emphasis in these studies has been 
put on the ruthenium terpyridines, since these can exhibit interesting electrochemical, 
photophysical and photochemical properties.18 An interesting assembly is prepared by the 
selective reaction of a polyol functionalized coordination dendrimer with [(tpy)Ru(tpyCl)]2+ 
moieties, affording a fully functionalized coordination dendrimer (8, Figure 6).19 
Functionalisation of the polyol dendrimer is quantitative and selective, and is a rare example 
of ligand functionalization on metallated amine ligands. 
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Figure 6. Ru(II) terpyridine based coordination dendrimer. 
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The concept of preparing dendritic macromolecules based on metal complexation was used by 
the group of Reinhoudt for the construction of organometallic coordination dendrimers from 
cyclopalladated SCS-pincer (SCS-pincer = 2,6-bis((thiophenolato)methyl)phenyl anion) 
complexes. The building blocks are activated upon dehalogenation to afford Lewis acidic 
palladium complexes, forming coordinative bonds with cyano-ligands (Figure 7). Dendrimers 
of generation one (9) to five were obtained via a step-wise growth strategy.20 
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Figure 7. Step-wise assembly of coordination dendrimers.20 

 
Highly elegant examples using transition metal complexes as building blocks and active units 
have been reported by Sauvage et al.21 Linear ‘molecular machines’ resembling shuttles and 
muscles, were prepared making use of the ability of copper(I) to assemble two phenanthroline 
ligands in a stable tetrahedral environment, combined with the affinity of copper(II) species 
for higher coordination numbers. A molecular rod functionalized with phenanthroline and 
terpyridine building blocks was combined with a phenanthroline based rotaxane copper(I) 
complex (10, Figure 8). In the 1+ oxidation state the copper ion is accommodated between 
both phenanthroline units. Oxidation of the copper ion to its 2+ oxidation state increases the 
affinity of the phenanthroline rotaxane copper complex towards the terpyridine unit, resulting 
in shuttling of the macrocycle over the molecular rod. This process is fully reversible and 
could also be induced photochemically by irradiating the MLCT transition of the bis-
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phenanthroline copper(I) complex.21 These studies were extended to mimic muscle action by 
designing a molecular assembly in which two filaments can glide along one another.18a 
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Figure 8. Shuttling of copper(I) phenanthroline rotaxanes over a molecular rod. 

1.2.2. Crystal Engineering 
The design, modeling and synthesis of ordered solids, i.e. crystal engineering, by predefined 
aggregation of molecules and ions is of interest for applications in fields within material 
science, such as (opto)electronics and the construction of nanoporous or biomimetic 
materials.2a A prerequisite for success is the understanding of the intermolecular forces 
involved in the assembly of the individual parts. The fast majority of molecular architectures 
in the field of inorganic crystal engineering are covered by coordination networks. The 
coordination bonding capacity of transition metals is utilized to build-up three-dimensional 
supramolecular arrangements with crystalline periodicity.2b These networks generally utilize 
bipyridyl-type ligands with the N-donor atoms situated in a predefined geometrical 
arrangement to act as a bridge or joint between (late transition) metal atoms.22 The suitability 
of the obtained materials for solid-state reactivity, catalysis, or in sensor applications appears 
to be dependent on the availability of large accessible spaces. It is often difficult to obtain this 
nanoporosity, since self-entanglement or interpenetration of the networks, can lead to densely 
packed structures.2b Crystallization in the presence of removable guest molecules has given 
some success in this respect, creating channels and cavities in the crystal lattice.23 A special 
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case in the adsorption and desorption of guest molecules in the crystalline state is based on the 
SO2 adsorbing properties of platinum(II) NCN-pincer complexes (NCN = 2,6-
bis[(dimethylamino)methyl]phenyl anion).24 The para-hydroxy functionalized cycloplatinated 
NCN-pincer complex (11) forms α-type linear hydrogen bonded networks in the crystalline 
state, an example of M−X....H bonding. Adsorption and desorption of SO2 on the platinum 
center of 11 is fully reversible in the crystalline state (Figure 9) and occurs via crystal-to-
crystal transformations accompanied by a color change, and expansion and shrinkage of the 
crystal. Interestingly, the crystalline gas sensor material does not contain a channeled 
structure, indicating that large voids in the structure are no prerequisite for nanoporosity. 
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Figure 9. Reversible SO2 adsorption and desorption op NCN-pincer platinum complexes in the 

crystalline state. 
 
Apart from ligand coordination, hydrogen bonds are widely employed to obtain predefined 
crystalline architectures.25 Hydrogen bonds are considered to be essentially electrostatic in 
nature, are relatively strong and posses a highly directional character. Their strength can be 
improved by employing ionic charges, i.e. cationic donors and anionic acceptors, combining 
the hydrogen bond directionality and the strength of coulombic forces. Additionally, the use 
of metal ions permits a larger choice of components, which may possess different topologies, 
as well as different bonding and electronic characteristics.2 An illustrative example in this 
respect is the study of metallocene dicarboxylic acid structures.26 The solid-state structure of 
various hydrogen bonded, nearly isostructural, organometallic building blocks depends on 
their charges. While neutral ferrocene dicarboxylic acid (12) forms dimers in the solid state, 
its positively charged cobalt(III) analogue (13) forms chains, as well as the anionic singly 
deprotonated ferrocene dicarboxylic acid (14) (Figure 10). These studies were also performed 
with carboxylic acid functionalized chromium bis-arene complexes, showing similar trends.27 
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Figure 10. Hydrogen bonding motives in (charged) metallocene dicarboxylic acids.26 

 
In addition to the carboxylic acid functionalized complexes, Braga et al. introduced alcohols 
and amines on the cyclopentadienyl ring to extend their library of ferrocene based 
organometallic building blocks for crystal engineering.28 The group of Brammer prepared 
hydrogen bonded zigzag ribbons based on the π-bonded Cr(CO)3 benzene tricarboxylic acid 
building block. While two carboxylic acid moieties are involved in the formation of the 
ribbon, the third is hydrogen bonded to an ether molecule. No honeycomb structure, as is 
known for benzene tricarboxylic acid, is observed.29 Recently, a catalytically active 
indium(III) three-dimensional solid-state framework was obtained by assembly of 1,4-
benzene dicarboxylic acid and an indium(III) salt in the presence of water and base.30 The 
crystals are constructed from [In2(OH)3]∞

3+ sheets which are interconnected by 1,4-benzene 
dicarboxylate units acting as pillars, with each carboxylate connected to two indium ions. 
This material is active in the reduction of nitroaromatics and the oxidation of sulfides. Kinetic 
data suggest that the catalyzed reactions only take place at the surface of the material, due to 
the small size of the pores in this structure.  
 
Although ligand coordination and hydrogen bonding can be considered as most useful for 
crystal engineering purposes, other interactions also possess a sufficient degree of 
directionality. The π-π stacking of arene ligands, especially porphyrins, forms a reoccurring 
motive in crystalline systems.31 Hosseini et al applied weak van der Waals interaction in the 
construction of linear one-dimensional networks based on unsymmetrical bis-calixarene 
molecules (coilands) and appropriate connectors.32 The linear rods are hold together by a 
lock-and-key fit of the connector in the coiland, with van der Waals interactions acting as 
single attractive force. 
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1.3 Catalyst Immobilization 
Immobilization of homogeneous transition metal catalyst on (solid) supports allows facile 
separation of catalyst and reaction products. This makes recycling of expensive transition 
metals and ligand systems feasible. The efficient removal of the catalysts leads to cleaner 
product streams in fine-chemical synthesis. In general, the ligand is grafted on the support 
system prior to introduction of the transition metal. Ligands are, for this purpose,  
functionalized at positions distal from the metal binding site, with suitable anchoring groups. 
Alternatively, metallated ligands can be immobilized directly on the support in either a 
covalent or non-covalent fashion. While immobilization on regular polymers,33 and solid 
supports,34 has attracted considerable attention, much research has been directed to the use of 
dendrimers as support systems for catalyst immobilization.35 These tree-like macromolecules 
possess well-defined structures and can be functionalized selectively at their core, shell or 
periphery, depending on their composition. This makes them ideal systems to study various 
properties of immobilized transition metal complexes in great detail.  
 
An illustrative example in this field was published by Togni et al. and involves the use of 
dendrimers functionalized at their periphery with chiral (R)-(S)-Josiphos ligands.36 The 
dendrimer is constructed form cores based on a cyclophosphazene core (15a)36a or 
polycarboxylic acids (15b-c),36b functionalized with aryl based branching points, containing 
the phosphane ligand attached by amide linkages (Figure 11). Conversion into their 
corresponding rhodium(I) complexes was achieved by treatment with [Rh(cod)](BF4) 
affording chiral catalysts for the asymmetric hydrogenation of dimethyl itaconate in methanol. 
High enantioselectivities (>98%), only slightly lower than those of the parent (R)-(S)-Josiphos 
complex, were obtained with these dendritic systems.  
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Figure 11. Chiral dendritic phosphane ligands for asymmetric rhodium(I) catalysis.36 

 
The ferrocenyl based phosphane functionalized dendritic wedge forms the essential 
organometallic building block in the preparation of this system, since the catalytically active 
rhodium(I) complex is prepared in situ as final step of the total synthesis. This exemplifies the 
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stability of selected organometallic fragments such as ferrocene, which can be treated as inert 
functional groups in organic synthesis.  
 
The encapsulation of a catalytically active transition metal complex within dendrimer wedges 
allows shielding of the catalytic system and tuning of its microenvironment. Starting from a 
chiral TALDOL building block, Seebach et al prepared titanium(IV) TALDOLates 
functionalised with Fréchet-type wedges up to the fourth generation (16, Figure 12).37 The 
chiral catalyst shows very high enantioselectivities (98:2) in the addition of diethyl zinc to 
benzaldehydes. Additional functionalisation of the dendritic wedges with styrene moieties 
allowed cross-linking of the system in a polystyrene support, making successful catalyst 
recycling facile.  
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Figure 12. Dendrimer/polystyrene encapsulated Ti(IV) TALDOLates for the enantioselective addition 

of ZnEt2 to benzaldehyde.37 
 
A recent alternative approach for catalyst immobilization is the non-covalent anchoring of 
transition metal complexes onto dendritic support systems. Loading of the dendrimer by non-
covalent interactions allows separate construction of support and catalyst, followed by facile 
immobilization under mild conditions. Additional advantages involve refunctionalization of 
the support in the case of catalyst deactivation, and eventually immobilization of mixtures of 
catalytically active components. While the use of dendrimers for the supramolecular 
immobilization of organic guest molecules has been well established,38 there are only few 
examples involving the non-covalent immobilization of homogeneous catalysts.39,40 Reek and 
Meijer reported the non-covalent immobilization of phosphane ligands on urea adamantyl 
functionalized poly(propylene imine) dendrimers (16, Figure 13).39 Multiple hydrogen 
bonding interactions, in addition to a strong coulombic attraction, between the urea-
functionalized phosphane ligand and the dendrimer allow selective binding of 32 ligands on 
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the periphery of the dendrimer. Subsequent treatment of the material with [(cod)PdMeCl] 
afforded a supramolecularly assembled system with catalytic activity in allylic amination 
reactions. The coordination complexes formed with a phosphane-to-palladium ratio of 2 
showed high retentions in a continuous flow membrane reactor. Lower phosphane:palladium 
ratios led to considerable leaching of the catalyst. 
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Figure 13. Immobilized phosphane ligand on the periphery of urea adamantyl functionalized 
poly(propylene imine) dendrimer. 

 
In our group, coulombic interactions were applied for the immobilization of organometallic 
NCN-pincer complexes.40 Polycationic dendrimers, based on a polybenzylammonium core 
and Fréchet-type dendritic wedges, were loaded with sulfate functionalized NCN-pincer 
palladium complexes using anion exchange (17, Figure 14). Activation of the complex by 
halide abstraction afforded an assembly with catalytic activity in Lewis-acid catalyzed aldol 
reactions. Alternatively, the NCN-pincer palladium complex could be activated prior to 
assembly onto the dendrimer. The efficiency and retention of 17 in continuous flow 
membrane reactors was not investigated.  
  
Systems 16 and 17 differ with respect to the assembling method. In the preparation of the 
palladium complex of 16 the metal center is introduced in the final stage of the synthesis by 
forming coordinative bonds to already immobilized phosphane ligands. These polyphosphane 
ligands can be used for the complexation of various metals with different catalytic properties. 
However, leaching of the metal by decomplexation of the ligand can occur even when the 
ligand is retained in the dendrimer host. In contrast, 17 is prepared by the assembly of the 
organometallic building block and dendritic host in one step. The covalent M−C bond ensures 
that the metal is retained in the coordination sphere of the ligand, and leaching of the 
transition metal can only occur in case of complete removal of the complex from the dendritic 
host. 
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Figure 14. Catalytically active assembly of NCN-pincer palladium complexes onto a polycationic 

dendrimer. 

1.4 Supramolecular Catalysis 
An exciting application of transition metal building blocks is the design, construction, and 
evaluation of supramolecular catalysts.3 A key source of inspiration in the development of 
supramolecular catalysts is found in enzymatic catalysis. Enzymatic catalysts have evolved 
over millions of years through mutation and selection, and represent the highest expression of 
chemical catalysis. They achieve astonishing selectivities by deploying intermolecular forces 
to guide the substrate precisely along a predestinated reaction pathway. Catalysis takes place 
within a supramolecular aggregate, resulting in high effective concentrations of substrate near 
the catalytic site, leading to high catalytic activities.3 Another feature of (enzymatic) catalysts 
involves selective stabilization of the highest energy transition state, thereby reducing the 
activation enthalpy of the reaction.41 Transition metal based supramolecular catalysts are 
generally constructed by combining known homogeneous catalysts with known host 
molecules, such as crown ethers, cyclodextrins, cyclophanes, and calixarenes. Modification of 
the ligand, allowing strategic placement of receptor sites with respect to the catalyst, forms an 
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essential step in the preparation of supramolecular catalysts. Examples are ordered with 
respect to the type of catalyzed reactions, and thus the type of catalytic building block. 

1.4.1 Ester Hydrolysis 
The fast majority of supramolecular catalysts is active in ester cleavage reactions, based on 
either fully organic groups for general acid-base catalysis, or on the use of zinc(II), cobalt(III), 
barium(II) or copper(II) coordination complexes. The combination of multiple metal sites on 
a linker is often a successful approach to obtain highly active catalysts with synergic action of 
the metal sites in catalysis. 
 
The cation complexing abilities of crown ethers have been applied in the construction of a 
dinuclear barium(II) complex (18) for ester and amide cleavage (Figure 15).42 Complex 18 
has two identical Ba2+ sites, which perform different functions. One of the metal ions binds 
and activates the ethoxide nucleophile, while the other side anchors the amide or ester by the 
distal carboxylate moiety on the substrate. Hence, the amide or ester moiety is in close 
vicinity of the activated ethoxide, resulting in cleavage.  
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Figure 15. Dinuclear barium(II) complex for supramolecular ester and amide cleavage.42 

 
Extended studies were performed towards the hydrolytic activity of di- (and tri-)nuclear metal 
ion complexes based on calix[4]arenes and N-donor ligands as molecular scaffolds by 
Reinhoudt et al. The metal ions in complexes 19 and 20 are placed at the upper rim of the 
calix[4]arene, at diametrical positions (Figure 16). The substituents on the lower ring 
(ethoxyethyl) prevent inversion of the aromatic units through the cavity of the macrocycle.43  
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Figure 16. Calix[4]arene based dinuclear complexes as metallo-phosphodiesterase model.43 
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In the studies, various phosphate esters and RNA 3',5'-dinucleotides (NpN) were used to 
screen the catalysts for their phophodiesterase activity. The activity of the dinuclear 
complexes 19 and 20 was increased considerably when compared to the mononuclear 
complex (50-fold), or the mononuclear complex lacking the calix[4]arene scaffold (300-fold). 
The bimetallic complexes show saturation kinetics, with binding constants with the substrate 
in the order of 104 M-1. Both the flexibility and the preorganizing ability of the calix[4]arene, 
are important factors in their efficiency. A decrease in flexibility by connecting the oxygens 
on the lower rim with a rigid spacer, resulted in reduced activity. The pH-rate profiles of both 
catalysts are bell-shaped with optimums located at pH 7.4 and 6.4 for 19 and 20, respectively. 
Introduction of a third metal binding site at the upper rim leads to a threefold increase in 
turnover rate, while the binding affinity of the substrate is reduced considerably. The 
application of a statistical 1:2 mixture of copper(II) and zinc(II)  leads to species with higher 
activity than their homonuclear analogues.43  
 
Another successful example in the supramolecular cleavage of esters is published by the 
group of Breslow.44 Two β-cyclodextrins are attached to a bipyridine moiety, according to a 
design based on computer models (21, Figure 17). Complexation of a metal(II) ion (Cu(II), 
Ni(II), Zn(II)) to the bipyridine fragment places the metal in an ideal place to coordinate to the 
carbonyl oxygen, and to deliver a hydroxide anion to the substrate. Since the sum of the 
binding energy of the products is less compared to the binding energy of the substrate alone, 
product inhibition is not observed. Rate enhancements up to 225,000 for designed substrates 
(22) are observed. In the absence of the copper(II) ion this rate enhancement is only 80-fold. 
Copper(II) is the most active metal, albeit that in the presence of  a nucleophilic bound oxime 
ligand zinc(II) ions give rate accelerations up to 1,700,000 in the hydrolysis of 22. 
 

N N
S S

M2+

O

O NO2

21

22  
Figure 17. Catalytic cyclodextrin dimer with a metallobipyridyl group.44 

 
Porphyrin complexes are, apart from their application as (ep)oxidation and hydroxylation 
catalysts, useful building blocks in the construction of host molecules. Sanders et al. 
synthesized a cyclic zinc(II) porphyrin trimer (23) which is capable of acyl transfer by 
holding the substrates in close proximity (Figure 18).45 
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Figure 18. Cyclic zinc(II) porphyrin trimer for acyl transfer reactions.45 

 
The substrates are functionalized with pyridyl and imidazole groups which can coordinate to 
the zinc(II) ions, positioning the substrates in an optimal way to react. The reaction rate was 
enhanced 16 fold compared to a monomeric zinc(II) porphyrin. The reaction is inhibited by 
1,3-bis(4-pyridyl)propane, and the average turnover number per trimer after 160 hours is 
around 25, without detectable decomposition or loss in activity.45  

1.4.2 Oxidation Reactions 
Selective (mild) oxidations, epoxidations and hydroxylations form an important class of 
reactions in organic synthesis. Most homogeneous catalysts in these fields are based on their 
biological counterparts, for their astonishing substrate and product selectivities. 
Metalloporphyrins constitute an important class of epoxidation and hydroxylation catalysts in 
attempts to mimic the behavior of the enzyme cytochrome P450, which converts alkanes into 
alcohols. The naked manganese porphyrins degrade fairly rapidly under catalytic reaction 
conditions, like the iron heme mimics. The primary mode of deactivation under these 
conditions is the formation of an inactive µ-oxo bridged dimer (Mn−O−Mn).46 In analogy 
with the protein superstructure, with the metalloporphyrin encapsulated in a regulated 
nanospace formed by the folded amino acid chain, synthetic metalloporphyrins have been 
functionalized with bulky substituents and other functional units. The steric bulk not only 
prevents the primary deactivation mode, but also introduces regioselectivity in, for example, 
alkane hydroxylations.47 
 
Apart from creating steric bulk around the metalloporphyrin to induce shape selectivity, 
iron(III) porphyrins 'capped' with chiral bridging groups have been applied in asymmetric 
catalysis (24 and 25, Figure 19). Iron(III) porphyrin 24 is an elegant example of asymmetric 
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induction in the hydroxylation of ethylbenzenes. The chiral binaphtyl cavity imposes a 
preferential orientation of the substrate to the catalyst, leading to a stereoselective outcome of 
the reaction.48 In the iron(III) binaphtyl 'capped' porphyrin 25 two chiral binaphtyl groups are 
placed above each face of the metalloporphyrin. The ether linkages force the binaphtyl groups 
into close proximity to the metal center, imposing a rigid chiral environment. Asymmetric 
epoxidations of various aromatic alkenes with iodosylbenzene as oxygen donor gave high ee's 
(up to 63%) for monosubstituted alkenes. The more sterically demanding disubstituted 
alkenes gave only moderate ee's (20-30%).49  
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Figure 19. Chiral 'capped' iron(III) porphyrins for asymmetric hydroxylation (24) and epoxidation 

(25).48,49 
 
Substrate binding in the vicinity of the metalloporphyrin was accomplished by Breslow and 
co-workers, giving access to the regioselective hydroxylation of steroids. A manganese(III) 
TPP with β-cyclodextrins connected to the phenyl rings, hydroxylated an andostanediol 
derivative selectively at the 6α-position (26, Figure 20). The substituents attached to 
andostanediol are chosen to optimize complexation of the substrate in two opposite 
cyclodextrins, placing the 6α-carbon atom on top of the oxygenated manganese atom for 
hydroxylation. The stability of the catalyst against oxidative degradation is increased to a 
great extent by fluorination of the four phenyl rings, improving the turnover number from 3-5 
to 95.50 
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Figure 20. Supramolecular manganese-porphyrin hydroxylation catalyst.50 
 
A similar system was synthesized by Woggon et al. for the central (15,15') cleavage of β,β-
carotene (Figure 21), mimicking carotene dioxygenases. Two cyclodextrin moieties are 
attached with their primary rim on the two opposite sites of a tetraphenylporphyrin using ether 
linkages instead of the thioether links used in 26. This spatial orientation makes it an ideal 
host to complex both distal aliphatic groups of the β,β-carotene in the cyclodextrin cavities 
with binding constants in the order of 106 M-1, enforcing the central C=C bond above the 
metal coordination site of the porphyrin. Its ruthenium complex is capable of central cleavage 
of β,β-carotene, however competitive cleavage of the C11'−C12' and the C9'−C10' double 
bonds form serious site reactions due to lateral movement of the carotene in the cyclodextrin 
cavities. Modification of the substrate into Phe-β-carotene, suppresses the lateral movement, 
giving exclusive central cleavage at C15−C15'. Exocentric cleavage at C7'−C8' is in both 
cases not observed.51  
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Figure 21. Central cleavage of β,β-carotene or Phe-β-carotene by cyclodextrin functionalized 

ruthenium porphyrins. 
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Supramolecular catalysis with systems based on cyclophane hosts has been extensively 
studied by the group of Diederich. Cyclophanes provide excellent hosts for the encapsulation 
of aromatic guest molecules in aqueous and other protic solvents.52 A porphyrin bridge was 
introduced on a tetramine cyclophane and tested for its catalytic activity in the oxidation of 
acenaphtylene, a substrate which binds strongly in the macrocyclic cyclophane ring (27, 
Figure 22). Acenaphten-1-one is the major isolable product in the oxidation with 
iodosylbenzene as oxygen-transfer reagent. Support for supramolecular catalysis is provided 
in a competition experiment with the unreactive phenanthrene, reducing the yield of naphten-
1-one considerably.53 
 

O
O O

N OO

NEtH+Br-Br-HEtN+

N

NN

N
Fe
Br

O

O

O
N

27

 
Figure 22. Porphyrin-bridged cyclophane host for supramolecular oxidation of acenaphtylene.53 

1.4.3 Carbon-Carbon bond formation and activation 
In contrast to supramolecular ester hydrolysis and oxidation reactions, less is known 
concerning supramolecular catalysis of C−C bond forming reactions. While homogeneous 
transition metal catalysts play a crucial role in important organic transformations involving 
the C−C bond, they were hardly studied in the context of supramolecular catalysis. A 
cyclophane-type host molecule, functionalized with a bisoxazoline ligand incorporated in the 
macrocyclic ring, was applied in the supramolecular Cu(I) catalysed cyclopropanation of 
styrene with diazoacetate (28, Figure 23).54 The cyclophane ligand forms a C2-symmetric 
complex with copper(I) inducing a certain degree of helicity to the bridge. The cyclopropane 
ring is formed in the catalytic cycle by nucleophilic attack of the copper-bound carbene to the 
prochiral alkene. The helicity of the macrocyclic ring can be seen as an extension of the 
symmetry around the metal center, and can transfer its chiral information over to the substrate 
bound inside the cavity. The effectiveness of this concept is evident from the high ee's and 
even more from the high diastereoselectivities observed in the test reactions, compared to 
those of the parent complex without macrocycle.54 
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Figure 23. Cyclophane-based copper(I) catalyst for stereoselective cyclopropanation.54 
 
Diphenylglycoluryl molecular clips, intensively studied by the group of Nolte, were applied 
as hosts for supramolecular transition metal catalysed hydroformylation and hydrogenation 
reactions. Although various architectures failed to show activity or increased selectivity, a 
molecular clip functionalized with aza-crown ether bis-phosphite building blocks shows 
substrate selectivity in hydrogenation reactions of functionalized allylarenes (29, Figure 24).55 
The exchange of the phosphite ligands for phosphane ligands (30) afforded metallohosts 
capable of shape selective hydroformylations.56 
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Figure 24. Basket-shaped metallohosts for substrate selective hydrogenation (29) 55 and 
hydroformylation (30).56 

 
Substrates with the ability to bind in the cleft by a combination of hydrogen bonding to the 
carbonyl groups and π-π stacking with the aromatic walls, such as allylresorcinol and 
allylcatechol, are converted preferentially over substrates incapable of hydrogen bonding 
interactions. Surprisingly, the metallohost hardly influences the linear to branched ratio in the 
hydroformylation reactions with 30.  

1.5 Bio-Organometallic Chemistry 
The modification of biologically active molecules, such as proteins or sugars, with transition 
metal complexes can give useful insights in structure and function of biomolecules and has 
given rise to various medicinal applications.57 Werner-type complexes with hard N, O, or S 
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donor ligands have been applied mostly in this respect. Of recent interest is the application of 
robust organometallic complexes in biochemistry.58 Characteristic chemical and spectroscopic 
properties of organometallic complexes can be applied for site-selective reaction with 
biomolecules, or as markers for the direct detection of the bio-organometallic material.57  
 
The use of transition metal carbonyl complexes is attractive, since the carbonyl stretching 
frequency forms a valuable probe for (drug) detection purposes. Characteristic bands are 
formed for adducts of the carbonyl complexes with peptides or steroid hormones, allowing a 
simultaneous qualitative and quantitative essay of multiple components with very small 
detection limits without the need for radioactive markers.59 Grotjahn et al applied donor 
substituted cyclopentadienyl ruthenium complexes (31) for selective labeling of amino acids 
in a peptide chain. Treatment of a model polypeptide with 31 resulted in the selective 
formation of η6-bonded ruthenium complexes on the arene rings of the phenylalanine residues 
of the polypeptide (Figure 25).60 This method was effective for the selective labeling of the 27 
amino acid polypeptide secretin. 
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Figure 25. Labeling of a polypeptides with ruthenium complexes.60 

 
NCN-pincer platinum complexes are used in our group as peptide labels with potential 
applications as diagnostic biomarkers and biosensors. NCN-pincer platinum complexes 
exhibit characteristic 195Pt-NMR signals, which is a valuable tool for probing the steric and 
electronic environment of the metal. Additionally they form bright orange complexes in the 
presence of SO2 making facile detection of the complex feasible. The high robustness of the 
NCN-pincer platinum complexes allows their application in the aqueous and aerobic 
conditions encountered in biological systems. As a consequence of this stability, pincer 
platinum species could be covalently bonded to the N-terminus of L-valine, or on the side-
chain of L-lysine.61 Interestingly, transformations on the ligand were possible after metallation 
of the ligand, generating more flexibility in the synthesis of the bio-organometallic species. 
Indeed, NCN-pincer palladium complexes could be functionalized at the N- and C- terminus 
of L-valine, and on the N-terminus of the dipeptide L-Phe-L-Val-OMe (32, Figure 26).62  
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Figure 26. NCN-pincer palladium functionalized dipeptide L-Phe-L-Val-OMe.62  

1.6. Tuning of Transition Metal Complexes  
Apart from ligand-functionalization employed for anchoring opportunities, i.e. the building 
block approach, it can be used to tune the metal center of the resulting complexes 
electronically. This methodology can be especially useful in cases where the influence of the 
substituent can be rationalized. The empirical Hammett equation has been used widely for 
treating the effect of substituents on rates and equilibria of organic reactions. Furthermore, 
correlation analysis is applied with success with several other properties, such as 13C- and 19F-
NMR chemical shifts.63 The use of the Hammett correlation to quantify the influence of 
substituted (aromatic) ligands on transition metal complexes, and consequently on their 
catalytic and/or optical properties has been used with varying success. However, if successful 
it allows theoretical prediction of properties from the resulting complexes. 
 
In studies directed toward the prediction of the oxidative reactivity of vanadium peroxo 
complexes, Di Furia et al. found Hammett-type correlations between the 51V-NMR chemical 
shift and the σ values of the substituents on meta- and para-substituted pyridine and aniline 
ligands (33, Figure 27).64 Upon increasing the electron density on the vanadium nucleus by 
placement of electron donating substituents, the chemical shift of the complexes decreases. 
By calculation of the 51V gyromagnetic ratios from the chemical shift data of various N∩O or 
O∩O ligated peroxo vanadium complexes (not shown), the authors found linear correlations 
between the gyromagnetic ratios and λmax values of the lowest energy electronic (n→d) 
transition. These correlations allow the prediction of reactivity for the peroxo vanadium 
complexes and tuning of the band gap of the frontier orbitals, based on 51V-NMR chemical 
shift data.  
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Figure 27. Peroxo vanadium complexes with substituted pyridine and aniline ligands.64 
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Reinhoudt et al. studied the coordination chemistry of cationic SCS-pincer palladium 
complexes with substituted pyridines (34, Figure 28).65 Linear Hammett correlations were 
found between σ+ substituent constants and the stability of the resulting pyridine-palladium 
complex, reflected in their association constants.  
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Figure 28. SCS-pincer palladium complexes with substituted pyridines.65 

 
An example from our group involves the electronic tuning of NCN-pincer nickel complexes 
by para-substitution (35, Figure 29).66 Investigation of the complexes by 13C-NMR and 
electrochemistry revealed Hammett-type correlations for 13C chemical shift differences 
(δCipso-δCortho), as well as for the oxidation potentials (Ep.a) of the nickel complexes with the 
σp substituent constants. Especially the quantification of the substituent effect on the 
Ni(II)/Ni(III) oxidation potential by correlation analysis is a powerful tool for tuning the 
reactivity of the catalytically active NCN-pincer nickel complexes. Their catalytic activity in 
the Kharasch addition of polyhalogenated alkanes to alkenes, involving one-electron transfer 
of the nickel(II) atom to the substrate, is directly affected by para-functionalization. Electron 
donating substituents decrease the oxidation potential of the Ni(II)/Ni(III) couple, resulting in 
more active one-electron transfer catalysts.  
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Figure 29. Para-substituted NCN-pincer nickel complexes.66 

1.7 Conclusions and Outlook 
Organometallic and coordination chemistry is originally mainly focused on the metal center 
itself, tuning its direct coordination environment, and consequently its properties by subtle 
variations in the ligand system. By choosing the appropriate combination of metal and ligand 
systems, transition metal complexes can exhibit characteristic properties, allowing 
applications as catalyst or as sensor materials. A more recent challenge in inorganic chemistry 
forms the application of organometallic and coordination complexes as building blocks in the 
construction of new (transition) metal based materials, as is evident from the ample examples 
available in literature. The selected examples shown in this chapter illustrate the broad field of 
potential applications, but should not be considered as comprehensive. Key sources of 
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inspiration are found in biological systems, but also in organic chemistry, which is more 
developed with respect to supramolecular chemistry and crystal engineering.  
 
Apart from few selected examples, ligands are functionalized or immobilized prior to the 
introduction of the metal, making the suitably functionalized ligand the actual building block 
in the syntheses. The transition metal complex is recognizable as building block in the final 
product, but is often not introduced as such. This is especially true for coordination 
complexes, which are prepared under mild conditions by treatment of the ligand with a metal 
salt. The formation of organometallic complexes in the final stage of the synthesis is often 
more problematic, as formation of M−C bonds requires more demanding reaction conditions. 
Metallation in earlier stages of the synthesis forms an attractive alternative, generating true 
organometallic building blocks. Obviously, this approach is only applicable for relatively 
stable organometallic complexes. The increasing availability of easily accessible transition 
metal building blocks, and the stability of part of them, generates a transition metal complex 
‘meccano kit’ for the preparation of materials ranging from engineering solids to 
supramolecular catalysts and bio-organometallic materials. 
 
Apart from the use of functionalized transition metal complexes as (supramolecular) building 
blocks, ligand substitution offers a powerful tool to tune the metal center of the resulting 
complexes electronically. In cases where correlation analysis can be applied to rationalize the 
influence of the substituent, theoretical prediction of their properties becomes feasible. 

1.8 Aim and Scope of this Thesis 
The work described in this thesis was part of the CW/STW project 'Molecular Recognition in 
Dendritic Catalysts'.67 The aim of this project was the use of supramolecular interactions for 
either substrate binding in catalytic dendrimers or catalyst immobilization in dendrimers. Both 
concepts combine the advantage found in homogeneous (supramolecular) catalysis, i.e. well-
defined catalytic sites with high substrate and product selectivities, with the ease of separation 
and recycling found in heterogeneous catalysis. Essential for the development of these 
systems is the availability of suitably functionalized organometallic building blocks. The 
NCN-pincer ligand forms an attractive ligand to use in this respect, since it has shown its 
versatility in various catalytic and sensor applications.68,69 The central theme in this thesis is 
the preparation and application of organometallic NCN-pincer complexes as building blocks 
in the construction of new (macromolecular) organometallic materials. Chapter Two describes 
the development of synthetic routes towards new para-functionalized NCN-pincer complexes, 
and the influence of the substituent on the properties of the complex. Surprisingly, various 
substitution reactions, involving rather vigorous reaction conditions, can be performed after 
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metalation of the ligand, exemplifying the high stability of these complexes. The NCN-pincer 
palladium and platinum complexes presented in Chapter Two form the essential building 
blocks for the preparation of the organometallic materials described later in this thesis. One 
aspect of the functional groups introduced on the pincer ligand system can give rise to new 
interactions and assembly features, in solution as well as in the solid state. Chapter Three 
describes the formation of para-nitro functionalized NCN-pincer palladium dimers in the 
solid state by electron donor-acceptor interactions between the metal center and the nitro 
substituent.  
 
The availability of an additional anchoring point on the NCN-pincer ligand in the form of a 
para-substituent makes the introduction of additional functional moieties feasible. The 
synthesis, properties and catalytic application of a tweezer shaped complex based on an NCN-
pincer palladium complex and a polycyclic aromatic pyrenoxy unit is presented in Chapter 
Four. The flexibility of the tweezer is studied in detail using various analytical tools, among 
which the pyrenoxy unit is used as fluorescent probe. Chapter Five describes the synthesis of 
NCN-pincer palladium complexes for immobilization purposes containing an additional 
binding site for functional groups. 
 
The final chapters of this thesis are directed to the use of hyperbranched polymers (polyether 
polyols), as alternative for dendrimers as macromolecular support systems. These polymers 
are randomly branched, but still possess a low polydispersity, and offer the advantage of 
being synthesized in a one-step polymerization step. In Chapter Six, nanocapsules based on 
hyperbranched polyglycerol are applied in the non-covalent encapsulation of sulfonated 
NCN-pincer platinum complexes. Chapter Seven describes the covalent immobilization of 
metalated NCN-pincer platinum complexes on hyperbranched polyglycerols. The size and 
shape of the resulting materials is investigated by TEM, making imaging of these relatively 
small-sized molecules feasible without staining procedures. The research presented in 
Chapter Eight makes use of chiral hyperbranched polyglycerols for immobilization of NCN-
pincer platinum complexes in either a non-covalent or covalent manner, using the 
methodologies described in Chapter Six and Seven. 
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Synthesis of para-Substituted NCN-Pincer Complexes: 
Versatile Building Blocks in Organometallic Chemistry 

 

 

 

 

 

 

 

Abstract  
A variety of para-substituted NCN-pincer palladium(II) and platinum(II) complexes 
[MX(NCN-Z)] (M = Pd(II), Pt(II); X = Cl, Br, I; NCN-Z = [2,6-(CH2NMe2)2C6H2-4-Z]-; Z = 
NO2, COOH, SO3H, PO(OEt)2, PO(OH)(OEt), PO(OH)2, CH2OH, SMe, NH2) have been 
synthesized via routes involving substitution reactions, either prior or, notably, after 
metallation of the ligand. The solubility of the pincer complexes is dominated by the nature of 
the para-substituent Z, rendering several complexes water-soluble.  The influence of the 
para-substituent on the electronic properties of the metal center was studied by 195Pt-NMR 
and DFT-calculations. Both the 195Pt-chemical shift and the calculated Mulliken populations 
on platinum correlate linearly with the σp Hammett substituent constants, allowing the 
prediction of electronic properties of pre-designed pincer complexes. Complexes substituted 
with protic functional groups (CH2OH, COOH) dimerize in the solid state by intermolecular 
hydrogen bonding interactions. 
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2.1. Introduction 
Organometallic complexes based on the potentially terdentate, monoanionic NCN-pincer 
ligand1 (NCN = 2,6-bis[(dimethylamino)methyl]phenyl anion) have been prepared containing 
a wide range of (transition) metals, and are therefore found in numerous applications.2,3 The 
aromatic pincer ligand contains two meta-positioned substituents bearing N-, O-, P- or S-
donor groups allowing chelation to the metal center, thereby enhancing stability due to the 
formation of metallacycles. The pincer ligands can be represented by the general formula 
(ECE-Z), with E representing neutral two-electron donor atoms, and Z representing a 
substituent most often placed para with respect to Cipso (Chart 1). Among the most stable 
pincer complexes are the square planar complexes from the metals of the nickel triad (Ni, Pd, 
Pt).4  
 

MXnYmZ

E

E

Z = functional group, H
E = NR2, PR2, OR, SR
M = (transition) metal
X,Y = halogen, ancillary ligand  

Chart 1. General representation of [M(ECE-Z)] pincer complexes. 
 

Variations in the para-substituent Z of these complexes have drawn our particular interest for 
several reasons. The electronic properties, and consequently the catalytic, spectroscopic, and 
diagnostic properties of the pincer complexes can be fine-tuned by choosing the appropriate 
para-substituent. A striking example in electronic tuning of the metal center in NCN-Z 
nickel(II) complexes by the para-substituent was published earlier by our group.5 The 
Hammett parameters of the para-substituents showed a linear relationship with the 
Ni(II)/Ni(III) oxidation potential and, consequently, on its catalytic activity in atom transfer 
radical additions.5c Recently, Reinhoudt et al. published a linear Hammett relationship for the 
complex stability for an array of para-substituted pyridines complexed to cationic SCS-pincer 
palladium complexes.6  
 
Immobilization of the catalytically active pincer metal complexes on macromolecular or 
inorganic supports is attractive for recycling purposes. Placement of a suitable para-
substituent, with anchoring possibilities and enough resistance towards the reaction conditions 
required for metallation, is crucial for the synthesis of these materials. NCN- and SCS-pincer 
complexes have been supported via the para-substituent Z on poly(ethylene glycol),7 poly-(N-
octadecyl-acrylamide),8 polysiloxanes,9 benzene rings,10 hyperbranched polytriallylsilanes,11 
carbosilane12,13 and Fréchet-type14 dendrimers, buckminsterfullerene,15 and silica.16 Para-
substitution also allows the build-up of supramolecular assemblies,17,18 the placement of an 
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additional metal center,19,20 or the introduction of functional groups such as α-amino acids or 
other auxiliaries,21,22,23 leading to new materials.  
 
The large potential of the pincer system, illustrated by the wide range of applications in the 
fields of catalysis, optical devices, and sensor materials, motivated us to develop synthetic 
routes towards new para-functionalized NCN-pincer complexes. Several steps in this study 
involve substitutions directly on metallated NCN-ligands. Except for π-aryl organometallics 
such as ferrocenes, reports concerning ligand substitution on σ-aryl organometallic complexes 
are scarce, and mainly involve complexes in which the metal is sterically shielded from the 
environment by bulky ligands.24 This approach is of high interest, since it allows the creation 
of compact multifunctional building blocks with catalytic or sensor properties on one side, 
and functional substituents for (non)-covalent bonding to create nanosize structures, on the 
other side. The pronounced influence of the para-substituent on the properties of these NCN-
pincer building blocks is discussed with respect to 195Pt NMR, solid-state structures, and 
DFT-calculations.  

2.2. Results 
Synthesis 
Two main synthetic strategies have been followed for the synthesis of para-substituted pincer 
metal complexes, denoted as [MX(NCN-Z)] (Chart 1). 
I. Selective metallation of pre-functionalized meta-bis-aminoarene (NCN-pincer) 

ligands. 
II. Selective para-substitution of bis-ortho-aminoaryl pincer complexes. 
Approach I is commonly the method of choice because the metal-to-carbon bond is often the 
most reactive part of the complex. However, recently we observed that the metal-to-carbon 
bond in palladium(II) and, in particular, platinum(II) NCN-pincer complexes, has remarkable 
stability under a wide variety of reaction conditions. For example, the platinated complexes 
[PtX(NCN-Z)] are stable in refluxing acetone/HCl, as well as under the highly basic and 
nucleophilic conditions encountered in lithiation reactions.21,23 This remarkable stability 
allows the exploration of unconventional strategies (approach II) for para-functionalization of 
pincer complexes.  
 
Various metallation procedures for NCN-pincers are available (see Scheme 1), which form an 
essential part of the synthetic strategies. Firstly, both palladium and platinum can be 
introduced under mild reaction conditions by oxidative addition of the aryl Cipso-halide bond 
of the NCN-halide to either [Pd2(dba)3·CHCl3] or [Pt(tol-4)2(SEt2)]2. A second method 
involves the selective lithiation of Cipso with n- or t-BuLi in alkane solvents, followed by 
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transmetallation with [PdCl2(cod)] or [PtCl2(SEt2)2] in diethyl ether. Obviously, the latter 
reaction sequence is not suitable when para-substituents are used which are incompatible with 
lithium alkyls. Thirdly, direct palladation is possible by an electrophilic aromatic substitution 
reaction of a trimethylsilyl substituted pincer ligand with Pd(OAc)2. This reaction makes use 
of the directing effect of the trimethylsilyl substituent in aromatic substitutions, and leads to 
the exclusive formation of the NCN-pincer complex with the palladium bound ortho with 
respect to both N-donor substituents.25 Finally, halogen scrambling of the M−X bond is a 
process often encountered in reactions with metallated pincers. The scrambled product is 
easily converted to a single product by halide abstraction with a silver(I) salt, e.g. AgBF4 or 
AgPF6, followed by treatment of the [M(NCN)L]+-cation with the ammonium, sodium or 
lithium salt of the desired halide.  
 

NMe2Me2N M

Cl

NMe2Me2NNMe2Me2N Br NMe2Me2N

NMe2Me2N M

Br

NMe2Me2N Pd
Cl

i) M =Pd
ii) M = Pt

iii vi

12 3

4a4b, 5b 4a, 5a

vii) M = Pd
iv) M =Pd
v) M = Pt

Si
Me3

 
Scheme 1. Palladation and platination procedures available for the NCN-pincer ligand; i) 

[Pd2(dba)3·CHCl3] ii) [Pt(tol-4)2SEt2]2; iii) n-BuLi , Br2; iv) n-BuLi, [PdCl2(cod)2]; v) n-BuLi, 
[PtCl2(SEt2)2]; vi) n-BuLi, SiMe3OTf; vii) Pd(OAc)2, LiCl. 

 
Approach I. Selective metallation of pre-functionalized NCN-pincer ligands.  
The nitro, amino, and iodo para-substituted platinum and palladium pincers were essentially 
obtained from ortho-bromo compound 2 (Scheme 2). The nitro substituent on the para-
position could also be introduced on ortho-trimethylsilyl compound 3, albeit in a much lower 
yield and poorer selectivity. Metallation of para-nitro ligand 7 with Pd(OAc)2, and 
subsequent treatment with LiCl afforded 10a in 97% yield. Ligands 6, 8 and 9 were all 
metallated using the mild oxidative addition procedure with [Pd2(dba)3·CHCl3] and [Pt(tol-
4)2(SEt2)]2, respectively.  
 
Nitration of 2 in H2SO4 with HNO3 afforded exclusively the para-nitro ligand 6.5b Metallation 
of 6 led to the clean formation of palladium(II) complex 10b and platinum(II) complex 11 in 
yields of 97% and 95%, respectively. The para-amino substituted ligand 8 was obtained by 
reduction of 6 with hydrazine monohydrate in the presence of 5% Ru/C catalyst.5 Metallation 
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of 8 to afford para-amino complexes 12 and 13 also led to the concomitant formation of 
Pd(0)- and Pt(0)-particles, respectively, resulting in an overall lower yield (∼80%). Para-iodo 
substituted pincer ligand 9 was obtained by diazotation of 8 with NaNO2, and subsequent 
treatment with KI. Platination of 9 with [Pt(tol-4)2(SEt2)]2 in refluxing benzene afforded 
complex 15 in quantitative yield. The high selectivity of this reaction is attributed to the 
coordinating properties of the N-donor groups, enabling site selective platination. The 
synthesis of palladium analogue 14 was less straightforward. Palladation with 
[Pd2(dba)3·CHCl3] starting at –78 °C, followed by slow warming to room temperature, 
ultimately afforded 14 in moderate yields.21 
 

NMe2Me2N Y NMe2Me2N Y

i ii

NO2

NMe2Me2N Br

NH2

iii

NMe2Me2N Br

I

NMe2Me2N

I

NMe2Me2N

NH2

NMe2Me2N

NO2

iv iv iv

2 Y=Br
3 Y=SiMe3

6 Y=Br
7 Y=SiMe3

8 9

10a 
10b 
11

12 M=Pd
13 M=Pt

14 M=Pd
15 M=Pt

M M M
BrBrX

M=Pd, X=Cl
M=Pd, X=Br
M=Pt, X=Br  

Scheme 2. Substitution of the NCN-pincer ligands prior to metallation; i) HNO3 / H2SO4; ii) N2H4.H2O 
/ 5 mol% Ru/C; iii) H2SO4, H2O, NaNO2, NaI; iv) Y=Br: [Pd2(dba)3·CHCl3] (10b, 12, 14) or [Pt2(tol-

4)2(SEt2)2]2 (11, 13, 15); Y=SiMe3: Pd(OAc)2/LiCl (10a). 
 
The synthesis of hydroxymethyl substituted palladium pincer compound 22 was possible via 
two different routes (Scheme 3). The first approach starts from the para-bromo ligand 16. 
Lithiation of 16 with two equivalents of t-BuLi in diethylether, followed by addition of DMF 
afforded aldehyde 17 quantitatively. Reduction of 17 to its corresponding benzylic alcohol 18 
proceeded fast in a yield of 95% using NaBH4 in methanol. Protection of 18 with a t-
butyldimethylsilyl group allowed lithiation of Cipso with n-BuLi in hexane, followed by a 
quench with trimethylsilyl triflate. Deprotection with Et3N.3HF afforded the hydroxymethyl 
ligand 19 in 78% yield. Subsequent treatment of 19 with Pd(OAc)2 and LiCl in methanol 
resulted in the formation of 22a in 87% yield. Instead of a SiMe3-substituent, a bromo-
substituent could be introduced in 18 by the use of Br2 instead of SiMe3OTf in quenching the 
lithio-intermediate, to afford the para-hydroxymethyl compound 21, which allowed both 
palladation and platination to obtain complexes 22b and 23, respectively. 
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An alternative route, which allowed the synthesis of both the palladium and platinum 
complexes, started from bifunctional bromo-iodo-pincer ligand 9. Due to the higher reactivity 
of t-BuLi towards the aryl-iodide bond compared to the aryl-bromide bond, selective 
substitution reactions can be performed.21 Lithiation of 9 at –100 °C in diethylether using two 
equivalents of t-BuLi, selectively afforded the para-lithio pincer in situ. This lithio 
intermediate could be reacted with electrophiles to produce novel para-substituted pincer 
ligands. For instance, quenching of the lithio intermediate with DMF afforded aldehyde 20, 
which was easily reduced to benzylic alcohol 21 and subsequently metallated as described 
above to afford palladium and platinum complexes 22b and 23, respectively.21 
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Scheme 3. Synthesis of 22 and 23 via two different approaches; i) t-BuLi, DMF; ii) NaBH4; iii) a: 

TBSCl/imidazole, b: n-BuLi, Me3SiOTf or Br2, c: Et3N.3HF; iv) [Pd(OAc)2], LiCl; v) M=Pd: 
[Pd2(dba)3·CHCl3], M=Pt: [Pt(tol-4)2SEt2]2. 

 
Approach II. Selective para-substitution of bis-ortho-aminoaryl  metal complexes 
The non-substituted NCN-pincer complexes 4 (Pd) and 5 (Pt) can be obtained following the 
procedures depicted in Scheme 1. The choice of the preferred procedure can be made on the 
availability of starting materials and/or their costs, rather than on their efficiency. However, 
both oxidative addition and electrophilic substitution are quantitative with respect to the metal 
salt, while the lithiation-transmetallation route is not. Direct treatment of 4a or 5a with 
chlorosulfonic acid in dichloromethane afforded a mixture containing predominantly (∼50%) 
the para-substituted sulfonated complexes 24 or 25, together with the meta-isomer and 
several unidentified (decomposition) products (Scheme 4). Decomposition pathways starting 
with protonation of the amine donor arms can be envisaged. Purification of 24 was achieved 
by several extractions with acetonitrile followed by careful precipitation, while 25 could be 
purified by fractional precipitations from methanol. Complexes 24 and 25 were obtained in 
respective yields of 18% and 25%. As a result of the presence of the polar sulfonic acid 
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functional group, 24 and 25 are only soluble in highly polar (protic) solvents such as water, 
DMSO, acetonitrile, or THF.  
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i

 
Scheme 4. Direct sulfonation of NCN-palladium and -platinum complexes; i) HOSO2Cl. 

 
The para-iodo substituted NCN-pincer complex 15 is a convenient starting material for 
further modifications (Scheme 5). Due to the lower stability of the para-iodo NCN-
palladium(II) complexes compared to the corresponding NCN-platinum(II) analogues, we 
were unable in performing successful transformations on the para-iodo palladium(II) complex 
14. Remarkably, platinum(II) complex 15 allowed lithiation at the para-position using t-BuLi 
at −100 °C in THF to produce [PtBr(NCN-Li)]n in situ. The temperature control in this 
lithiation reaction is a crucial factor, since the lithio intermediate can polymerize to produce 
[Pt(NCN)]n-type linear chains.26 After lithiation, the reaction mixture was quenched at −100 
°C with several electrophiles, i.e. CO2, MeSSMe, ClPO(OEt)2, DMF, and Me3SiCl, to 
produce in high to excellent yields the para-substituted pincer platinum(II) complexes 
functionalized with a carboxylic acid (34, 89%), a methylthio ether (35, 95%), a 
diethylphosphonato (36, 95%), an aldehyde (37, 74%), and a trimethylsilyl (38, 75%) group, 
respectively (Scheme 5).  
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Scheme 5. Substitutions on metallated NCN-platinum complexes, and an alternative route for their 
palladium analogues; i) [Pt(tol-4)2SEt2]2; ii) a: t-BuLi, b: CO2 (34), Me2S2 (35), ClPO(OEt)2 (36), 

DMF (37), Me3SiCl (38); iii) a: t-BuLi, b: Me2S2 (26), ClPO(OEt)2 (27) DMF (28), Me3SiCl (29) ; iv) 
[Pd2(dba)3·CHCl3] (30-33), [Pt(tol-4)2SEt2] 2 (35-38). 
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Although the analogous NCN-palladium(II) complexes 30-33 were not accessible via the 
selective functionalisation of para-iodo NCN-pincer palladium(II) complex 14, they could be 
synthesized via the methylthio (26), diethylphosphonato (27), aldehyde (28), and 
trimethylsilyl (29) para-substituted NCN-pincer ligands. These precursors were obtained in 
near quantitative yields by selective lithiation at the para-position (iodo-substituent) of 9 with 
t-BuLi in diethyl ether and subsequent treatment with dimethyl disulfide, 
chlorodiethylphosphate, DMF, or trimethylsilyl chloride. Palladation of ligands 26-29 with 
[Pd2(dba)3·CHCl3] afforded the metallated methylthio (30, 85%), diethylphosphonato (31, 
92%), aldehyde (32, 74%), and trimethylsilyl (33, 78%) derivatives. Platinum(II) complexes 
35-38 were also accessible via this route upon treatment of 26-29 with [Pt(tol-4)2(SEt2)]2, 
respectively. 
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Scheme 6. (Partial) saponification of phosphonate esters on metallated ligands; i) a: Me3SiBr, b: 

MeOH. 
 
The diethylphosphonato substituted NCN-palladium and -platinum complexes 31 and 36 were 
subsequently (partially) hydrolyzed to obtain their phosphonic acid derivatives, in order to 
make them water-soluble. Scheme 6 illustrates this saponification into the 
monoethylphosphonic acid (39 and 40), and phosphonic acid derivatives (41 and 42), upon 
treatment with trimethylsilyl bromide and methanol. Repeated extractions of the crude 
product with dichloromethane afforded the monoethylphosphonic acid palladium and 
platinum pincer complexes 39 and 40 as pure materials in yields of 15% and 23%, 
respectively. However, unfavorable solubility properties of 41 and 42 hampered their 
complete purification. 

 
Solubility 
During the synthesis and work-up of this series of para-substituted pincer palladium and 
platinum complexes, we observed that the nature of the para-substituent has a crucial 
influence on the solubility properties of the pincer-metal complexes. A much smaller effect, 
as compared to the influence of the para-substituent, is exerted by the halogen positioned on 
the metal atom. Larger halides possess a more diffuse charge, and their bonds to the metal 
have more covalent character, resulting in slightly enhanced solubilities in apolar solvents. 
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The para-H, -tBu, and -SiMe3 substituted palladium and platinum complexes are soluble in 
dichloromethane, chloroform and THF, but to a lesser extent in benzene and diethyl ether. 
The introduction of protic para-substituents, e.g. COOH, PO(OH)(OEt), SO3H, or NH2, 
markedly lowers their solubility in aprotic solvents. Water-soluble and -stable NCN-pincer 
complexes are obtained upon the introduction of a sulfonate, a monoalkyl phosphonate, and to 
a lesser extent of a carboxylate substituent.  
 
195Platinum NMR studies 
The chemical shift of the 195Pt nucleus turned out to be a valuable tool for probing the 
electron density on the metal center of the various para-substituted pincer complexes. The 
195Pt chemical shift is highly sensitive towards subtle changes in geometry, oxidation state, 
and nature of the co-ordination sphere.27 The magnetic shielding of the heavier nuclei 
contains contributions from both a paramagnetic and a diamagnetic shielding term. Both 
shielding terms are, to a different extent, sensitive towards σ and π contributions to the 
electronic charge on the metal center. In general, an increase in electron density on the metal 
leads to an increase in shielding of the nucleus. In 1976, a broad, but dated survey of the 195Pt 
chemical shifts for a wide variety of platinum-complexes shows that no linear Hammett 
correlation is observed for several para-substituted diaryl platinum(II) complexes.28 In 
contrast, Wu et al. later reported the synthesis and 195Pt-NMR analysis of ferrocenyl based 
platinum complexes, for which a linear relation between the 195Pt chemical shift and the σp 
Hammett substituent constants was found.29  
 
Table 1. 195Pt chemical shifts of the para-substituted NCN-pincer platinum(II) complexes [PtCl(NCN-

Z)] and their corresponding Hammett substituent constants σp and σp
+. 

Z σσσσp 
a σσσσp

+ a δδδδ(195Pt) / ppm b 
NO2 0.81 1.23 -1802 
CHO 0.47 1.04 -1843 

COOH 0.44 0.73 -1899 
I 0.28 0.13 -1923 
H 0.0 0 -1959 

SiMe3 0.0 -0.03 -1963 
tBu -0.15 -0.26 -1988 
OH -0.22 -0.92 -2009 
NH2 -0.3 -1.3 -2045 

a) Taken from reference [30]; b) Referenced to H2PtCl6. 

 
In order to study the influence of the para-substituent on the electron density of the pincer 
complexes by 195Pt-NMR, all other structural features in the complex, i.e. halide and co-
ordination geometry, were kept constant. 195Pt chemical shifts were recorded for various para-
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substituted pincer complexes in CDCl3 (0.1 M) and referenced to H2PtCl6. The chemical shift 
data are collected in Table 1 and fit reasonably well (R=0.981) to the σp Hammett substituent 
constants reported by Exner (Figure 1).30 Correlation of the chemical shift data with the σp

+ 
Hammett substituent constants results in a less good fit (δ(195Pt) = 90.1·σp

+ - 1943.0; 
R=0.969). 

 
Figure 1. 195Pt chemical shift of [PtCl(NCN-Z)] versus σp Hammett substituent constant and linear fit 

of the datapoints. 
 

DFT-Calculations 
The general increase in chemical shielding resulting from an increase in negative charge has 
been correlated in many studies with charge densities described by Mulliken population 
analysis.27 In order to gain more insight in the influence of the substituent on the properties of 
the metal center, several para-substituted NCN-pincer platinum(II) chloride complexes 
[PtCl(NCN-Z)] were investigated by the density functional theory method 
B3LYP/LANL2DZ31 as implemented in Gaussian 98.32 Of specific interest in our calculations 
was the influence of the para-substituent on the Mulliken charges on the platinum center and 
the calculated structural features in comparison with single crystal X-ray structures.  

 
Table 2. Selected bond distances [Å] and angles [°] for the experimental17b (X-ray) and calculated 

(DFT-B3LYP/LANL2DZ) geometry of [PtCl(NCN)]. 
 X-ray structure DFT-calculation 

Pt- Cipso 1.907(5)-1.934(4) 1.94 
Pt-Cl 2.41 2.53 
Pt-N 2.082(8)-2.106(8) 2.13 
N-Pt-N 160.5(3)-164.26(13) 165.0 
Cl-Pt-Cipso 173.14(11)-177.4(4) 180.0 

 
Starting from structures calculated by MM2, further optimization took place with the DFT 
method B3LYP/LANL2MB (minimal basis set). These molecular structures were in turn used 



Chapter Two 
__________________________________________________________________________________________ 

 41

as starting geometries for the calculations with the double-ζ basis set. The coordination 
environment, i.e. bond lengths and angles, of the platinum center were hardly affected by 
variations in the para-substituent. The calculated bond lengths and angles of pincer complex 
[PtCl(NCN)] together with earlier reported crystallographic data17c are given in Table 2.  
 
The Mulliken charges on the platinum center are given in Table 3. These charges correlate 
well with the σp Hammett constants for the para-substituents (QMulliken = 0.055·σp + 0.22; R = 
0.9934), when the values for the substituents NH2, NMe2, and OH are omitted from the fitting 
procedure (Figure 2).  
 
Table 3. The calculated Mulliken charges on platinum (DFT-B3LYP/LANL2DZ) of [PtCl(NCN-Z)], 

and their corresponding Hammett substituent constants σp. 
Z σσσσp

 a Mulliken population / e b 
NO2 0.81 0.2646 

COOH 0.44 0.2434 
I 0.28 0.2309 
H 0.0 0.2190 

SMe 0.06 0.2243 
OH -0.22  0.2281 
NH2 -0.3 0.2249 

NMe2 -0.32 0.2213 
a) Taken from reference [30];  b) DFT-calculation with B3LYP/LANL2DZ 

 

 
Figure 2. Calculated Mulliken charges (DFT-B3LYP/LANL2DZ) of [PtCl(NCN-Z)] versus σp 

Hammett substituent constant. 
 

Structures of 34 and 22a in the solid state 
Crystal structures of various (para-functionalized) NCN-pincer palladium and platinum 
halide complexes have been determined earlier.33 Crystals suitable for X-ray crystallographic 
structure determination of [PtI(NCN-COOH)] (34) were grown upon vapor diffusion of 



Synthesis of para-Substituted NCN-pincer Complexes 
__________________________________________________________________________________________ 

 42

pentane into a saturated solution of toluene-ether 1/1 (v/v). Upon crystallization from these 
apolar solvents, 34 crystallizes as the hydrogen bonded dimer. This in contrast with another 
crystal structure of 34 (not shown) obtained from a DMSO solution,33a and with a structurally 
related carboxylic acid functionalized CNN-pincer palladium complex.34  Figure 3 shows its 
molecular structure in the crystal, together with a packing graph. Selected bond distances, 
angles and dihedral angles are collected in Table 4. The crystals contain disordered 
cocrystallized toluene solvent molecules. 
 

 
Figure 3. a) Displacement ellipsoid plot (50% probability level) of [PtI(NCN-COOH)] (34). The 

halogen position is occupied by 19% Br and 81% I, which were constrained to the same position and 
displacement parameters. Hydrogen atoms, except carboxylic acid, have been omitted for clarity. b) 

Packing graph of 34 showing the dimeric structure through hydrogen bonding. 
 
 

Due to halogen scrambling on the platinum center, the crystal contained ∼19% bromide and 
∼81% iodide on the metal center, as determined by a refinement of the occupancies. The 
Br1/I1 atoms were constrained on the same positions and displacement parameters. Therefore, 
the observed Pt1-Br1/I1 distance is a weighted average of both contributions. The metal 
center adopts a distorted square planar geometry with the coordination plane of platinum 
being almost coplanar with the plane of the aryl ring. The two five-membered metallacycles 
are puckered in the same direction with torsion angles Pt(1)-N(1)-C(7)-C(6) and Pt(1)-N(2)-
C(8)-C(2) of 31.5(5)º and 30.0(5)º, respectively. The hydrogen bonds between both 
carboxylic acid residues have bond lengths H(10)-O(1), H(10)...O(2), and O(1)-O(2) of 
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0.89(8), 1.71(9), and 2.595(6) Ǻ, respectively, with an almost linear O(1)-H(10)-O(2) angle of 
173(8)°.  
Crystals suitable for X-ray crystallographic structure determination of [PdCl(NCN-CH2OH)] 
(22a) were grown upon slow vapor diffusion of diethyl ether into a concentrated 
dichloromethane solution of 22a. Figure 4 shows the molecular structure, and a packing 
graph. In the solid state 22a is self-assembled into dimers by hydrogen bonding interactions. 
Preliminary NMR-studies indicate that dimeric (or oligomeric) structures persist in CDCl3-
solution. 
 

 
Figure 4. a) Displacement ellipsoid plot (50% probability level) of [PdCl(NCN-CH2OH)] (22a). 

Hydrogen atoms, except hydroxyl, have been omitted for clarity. b) Packing graph of 22a in which the 
hydrogen bonding in the dimeric substructure is shown. 

 
The geometry around the palladium(II) center is distorted square planar, and the metal is 
bound to the chloride and the η3-mer bonded NCN-ligand. The bond lengths and angles are 
similar to those generally encountered in NCN-pincer palladium(II) complexes. The five-
membered metallacycles are puckered in the same direction with torsion angles Pd(1)-N(1)-
C(7)-C(2) and Pd(1)-N(2)-C(10)-C(6) of -32.76(15)º and -32.64(15)º, respectively. Selected 
bond distances, angles and dihedral angles for 22a are given in Table 4. 
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Table 4. Selected bond distances [Ǻ], angles and torsion angles [°] of 22a and 30. 
22a [PdCl(NCN-CH2OH)] 34 [PtI(NCN-COOH)] 

Pd1-C1 1.9174(18) Pt1-C1 1.921(5) 
Pd1-N1 2.1083(15) Pt1-N1 2.088(5) 
Pd1-N2 2.1066(15) Pt1-N2 2.098(5) 
Pd1-Cl1 2.4392(5) Pt1-Br1/I1 2.7020(5) 
C1-Pd1-N1 81.33(7) C1-Pt1-N1 81.5(2) 
C1-Pd1-N2 80.85(7) C1-Pt1-N2 81.9(2) 
C1-Pd1-Cl1 173.08(5) C1-Pt1-Br1/I1 175.29(14) 
N1-Pd1-N2 161.93(6) N1-Pt1-N2 163.38(18) 
Pd1-N1-C7-C2 -32.76(15) Pt1-N1-C7-C6 31.5(5) 
Pd1-N2-C10-C6 -32.64(15) Pt1-N2-C8-C2 30.0(5) 

 

2.3. Discussion 
Synthesis 
In general, direct modification of ligands in organometallic or coordination complexes is 
hampered by two major features. First, the complex is often kinetically not stable enough to 
allow organic transformations directly on a ligand bound to the metal. Secondly, metallation 
procedures can be incompatible with the type of substituent present on the ligand. This 
especially applies to the synthesis of organometallic complexes, in which a covalent metal-
carbon bond has to be formed. Apparently these drawbacks are not encountered in the 
synthesis of para-functionalized NCN-palladium and -platinum complexes. Due to the 
exceptional stability of these complexes and the availability of various metallation 
procedures, we were able to synthesize a wide range of para-substituted NCN-pincer 
palladium and platinum complexes. The present organic transformations carried out directly 
on the pincer-metal complexes (strategy II), can be considered as particularly unconventional 
in organometallic synthesis and unexpected on the basis of their open structure, i.e. steric 
accessibility of the square planar aryl-palladium or -platinum starting materials. The 
preparation and isolation of pincer sulfonate complexes 24 (Pd) and 25 (Pt) illustrates the 
kinetic inertness of both the Cipso-metal and N-metal bonds in the starting NCN-pincer 
complexes under the highly acidic and electrophilic reaction conditions employed in the 
aromatic sulfonation reaction. Moreover, the possibility to selectively lithiate NCN-pincer 
platinum complex 15 at the para-position shows that even the metal-halide bond can be 
kinetically stable under basic and nucleophilic conditions. These features open up a multitude 
of synthetic routes towards new ranges of ECE-Z pincer platinum derivatives.  
 
The synthesis of [PdX(NCN-CH2OH)]  (22, X=Cl, Br) may serve to illustrate the synthetic 
flexibility offered by the NCN-pincer ligand framework. A straightforward route starts from 
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para-bromo NCN-pincer ligand 16 which can be synthesized in two steps from commercially 
available materials.5b However, this route involves lithiation of Cipso limiting its scope to para-
substituents which are either inert or can be protected during the lithiation step. It should be 
noted that after introduction of the inert SiMe3-substituent on the Cipso by lithiation, selective 
palladation can be performed directly, or after further transformations on the para-substituent. 
A second route starts from the bifunctional ligand 9, which is only available from a multistep 
synthesis, but allows a broader range of substituents due to the mild oxidative addition 
procedures used in the metallation. In fact, it is the method of choice when targeting at protic 
or electrophilic para-substituents.  
 
While in this study only selected para-substituted pincer complexes have been prepared, their 
syntheses represent the basic strategies available. This broadens the scope of possible para-
substituents to virtually any organic functional group.21,22,23,35 Extension of the presented 
synthetic routes to PCP- and SCS-pincer complexes can be envisaged, broadening the 
potential even more.  
 
We found that several prerequisites should be taken into account when performing reactions 
on metallated pincer ligands. The palladium, and to a lesser extent the platinum pincer 
complexes, can decompose by reductive elimination and other processes upon prolonged 
heating or in highly concentrated solutions, leading to the formation of zerovalent metal 
particles. The cationic platinum complexes ([Pt(OH2)(NCN)]X) can, in addition, add to 
activated alkyl halides (benzyl bromide, methyl iodide) leading in certain cases to the 
formation of either stable Wehland arenium intermediates or decomposition products.36  
 
Properties 
The influence of the para-substituent on the stability of the metal-to-carbon bond can be 
rationalized by considering substituent effects encountered in Hammett relations. Nitro-
substituents of NCN-pincer complexes 10 and 11 withdraw electron density from the aromatic 
ring, thus polarizing the Cipso-metal bond in the direction of Cipso and consequently making the 
metal center more positive. The lowered electron density on the metal can be expected to 
make it less prone to reductive elimination, which would lead to the formation of zerovalent 
metal particles. On the other end, the amino-substituent in complexes 12 and 13 donates 
electron density to the aromatic ring, leading to a less polarised Cipso-metal bond compared to 
10 and 11. A more electron rich metal center is expected to decompose more readily by 
reductive elimination. Indeed, this behavior is observed in the synthesis and handling of the 
metallated pincer systems. While palladium or platinum black is formed during the synthesis 
of 12 and 13, and upon prolonged standing of their concentrated solutions, these reductive 
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elimination processes are never observed for the nitro-substituted pincers 10 and 11. The 
palladium and platinum pincers bearing highly acidic groups, e.g. sulphonic acids 24 and 25 
and phosphonic acids 41 and 42, are highly hygroscopic and decompose slowly in moist air 
under the formation of palladium and platinum black, possibly via pathways involving 
protonation of the donor arms, followed by cleavage of the metal-carbon bond. Interestingly, 
these decomposition reactions were not observed in diluted aqueous solutions.  
 
The solubility behavior of the para-functionalized pincer complexes is dominated by the 
para-substituent. The formation of intermolecular hydrogen bonding (arrays) between protic 
para-substituents and suitable Lewis bases such as the halide on the metal center, can give 
rise to the formation of oligomeric or polymeric structures, resulting in lower solubilities in 
common organic solvents. The formation of intermolecular hydrogen bonds is most 
pronounced in the solid state. Supramolecular assemblies of NCN-pincer complexes, through 
the formation of M-Cl···H hydrogen bonds, were earlier observed for the para-hydroxyl17b 
and para-ethynyl20 functionalized platinum(II) complexes. These types of para-substituents 
induced the formation of infinite linear α-type networks. Despite the lower acidity of a 
benzylic hydroxyl functional group, compared to an aromatic one, it can still act as hydrogen 
bonding donor to the chloride ligand on the metal. The flexibility of the hydroxymethyl 
substituent in palladium(II) complex 22a makes dimerization, instead of the formation of 
linear polymers, possible. Since the relative position of the aryl rings in the crystal lattice is 
not optimal for attractive π-stacking interactions, the origin of the dimerization can be 
completely attributed to the formation of the hydrogen bonds. Interestingly, similar M-
Cl···HO dimerization was observed for the structurally related hydroxyl functionalized NCN-
palladium complex [PdCl(NCN-SiMe2(CH2)6OH]. This complex contains an extended spacer 
between the aryl ring and alcohol, giving rise to the formation of large hydrogen bonded 
squares.37 Another hydrogen bonding motive is observed in the X-ray structure of the DMSO 
solvate of 34. Whereas in this crystal structure the carboxylic acid is hydrogen bonded to a 
cocrystallized DMSO molecule, crystallization from apolar solvents afforded a molecular 
structure of 34 with the familiar hydrogen bonding motive for carboxylic acids. This 
hydrogen bonding motive is favored over others, such as hydrogen bonding to the halide, as 
can be expected on the basis of the poor hydrogen bond acceptor properties of the iodide, 
compared to the 'harder' chloride anion. IR-analysis (DRIFT) of amorphous 34 in KBr, 
confirmed that this dimeric structure is the predominant one in the solid state (broad 
absorption 2750-2270 cm-1).  
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Hammett Relations 
The linear correlation for the 195Pt chemical shift with the σp Hammett substituent constants 
allows the use of NMR as a sensitive probe for the electron density on the metal center. Since 
all other structural features of the platinum complexes were found to remain constant (X-ray 
structures, DFT-calculations), changes in shielding can be attributed to the para-substituent 
solely. Similar linear correlations with σp were found for the Mulliken charges as calculated 
by DFT. It should be noted that the substituents NH2, NMe2 and OH, which can be considered 
as mesomeric electron donating substituents, deviate markedly from the other values. The 
offset of these charges with respect to the other values may be attributed to approximations 
used in the calculations, such as the effective core potential for the platinum nucleus. The 
calculated molecular structures of the pincer platinum complexes do resemble the 
experimental X-ray structures very well. All bond lengths and angles are in excellent 
agreement except for the Pt−Cl bond distance, which is overestimated by 5% in the 
calculation. This makes DFT an attractive method to study pincer complexes in more detail.38  

2.4. Conclusions 
The presented synthetic routes for the synthesis of para-functionalized NCN-palladium(II) 
and -platinum(II) complexes are highly versatile, and allow the functionalization with 
substituents covering the complete range of Hammett constants. The possibility to perform 
organic transformations on the metallated NCN-ligands makes their application as building 
blocks in the construction of new (macromolecular) organometallic materials facile. 
Additionally, both the transition metal(-halide) and selected substituents are able to participate 
in supramolecular assemblies by interactions such as hydrogen bonding, ligand coordination 
or π-π stacking. This is of especial interest for the application of NCN-pincer complexes as 
multifunctional building blocks for crystal engineering purposes. The direct and linear 
influence of the para-substituent on the platinum center as indicated by 195Pt-NMR studies 
and the DFT-calculations can be extended to para-substituted pincer complexes of other 
metals. The catalytic and/or optical properties of these complexes can thus be optimized by 
choosing the appropriate para-substituent, based on its σp Hammett substituent constant.  

2.5. Experimental 
General 
All reactions involving water/air-sensitive reagents were performed using standard Schlenk 
techniques unless stated otherwise. Benzene, pentane, hexane, THF and Et2O were distilled 
from Na-benzophenone and CH2Cl2 from CaH2 prior to use. [Pd2(dba)3·CHCl3],39 and [Pt(tol-
4)2SEt2]2

40 were synthesized according to literature procedures. All other reagents were 
obtained commercially and were used without further purification. Elemental Analyses were 
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performed by Kolbe, Mikroanalytisches Laboratorium (Müllheim, Germany). 1H and 13C{1H} 
NMR spectra were recorded on a Varian Inova 300 spectrometer (operating at 300 and 75 
MHz respectively) or a Varian Mercury 200 spectrometer (operating at 200 and 50 MHz 
respectively). Spectra were recorded in chloroform-d or benzene-d6 at room temperature, 
unless stated otherwise, and were referenced to TMS (δ = 0.00 ppm). The syntheses of 
compounds 2 and 8,5b 4,41 5,41b 16,42 23,23b 6, 9 (alternative method), 14-15, 20-21, 28-29, 32-
33 and 37-3821 have been reported earlier. 
 
 
1-Trimethylsilyl-2,6-bis[(dimethylamino)methyl]benzene (3) 
1,3-Bis[(dimethylamino)methyl]benzene (1) (15.25 g, 79.4 mmol) was dissolved in 100 mL 
of hexane and cooled to -80 °C. To this solution was dropwise added 50 mL of n-butyllithium 
(1.6 M in hexane, 79.4 mmol) over 10 minutes. The reaction mixture was allowed to reach 
ambient temperature and stirred overnight. A freshly prepared solution of trimethylsilyl 
trifluoromethylsulphonate (15.4 mL, 87.4 mmol) in 50 mL THF was added at 0 °C. After 
stirring for an additional hour at room temperature all volatiles were evaporated in vacuo. 
Extraction with hexane (3 x 100 mL) afforded after evaporation of the solvent a yellow/brown 
oil. This was further purified by flash vacuum distillation yielding 3 as a colorless oil (16.12 
g, 60 mmol, 77%). 1H-NMR (benzene-d6, 300 MHz) δ: 7.36 (d, 2H, 3JHH=7.3 Hz, ArH), 7.20 
(t, 1H, 3JHH=7.3 Hz, ArH), 3.53 (s, 4H, CH2N), 2.06 (s, 12H, NMe2), 0.52 (s, 9H, SiMe3). 
13C{1H} (benzene-d6, 75 MHz) δ: 146.8, 138.6, 129.7, 128.6 (Ar), 66.0 (CH2N), 45.0 (NMe2), 
3.4 (SiMe3). Anal. Calcd. for C15H28N2Si: C 68.12, H 10.67, N 10.95; Found: C 68.20, H 
10.58, N 10.83. 
 
4-Nitro-1-trimethylsilyl-2,6-bis[(dimethylamino)methyl]benzene (7) 
Compound 3 (3.88 g, 14.6 mmol) was added slowly during 1 hour to concentrated H2SO4 (10 
mL) at 0 °C. Concentrated HNO3 (2 mL) was added while maintaining the temperature below 
10 °C. The mixture was allowed to reach ambient temperature and was stirred for 3 hours 
after which it was poured on 100 g of crushed ice. The acidic mixture was neutralized with 
KOH and subsequently extracted with CH2Cl2. The organic layer was washed with brine, 
dried over MgSO4 and isolated after removal of the solvent in vacuo as a 20/80 mixture of 7 
and 4-nitro-2,6-bis[(dimethylamino)methyl]benzene. Purification by column chromatography 
(Et2O/hexanes 1/1, 3% TEA, basic alumina) yielded 0.64 g (2.1 mmol, 14%) of 7 as colorless 
crystals. 1H-NMR (benzene-d6, 300 MHz) δ: 8.17 (s, 2H, ArH), 3.28 (s, 4H, CH2N), 1.86 (s, 
12H, NMe2), 0.34 (s, 9H, SiMe3). 13C{1H} (benzene-d6, 75 MHz) δ: 149.1, 148.5, 147.8, 
122.5 (Ar), 65.0 (CH2N), 44.8 (NMe2), 2.8 (SiMe3). Anal. Calcd. for C15H27N3O2Si: C 58.21, 
H 8.79, N 13.58, Si 9.08; Found: C 58.15, H 8.71, N 13.62, Si 8.94. 
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4-Nitro-NCN-palladium(II) chloride (10a) 
To a solution of 7 (111.7 mg, 0.36 mmol) in freshly distilled methanol (10 mL) was added 
Pd(OAc)2 (85.0 mg, 0.38 mmol)  at once. The mixture was stirred for 2 h. followed by 
addition of LiCl (0.15 g, 3.6 mmol) resulting in the immediate formation of a white 
precipitate. The reaction mixture was stirred for 1 h., all volatiles were evaporated in vacuo, 
and the residue was dissolved in CH2Cl2 (60 mL), and washed with water. The dried (MgSO4) 
organic phase was filtered over Celite and subsequent evaporation of the solvent in vacuo 
afforded pure 10 (132.8 mg, 0.35 mmol, 97%) as a yellowish solid. 1H-NMR (CDCl3, 200 
MHz) δ: 7.61 (s, 2H, ArH), 4.02 (s, 4H, CH2N), 2.88 (s, 12H, NMe2). 13C{1H} (CDCl3, 50 
MHz) δ: 167.5, 145.6, 145.4, 115.0 (Ar), 74.0 (CH2N), 52.9 (NMe2). Anal. Calcd. for 
C12H18ClN3O2Pd: C 38.11, H 4.80, N 11.11; Found: C 38.19, H 4.91, N 11.02. 
 
4-Nitro-NCN-platinum(II) bromide (11) 
1-bromo-4-nitro-2,6-bis[(dimethylamino)methyl]benzene (6) (0.57 g, 1.80 mmol) was 
dissolved in benzene (10 mL) and added dropwise to a suspension of [Pt(tol-4)2(SEt)2]2 (0.84 
g, 0.90 mmol) in benzene (15 mL). The mixture was refluxed for 3 h. and upon cooling a 
yellow precipitate formed. Et2O (75 mL) was added and the precipitate was isolated by 
centrifugation. The product was washed with Et2O (2 x 90 mL) yielding pure 11 as a yellow 
solid (0.89 g, 1.73 mmol, 96%). 1H-NMR (CDCl3, 300 MHz) δ: 7.74 (s, 2H, ArH), 4.09 (s, 
3JHPt= 45.6 Hz, 4H, CH2N), 3.13 (s, 3JHPt= 38.4 Hz, 12H, NMe2). 13C{1H} (CDCl3, 75 MHz) 
δ: 157.5 (Cpara), 144.7 (Cipso), 143.9 (2JCPt= 81.1 Hz, Cortho), 115.5 (3JCPt= 37.2 Hz, Cmeta), 76.6 
(2JCPt= 59.8 Hz, CH2N), 55.0 (2JCPt= 13.4 Hz, NMe2). Anal. Calcd. for C12H18BrN3O2Pt: C 
28.19, H 3.55, N 8.22; Found: C 28.29, H 3.51, N 8.16. 
 
4-Amino-NCN-palladium(II) bromide (12) 
A solution of 8 (2.00 g, 7.0 mmol) in benzene (20 mL) was added to a solution of 
[Pd2(dba)3·CHCl3] (5.66 g, 7.0 mmol) in benzene (50 mL). The mixture was stirred overnight 
and THF (5 mL) was added. After stirring for an additional hour all volatiles were removed in 
vacuo, and the material was redissolved in CH2Cl2 (10 mL). The dark brown solution was 
filtered over Celite and 12 precipitated upon addition of Et2O (80 mL). The solid was washed 
four times with Et2O (90 mL) and dried in vacuo affording 12 as a brown solid (2.09 g, 5.3 
mmol, 76%). 1H-NMR (CDCl3, 300 MHz) δ: 6.20 (s, 2H, ArH), 3.89 (s, 4H, CH2N), 2.94 (s, 
12H, NMe2). 13C{1H} (CDCl3, 75 MHz) δ: 149.4, 145.8, 129.2, 107.4 (Ar), 74.7 (CH2N), 54.0 
(NMe2). Anal. Calcd. for C12H20BrN3Pd: C 36.71, H 5.13, N 10.70; Found: C 36.58, H 5.10, 
N 10.64. 
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4-Amino-NCN-platinum(II) bromide (13) 
To a solution of 8 (0.80 g, 2.8 mmol) in benzene was added [Pt(tol-4)2SEt2]2 (1.31 g, 1.4 
mmol) at once. The solution was refluxed until a clear solution was obtained. The mixture 
was kept at reflux temperature for an additional 15 min. followed by evaporation of all 
volatiles. The resulting material was dissolved in CH2Cl2 (10 mL) and filtered over Celite. 
Precipitation with Et2O (80 mL) and decantation afforded a brownish powder. This powder 
was washed twice with Et2O (90 mL) and dried in vacuo to afford 13 as a light brown solid 
(1.10 g, 2.3 mmol, 82%). 1H-NMR (CDCl3, 300 MHz) δ: 6.26 (s, 2H, ArH), 3.10 (s, 3JHPt= 
45.8 Hz, 4H, CH2N), 3.13 (s, 3JHPt= 38.2 Hz, 12H, NMe2). 13C{1H} (CDCl3, 75 MHz) δ: 
144.0, 143.1, 132.4, 107.0 (Ar), 77.4 (CH2N), 55.1 (NMe2). Anal. Calcd. for C12H20BrN3Pt: 
C. 29.95, H. 4.19, N. 8.73; Found: C 29.78, H 4.23, N 8.56. 
 
3,5-Bis[(dimethylamino)methyl]benzaldehyde (17) 
To a solution of 16 (7.82 g, 29 mmol) in Et2O (250 mL) was dropwise added t-BuLi (1.5 M in 
hexanes, 40 mL, 58 mmol) at a temperature of –78 °C. The reaction was stirred for 30 min. at 
–78 °C, and dimethylformamide (4.5 mL, 58 mmol) was added at once. The mixture was 
allowed to reach room temperature, stirred for an additional hour and carefully quenched with 
water (50 mL). The organic phase was washed with 1 M NaOH and brine. Subsequent drying 
over MgSO4 and removal of all volatiles afforded 17 as a yellow oil (6.40 g, 29 mmol, 99%).   
1H-NMR (CDCl3, 300 MHz) δ: 10.02 (s, 1H, CHO), 7.72 (s, 2H, ArH), 7.55 (s, 1H, ArH), 
3.47 (s, 4H, CH2N), 2.23 (s, 12H, NMe2); 13C{1H}-NMR (C6D6, 75 MHz) δ: 191.1 (CHO), 
140.6, 136.9, 134.6, 128.4 (Ar), 63.3 (CH2N), 44.8 (NMe2). Elem. Anal. Calcd. for 
C13H20N2O: C 70.87, H 9.15, N 12.72; Found: C 70.81, H 9.22, N 12.85. 
 
1-Hydroxymethyl-3,5-bis[(dimethylamino)methyl]benzene (18) 
NaBH4

 (1.21 g, 31.9 mmol) was added in portions to a solution of 17 (6.40 g, 29 mmol) in 
MeOH (100 mL). After addition, the mixture was stirred for 3 h. at room temperature, all 
volatiles were removed and the mixture was redissolved in Et2O (100 mL). The organic layer 
was washed with water (2 x 50 mL) and brine and dried over MgSO4. Removal of all volatiles 
in vacuo afforded 18 as a colourless oil (6.12 g, 27.6 mmol, 95%). 1H-NMR (CDCl3, 200 
MHz) δ: 7.23 (s, 2H, ArH), 7.13 (s, 1H, ArH), 4,64 (s, 2H, CH2O), 3.41 (s, 4H, CH2N), 2.22 
(s, 12H, NMe2); 13C{1H}-NMR (CDCl3, 50 MHz) δ: 142.8, 135.7, 130.0, 128.1 (Ar), 63.9 
(CH2O), 62.9 (CH2N), 44.8 (NMe2). Elem. Anal. Calcd. for C13H22N2O: C 70.23, H 9.97, N 
12.60; Found: C 70.36, H 10.08, N 12.69.  
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1-Hydroxymethyl-4-trimethylsilyl-3,5-bis[(dimethylamino)methyl]benzene (19) 
a) A mixture of t-butyldimethylsilyl chloride (1.91 g, 12.7 mmol) and imidazole (1.44 g, 21.1 
mmol) in THF (50 mL) was stirred for 30 min. at room temperature. Benzyl alcohol 18 
(2.35g, 10.6 mmol) in THF (20 mL) was added at once. The mixture was refluxed overnight 
and treated with freshly distilled MeOH (2 mL). All volatiles were evaporated in vacuo, and 
the residue was redissolved in hexane (150 mL), washed with water (2x 50 mL), and dried 
over MgSO4. Removal of the solvent in vacuo afforded 3,5-bis[(dimethylamino)methyl]benyl 
t-butyldimethylsilyl ether as a yellow oil (2.64 g, 74%). 1H-NMR (CDCl3, 200 MHz) δ: 7.16 
(s, 3H, ArH), 4.72 (s, 2H, CH2O), 3.43 (s, 4H, CH2N), 2.42 (s, 12H, NMe2), 0.92 (s, 9H, tBu), 
0.09 (s, 6H, SiMe2); 13C{1H}-NMR (CDCl3, 50 MHz) δ: 141.6, 138.1, 128.8, 126.2 (Ar), 64.9 
(CH2O), 64.0 (CH2N), 45.1 (NMe2), 26.0 (CMe3), 18.4 (CMe3), -5.2 (SiMe2); Elem. Anal. 
Calcd. for C19H36N2OSi: C 67.80, H 10.78, N 8.32, Si 8.34; Found: C 67.94, H 10.70, N 8.19, 
Si 8.46.  
b) To a solution of 3,5-bis[(dimethylamino)methyl]benyl t-butyldimethylsilyl ether (2.64 g, 
7.8 mmol) in hexane (50 mL) was added dropwise at –78 °C n-BuLi (1.6 M in hexanes, 4.9 
mL, 7.8 mmol). The mixture was allowed to reach room temperature and was stirred for 6 
hours. A solution of trimethylsilyl trifluoromethanesulfonate (2.27 mL, 11.8 mmol) in THF 
(25 mL) was added dropwise at 0 °C, and stirred for an additional hour. All volatiles were 
removed in vacuo and the product was extracted with hexane (3x 50 mL). The combined 
extracts were washed with water (50 mL), brine (50 mL) and dried over MgSO4. Removal of 
the solvent afforded 4-trimethylsilyl-3,5-bis[(dimethylamino)methyl]benzyl t-
butyldimethylsilyl ether as a yellow oil (2.48 g, 77%). 1H-NMR (CDCl3, 300 MHz) δ: 7.27 (s, 
2H, ArH), 4.72 (s, 2H, CH2O), 3.53 (s, 4H, CH2N), 2.13 (s, 12H, NMe2), 0.95 (s, 9H, tBu), 
0.38 (s, 9H, SiMe3), 0.10 (s, 6H, SiMe2); 13C{1H}-NMR (CDCl3, 75 MHz) δ: 146.4, 141.4, 
136.9, 126.2 (Ar), 65.4 (CH2O), 64.8 (CH2N), 45.0 (NMe2), 25.9 (CMe3), 18.4 (CMe3), 3.2 
(SiMe3), -5.2 (SiMe2); Elem. Anal. Calcd. for C22H44N2OSi2: C 64.64, H 10.85, N 6.85, Si 
13.74; Found: C 64.54, H 10.92, N 6.78, Si 13.65.  
c) Triethylamine tris-hydrogenfluoride (2.97 mL, 18.2 mmol) was added to a solution of 4-
trimethylsilyl-3,5-bis[(dimethylamino)methyl]benyl t-butyldimethylsilyl ether (2.48 g, 6.1 
mmol) in THF (50 mL). The solution was stirred overnight at room temperature, after which 
all volatiles were removed in vacuo. The residue was redissolved in CH2Cl2 (250 mL), 
washed twice with aqueous NaOH (1 M, 50 mL), and once with brine. Removal of the solvent 
after treatment with MgSO4, afforded 19 as a colourless oil (1.40 g, 4.8 mmol, 78%). 1H-
NMR (CDCl3, 200 MHz) δ: 7.34 (s, 2H, ArH), 4.66 (s, 2H, CH2O), 3.56 (s, 4H, CH2N), 2.14 
(s, 12H, NMe2), 0.36 (s, 9H, SiMe3); 13C{1H}-NMR (CDCl3, 50 MHz) δ: 146.4, 141.6, 130.4, 
127.1 (Ar), 65.3 (CH2O), 65.2 (CH2N), 45.2 (NMe2), 3.6 (SiMe3); Elem. Anal. Calcd. for 
C16H30N2OSi: C 65.25, H 10.27, N 9.51; Found: C 65.15, H 10.21, N 9.46. 
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4-Hydroxymethyl-NCN-palladium(II) chloride (22a) 
[Pd(OAc)2] (0.47g, 2.1 mmol) was added to a stirred solution of 19 (0.59 g, 2.0 mmol) in 
MeOH (20 mL). The solution was stirred for 4 hours, and excess LiCl (0.85 g, 20 mmol) was 
added, resulting in a yellow suspension. The volatiles were removed in vacuo, the residue was 
redissolved in CH2Cl2 (20 mL), and carefully filtered over Celite. Addition of hexane (80 mL) 
to the filtrate resulted in precipitation of 22a as a yellow solid (0.63 g, 1.7 mmol, 87%). 1H-
NMR (CDCl3, 300 MHz) δ: 6.82 (s, 2H, ArH), 4.58 (s, 2H, CH2O), 3.99 (s, 4H, CH2N), 2.96 
(s, 12H, NMe2); 13C{1H}-NMR (CDCl3, 75 MHz) δ: 156.1, 145.3, 137.9, 119.2 (Ar), 74.8 
(CH2N), 65.6 (CH2N), 53.3 (NMe2); Elem. Anal. Calcd. for C13H21ClN2OPd: C 42.99, H 5.83, 
N 7.71; Found: C 42.95, H 5.75, N 7.61. 
 
4-SO3H-NCN-palladium(II) chloride (24) 
Chlorosulfonic acid (0.37 g, 3.14 mmol) was added to a cooled (0 ºC) solution of 4a (0.95 g, 
2.86 mmol)  in CH2Cl2 (10 ml) and strirred at ambient temperature overnight. After 
evaporation of all volatiles in vacuo, the crude product was extracted with boiling acetonitrile. 
Slow precipitation upon cooling to room temperature afforded 24 as a brown solid (0.21 g, 
0.51 mmol, 18%). 1H-NMR (DMSO-d6, 300 MHz) δ: 9.77 (broad s, 1H, SO3H), 7.61 (s, 2H, 
ArH), 4.36 (s, 4H, CH2N), 2.77 (s, 12H, NMe2). 13C{1H} (DMSO-d6, 75 MHz) δ: 150.3, 
134.6, 131.4, 129.9 (Ar), 59.9 (CH2N), 42.6 (NMe2). Elem. Anal. Calcd. for 
C12H19ClN2O3PdS: C 34.88, H 4.63, N 6.78; Found: C 34.71, H 4.57, N 6.68.  
 
4-SO3H-NCN-platinum(II) chloride (25) 
Chlorosulfonic acid (0.55 g, 4,74 mmol) was added to a cooled (0 ºC) solution of 5a (1.01 g, 
2.37 mmol) in CH2Cl2 (10 ml) and strirred at ambient temperature overnight. Evaporation of 
all volatiles in vacuo afforded a red solid which was analysed as a mixture of isomers. The 
para-isomer selectively precipitated from a boiling saturated solution of the crude product in 
methanol. Pure 25 was obtained after recrystallisation from methanol as a yellow solid (0.30 
g, 0.59 mmol, 25%). 1H-NMR (DMSO-d6, 300 MHz) δ: 7.52 (s, 2H, ArH), 4.39 (s, 3JHPt= 
28.8 Hz, 4H, CH2N), 2.91 (s, 3JHPt= 28.8 Hz, 12H, NMe2); 13C{1H}-NMR (DMSO-d6, 75 
MHz) δ: 144.9, 140.9, 127.6, 123.1 (Ar), 76.2 (CH2N), 56.5 (NMe2). Elem. Anal. Calcd. for 
C12H19ClN2O3PtS: C 28.72, H 3.82, N 5.58; Found: C 28.79, H 3.90, N 5.49.  
 
1-Bromo-2,6-bis((dimethyl)aminomethyl)phenyl methyl sulfide (26) 
A solution of 9 (1.00 g, 2.5 mmol) in Et2O was treated with t-BuLi (1.5M in pentane, 3.3 mL, 
5 mmol) at –100 °C. The solution was stirred for 10 min. at –100 °C, and dimethyldisulfide 
(0.4 g, 3.8 mmol) was added at once. The mixture was allowed to reach room temperature and 
all volatiles were removed in vacuo. The residue was redissolved in pentane (50 mL), washed 
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with water (2 x 25 mL), and dried over MgSO4. Removal of the volatiles afforded 26 as a 
colourless oil (0.65 g, 2.1 mmol, 82%). 1H-NMR (CDCl3, 300 MHz) δ: 7.51 (s, 2H, ArH), 
3.48 (s, 4H, CH2N), 2.10 (s, 12H, NMe2), 2.06 (s, 3H, SMe). 13C{1H} (CDCl3, 75 MHz) δ: 
139.8, 138.3, 127.2, 122.9 (Ar), 63.8 (CH2N), 45.5 (NMe2), 15.4 (SMe). Elem. Anal. Calcd. 
for C13H21BrN2S: C 49.21, H 6.67, N 8.83; Found: C 49.32, H 6.56, N 8.87. 
 
1-Bromo-2,6-bis((dimethyl)aminomethyl)phenyl diethylphosphonate (27) 
To a solution of 9 (1.2 g, 3.0 mmol) in Et2O (25 mL) at –100 °C was added t-BuLi (1.5 M in 
pentane, 6.0 mmol, 4.0 mL) dropwise. After 10 min. at –100°C, chloro diethylphosphate (0.6 
g, 3.5 mmol) was added at once. The solution was allowed to reach room temperature, and 
was stirred for 2 h. All volatiles were removed in vacuo, the residue was redissolved in 
hexane (50 mL), washed with water (2 x 25 mL), and dried over MgSO4. Removal of the 
solvent in vacuo afforded 27 as a colourless oil (0.85 g, 2.1 mmol, 69%). 1H-NMR (C6D6, 300 
MHz) δ:  8.16 (d, 3JP-H=13.2 Hz, 2H, ArH), 3.94 (m, 4H, OCH2CH3), 3.42 (s, 4H, CH2N), 
2.04 (s, 12H, NMe2), 1.00 (t, 3JH-H=7.2 Hz, 6H, OCH2CH3). 13C{1H} (C6D6, 75 MHz) δ: 
140.1, 132.4, 131.2, 129.6 (Ar), 63.6 (CH2N), 61.8 (OCH2), 45.2 (NMe2), 15.4 (OCH2CH3). 
Elem. Anal. Calcd. for C16H28N2BrO3P: C 47.18, H 6.93, N 6.88, P 7.60; Found: C 46.96, H 
7.14, N 6.95, P 7.38. 
 
4-Methylthio-NCN-palladium(II) bromide (30) 
[Pd2(dba)3·CHCl3] (0.77 g, 0.95 mmol) was added to a solution of 26 (0.30 g, 0.95 mmol) in 
benzene (25 mL). The mixture was stirred overnight, and for an additional hour after the 
addition of 1 mL of THF. The solution was filtered over Celite, concentrated to 5 mL, after 
which 30 precipitated upon the addition of 25 mL of hexane. The resulting solid was washed 
with hexane (2 x 25 mL) and dried in vacuo, to afford 30 as a yellowish solid (0.34 g, 0.80 
mmol, 85%). 1H-NMR (CDCl3, 300 MHz) δ: 6.73 (s, 2H, ArH), 3.95 (s, 4H, CH2N), 2.95 (s, 
12H, NMe2), 2.41 (s, 3H, SMe). 13C{1H} (CDCl3, 75 MHz) δ: 155.1, 145.8, 134.2, 119.6 
(Ar), 74.6 (CH2N), 54.0 (NMe2), 17.4 (SMe). Elem. Anal. Calcd. for C13H21BrN2PdS: C 
36.85, H 5.00, N 6.61; Found: C 36.78, H 5.10, N 6.47. 
 
4-PO(OEt)2-NCN-palladium(II) bromide (31) 
To a solution of  27 (1.30 g, 3.2 mmol)  in benzene (25 mL) was added [Pd2(dba)3·CHCl3] 
(2.58 g, 3.2 mmol) at once. The mixture was stirred overnight and THF (5 mL) was 
subsequently added. After filtration over Celite, the solution was concentrated to 10 mL, after 
which hexane (90 mL) was added to induce precipitation of 31. The solid was washed with 
hexane (3 x 100 mL) which afforded pure 31 as an off-white solid (1.51 g, 2.94 mmol, 92%). 
1H-NMR (CDCl3, 300 MHz) δ: 7.18 (d, 3JHP=20.1 Hz, 2H, ArH), 4.06 (m, 4H, OCH2CH3), 
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3.98 (s, 4H, CH2N), 2.94 (s, 12H, NMe2), 1.29 (t, 3JHH=10.6 Hz, 6H, OCH2CH3); 13C{1H} 
(CDCl3, 75 MHz) δ: 164.3, 145.5, 125.4, 123.1 (Ar), 74.4 (CH2N), 62.1 (OCH2CH3), 53.8 
(NMe2), 16.5 (OCH2CH3). Elem. Anal. Calcd. for C16H28BrN2O3PPd: C 37.41, H 5.49, N 
5.45, P 6.03; Found: C 37.48, H 5.53, N 5.52, P 6.11.  
 
4-COOH-NCN-platinum(II) iodide (34) 
To a cooled (-100ºC) solution of 15 (1.06 g, 1.79 mmol) in THF (20 mL), was added t-BuLi 
dropwise (2.4 ml, 3.6 mmol, 1.5 M in pentane). The reaction was quenched after 2 min. by 
bubbling dry CO2 (g) through the mixture. After reaching ambient temperature the CO2 
supply was stopped and the product was treated with a saturated aqueous NH4Cl solution (1 
mL). All volatiles were evaporated in vacuo and the crude mixture was redissolved in CHCl3 
(50 mL), washed with a saturated NH4Cl solution (2x 5 mL) and dried over MgSO4. After 
removal of the volatiles in vacuo, the product was redissolved in acetone (20 mL), treated 
with NaI (0.28 g, 1.85 mmol) for 30 min and filtered over Celite. Final traces of Na-salts were 
extracted with water from a CHCl3 solution of the product. Pure 34 precipitated as an off-
white solid upon slow addition of diethyl ether (90 mL) to a 10 mL solution in CHCl3. 
Isolated yield: 0.89 g (1.59 mmol, 89%). 1H-NMR (DMSO-d6, 300 MHz) δ: 7.41 (s, 2H, 
ArH), 4.13 (s, 3JHPt= 39.0 Hz, 4H, CH2N), 3.07 (s, 3JHPt= 28.8 Hz, 12H, N(CH3)2). 13C{1H} 
(DMSO-d6, 75 MHz) δ: 168.2 (COOH), 156.0, 144.1, 125.6, 120.6, 75.4 (CH2N), 55.6 
(N(CH3)2). Elem. Anal. Calcd. for C13H19N2IO2Pt: C 28.02, H 3.44, N 5.03; Found: C 27.88, 
H 3.40, N 4.91; FT-IR (DRIFT, KBr) ν (cm-1) (intensity in Kubelka-Munk units): 3100-2750 
(0.18), 3211.6 (0.17), 2979.8 (0.20), 2922.3 (0.26), 2750-2300 (0.17), 1668.5 (0.59), 1587.7 
(0.50), 1465.5 (0.26), 1452.5 (0.33), 1412.1 (0.25), 1345.3 (0.29), 1326.1 (0.37), 1308.0 
(0.52), 1274.1 (0.34), 1231.1 (0.40). 
 
4-Methylthio-NCN-platinum(II) bromide (35) 
Method a) t-BuLi (1.5 M in pentane, 2.65 mL, 4.0 mmol) was added to a solution of 15 (1.2 
g, 2.0 mmol) in THF (40 mL) at –100 °C. After stirring for 5 min at –100°C, dimethyl 
disulfide (0.30 g, 3 mmol) was added at once, and the mixture was allowed to reach room 
temperature. All volatiles were removed in vacuo, and the residue was redissolved in CH2Cl2 
(25 mL). The solution was washed with water (2 x 25 mL, brine (25 mL), dried over MgSO4, 
and concentrated to 10 mL. Compound 35 precipitated upon the careful addition of hexane 
(50 mL). The solid was washed with hexane (2 x 50 mL) and dried in vacuo to afford 35 as a 
off-white solid (0.61 g, 1.2 mmol, 60%). 
Method b) To a solution of 26 (0.30 g, 0.95 mmol) in benzene (10 mL) was added [Pt(tol-
4)2(SEt2)]2 (0.44 g, 0.48 mmol) at once. The mixture was heated at reflux temperature until a 
clear solution was obtained. After cooling to room temperature, the solvent was evaporated in 
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vacuo and the resulting residue was redissolved in CH2Cl2 (5 mL). Compound 35 precipitated 
upon the addition of hexane (25 mL). The solid was washed with hexane (2 x 25 mL) and 
dried in vacuo to afford 35 as an off-white solid (0.46 g, 0.90 mmol, 95%). 1H-NMR (CDCl3, 
300 MHz) δ: 6.81 (s, 2H, ArH), 3.99 (s, 3JHPt= 45.4 Hz, 4H, CH2N),  3.11 (s, 3JHPt= 38.5 Hz, 
12H, NMe2), 2.44 (s, 3H, SMe). 13C{1H} (CDCl3, 75 MHz) δ: 156.2, 144.3, 132.1, 120.1 
(Ar), 77.4 (CH2N), 55.3 (NMe2), 18.0 (SMe). Elem. Anal. Calcd. for C13H21BrN2PtS: C 
30.47, 4.13, 5.47; C 30.59, H 4.26, N 5.36. 
 
4-PO(OEt)2-NCN-platinum(II) bromide (36) 
Method a) To a cooled (−100ºC) solution of 15 (1.06 g, 1.79 mmol) in 25 ml THF was added 
dropwise t-BuLi (2.4 mL, 3.6 mmol, 1.5 M in pentane). After 2 min, the reaction mixture was 
quenched with (0.50 g, 2.70 mmol) chlorodiethylphosphate. The mixture was allowed to 
reach room temperature and all volatiles were evaporated in vacuo. The reaction mixture was 
redissolved in CH2Cl2 (50 mL) and washed with water (50 mL), 1M NaOH (50 mL) and 
brine. The CH2Cl2 solution was dried over MgSO4 and evaporated to dryness. Pure 36 (0.86 
g, 1.43 mmol, 80%) precipitated from a CH2Cl2 solution (10 mL) upon slow addition of 
hexane (90 mL). 
Method b) To a solution of 27 (0.50 g, 1.2 mmol) in benzene (10 mL) was added [Pt(tol-
4)2SEt2]2 (0.56 g, 0.60 mmol) at once. The mixture was brought to reflux until a clear solution 
was obtained. After removal of the volatiles, the residue was redissolved in CH2Cl2 and 
precipitated with hexane (50 mL). The solid was washed with hexane (2 x 50 mL) to afford 
36 as an off-white solid (0.69 g, 1.1 mmol, 95%). 
1H-NMR (CDCl3, 300 MHz) δ: 7.23 (d, 3JHP=13.5 Hz, 2H, ArH), 4.08 (m, 4H, OCH2), 4.02 
(s, 3JHPt= 45.1 Hz, 4H, CH2N), 3.16 (s, 3JHPt= 38.4 Hz, 12H, NMe2), 1.31 (t, 3JHH=7.2 Hz, 6H, 
CH3). 13C{1H} (CDCl3, 75 MHz) δ: 156.2, 144.0, 123.0, 121.4 (Ar), 77.5 (CH2N), 62.1 
(OCH2), 56.6 (NMe2), 16.6 (OCH2CH3). Anal. Calcd. for C16H28IN2O3PPt: C 29.59, H 4.35, 
N 4.31, P 4.77; Found: C 29.75, 4.28, 4.26, 4.59. 
 
4-PO(OEt)(OH)-NCN-palladium(II) bromide (39) and 4-PO(OEt)(OH)-NCN-platinum(II) 
bromide (40) 
Both hydrolyses were performed under similar conditions. To a solution of the pincer 
diethylphosphonate (31 or 36) in CH2Cl2 (ca 0.1 M) were added 3 equivalents of 
trimethylsilyl bromide. The mixture was stirred overnight, MeOH (5 mL) was added, and all 
volatiles were removed in vacuo. The monoethylphosphonates 39 and 40 were isolated 
together with remaining 31 or 36 upon extractions with CH2Cl2. Careful precipitations of 
concentrated CH2Cl2 solutions with Et2O afforded 39 and 40 as pure solids in yields of 15% 
and 23%, respectively.  
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39 (Pd): 1H-NMR (DMSO-d6/CDCl3 1/5, 200 MHz) δ: 6.87 (d, 3JP-H=13.2 Hz, 2H, ArH), 3.70 
(s, 4H, CH2N), 3.64 (m, 2H, CH2O), 2.61 (s, 12H, NMe2), 0.93 (t, 3JH-H=7.0 Hz, 3H, CH3); 
13C{1H} (DMSO-d6/CDCl3 , 50 MHz) δ: 163.0, 145.5 (d), 125.5, 122.4 (d) (Ar), 74.1 (CH2N), 
61.1 (OCH2), 53.6 (NMe2), 16.5 (OCH2CH3). Anal. Calcd. for C14H24BrN2O3PPd: C 34.62, H 
4.98, N 5.77; Found: C 34.53, H 5.03, N 5.71. 
40 (Pt): 1H-NMR (DMSO-d6/CDCl3 1/5, 300 MHz) δ: 6.85 (d, 3JP-H=13.2 Hz, 2H, ArH), 3.68 
(s, 4H, CH2N), 3.61 (m, 2H, CH2O), 2.72 (s, 12H, NMe2), 0.90 (t, 3JH-H=6.9 Hz, 3H, CH3); 
Anal. Calcd. for C14H24BrN2O3PPt: C 29.28, H 4.21, N, 4.88; Found: C 29.72, H 4.52, N 4.80. 
 
4-PO(OH)2-NCN-palladium(II) bromide (41) and 4-PO(OH)2-NCN-platinum(II) bromide 
(42) were not isolated as pure products, but were present in the crude hydrolysis products as 
indicated by 31P{1H}-analysis. 
 
Crystal structure determinations 
Intensities were measured on a Nonius KappaCCD diffractometer with rotating anode and 
graphite monochromator (Mo-Kα, λ = 0.71073) up to a resolution of (sin θ/λ)max = 0.65 Ǻ-1. 
The structures were solved with Patterson methods (program DIRDIF9743) and refined with 
the program SHELXL9744 against F2 of all reflections. Non hydrogen atoms were refined 
freely with anisotropic displacement parameters. Hydrogen atoms were located in the 
difference Fourier map and refined as rigid groups. The hydrogen atom of the hydroxyl group 
in 22a and the hydrogen atom of the carboxylic acid group in 34 were refined freely with 
isotropic displacement parameters. The drawings, structure calculations, and checking for 
higher symmetry were performed with the program PLATON45. 
 
Crystal structure determination of 22a 
C13H21ClN2OPd, FW = 363.17, yellow plate, 0.30 x 0.30 x 0.09 mm3, T=125(2) K, 
monoclinic, P21/c (No. 14), a = 9.1935(1), b = 10.5160(1), c = 15.9377(2) Å, β = 
111.3489(7)°, V = 1435.11(3) Å3, Z = 4, F(000) = 736, Dc = 1.681 gcm-3, 29867 measured 
reflections, 3287 unique reflections (Rint = 0.066). Analytical absorption correction 
(PLATON45, routine ABST, µ = 1.470 mm-1, 0.62-0.86 transmission). 171 refined parameters, 
no restraints. R [I>2σ(I)]: R1 = 0.0205, wR2 = 0.0512. R [all data]: R1 = 0.0226, wR2 = 
0.0522. S = 1.033. Residual electron density (min/max) = −0.72/0.62 e/Å3.  
 
Crystal structure determination of 34 
C13H19Br0.19I0.81N2O2Pt 0.5C7H8, FW = 594.43, pale yellow plate, 0.06 x 0.06 x 0.02 mm3, T 
= 150(2)K, monoclinic, P21/c (No. 14), a = 21.0837(5), b = 6.0838(1), c = 14.7525(3) Å, β = 
94.3916(6)°, V = 1886.73(7) Å3, Z = 4, F(000) = 1118, Dc = 2.093 gcm-3, 26659 measured 
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reflections, 4316 unique reflections (Rint = 0.064). An absorption correction was applied 
(PLATON45, routine DELABS, µ = 9.173 mm-1, 0.40-0.80 transmission). 216 refined 
parameters, 27 restraints. The atoms Br1 and I1 were constrained on the same position with 
the same displacement parameters. R [I>2σ(I)]: R1 = 0.0327, wR2 = 0.0648. R [all data]: R1 
= 0.0554, wR2 = 0.0704. S = 1.043. Residual electron density (min/max) = −1.17/0.86 e/Å3. 
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Chapter Three 
 
 

Self-assembly of para-nitro NCN-pincer palladium complexes into 
dimers through electron donor-acceptor interactions 

 
 
 

 

 

 

 

 

 

 

 

 

Abstract 
Para-nitro substituted pincer palladium(II) complexes [PdX(NCN-NO2)] (X = Cl, Br, NO2) 
were found to self assemble into dimers in the solid state. It is proposed that the monomeric 
units are held together by electron donor-acceptor (EDA) interactions, with the palladium(II) 
atom acting as a Lewis acid and the nitro-substituent as a Lewis base. The analogous platinum 
complex [PtBr(NCN-NO2)] forms no such dimers in the solid state, but is capable of η1-
Pt−SO2 binding with the platinum(II) centre acting as a Lewis base.  
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3.1. Introduction 
Ligand functionalization offers an important tool for electronic fine-tuning of organometallic 
complexes. The anionic terdentate ECE ligating 'pincer' complexes, in particular, have 
attracted attention, since both variations in the trans coordinating donor atoms (E) and the 
introduction of substituents on the phenyl ring para to the Cipso−metal bond, allow the 
manipulation of the properties and reactivities of the resulting complexes.1,2 The square planar 
d8-metal pincer complexes [MX(ECE)] with M = Pd, Pt offer a variety of interesting 
structural possibilities, acting either in the monocationic [M(ECE)]+ forms as Lewis acids or 
in their neutral forms as Lewis bases.1a In this chapter we report the unexpected dimerization 
of the para-nitro substituted NCN-pincer palladium(II) complexes [PdX(NCN-NO2)] with X 
= Cl (1a) and Br (1b) through electron donor-acceptor (EDA) interactions. A related 
interaction is observed for the pincer palladium(II) complex [Pd(NO2)(NCN-NO2)] (1c). 
However, it is not observed for the analogous platinum(II) complex [PtBr(NCN-NO2)] (2), 
nor for other para-substituted pincer palladium complexes. The non-covalent EDA interaction 
between palladium and the nitro-substituent described here, is a new structural motif in 
supramolecular organometallic chemistry. 
 

NMe2Me2N M

X

NO2

1a
1b
1c
2

M=Pd, X=Cl
M=Pd, X=Br
M=Pd, X=NO2
M=Pt, X=Br

 
Chart 1. para-Nitro substituted NCN-pincer complexes 1a-c and 2. 

3.2. Results and Discussion 
Crystals of 1a were grown by slow vapor diffusion of diethyl ether into a concentrated 
dichloromethane solution, while suitable crystals of 1b were obtained by slow concentration 
of a dichloromethane solution. Both complexes are isostructural and have approximate, non-
crystallographic CS-symmetry in the solid state. The palladium(II) metal centers have 
distorted square planar geometries comparable with those found for C2-symmetric NCN-
pincer palladium complexes.3 In the crystal 1a and 1b form a closely packed dimeric structure 
(see Figure 1).  
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Figure 1. (a) Packing diagram of [PdCl(NCN-NO2)] (1a) showing the dimeric substructure; (b) 

Displacement ellipsoid plot (50% probability level) of 1a. Hydrogen atoms have been omitted for 
clarity.  

 
As a consequence of the Cs-symmetry, both five-membered metallacycles are puckered in the 
same direction with Pd1-N1-C7-C2 and Pd1-N2-C10-C6 torsion angles of 23.75(18)º and -
17.72(17)º, respectively, for compound 1a. The dimeric structure is centrosymmetric; 
consequently both participating aryl rings are parallel and are positioned directly on top of 
one another (Table 1). The face-to-face centre-to-centre arrangement of the aryl rings in the 
dimer is typical for π-stacked donor-acceptor pairs.4 The disposition of the amino methyl 
groups C8 and C11 leaves enough space to accommodate the nitro-substituent of the other 
molecule in the dimer. The dimer is additionally stabilized by weak hydrogen bonds between 
aromatic, benzylic and aliphatic C−H hydrogens as donors and halogenide and nitro groups as 
acceptors. However, the presence of these weak hydrogen bonds cannot solely account for the 
dimeric structure encountered.  
 
Table 1. Relative orientation of the participating aryl rings in the dimeric structures of 1a,  1b, and 1c 

(residues 1 and 2). 
 1a 1b 1c_1a 1c_2b 

Interplane distance (Å)c 3.516 3.503 3.540/3.397 3.557 
Distortion (°)d 8.62 10.63 17.29/23.64 24.20 

Interplane dihedral angle (°) 0.00 0.00 8.22 0.00 
a) For the dimer between residues 1 and 2; b) For the dimer between residues 3 and 3i [1-x, 1-y, 1-z]; c) 
Perpendicular distance from the ring centroid to the plane of the other ring. d) Angle between the plane 

normal and the vector connecting the two ring centroids 

 
Interestingly, the short intermolecular contacts between the palladium atoms, and the nitro 
substituents, indicate the presence of an additional interaction. The distance between the 
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palladium atoms and the NO2-nitrogens is slightly shorter (Pd1...N3i 3.818(2) Å for 1a than 
the sum of the Van der Waals radii, 3.85 Å (Table 2). While the coordination of positively 
charged metals to nitro-substituents is generally considered to involve mainly the negatively 
charged oxygen atoms, the palladium atoms in 1a and 1b are clearly in closer contact with the 
nitrogen atom than the NO2-oxygen atoms. 
 

Table 2. Short intramolecular contacts between the Pd-atom and the NO2-substituent in the dimeric 
structures of 1a, 1b and 1c. 

 1a (Å) 1b (Å) 1c_1 (Å)a 1c_2 (Å)b 
Sum of Van der Waals  

radii (Å)c 

Pd...N3i 3.818(2) 3.851(3) 3.724(2)/4.051(2) 4.0301(19) 3.85 
Pd...O1i 3.8753(19) 3.863(3) 3.5853(16)/4.2149(19) 4.0006(16) 3.82 
Pd...O2i 3.8759(19) 3.973(3) 3.6930(18)/3.8208(16) 3.9847(18) 3.82 

a) For the palladium atoms of residues 1 and 2, respectively; b) For the palladium atoms of residues 3 and 3i 
[1-x, 1-y, 1-z] respectively; c) see reference [5]; Symmetry operations i: (1a): 1-x, -y, -z; (1b): 1-x, -y, -z; 

(1c_1): x, y, z; (1c_2): 1-x, 1-y, 1-z. 

 
In fact, we propose the presence of an electron donor-acceptor (EDA) interaction to be 
responsible for this close contact between the two [PdX(NCN−NO2)] units in the dimer. This 
type of EDA interaction can be rationalized using the qualitative orbital model, proposed by 
Alvarez et al. for the description of M···M interactions in dimers and stacks of square planar 
d8-ML4 complexes.6 Both the filled dz

2 and the empty pz frontier orbitals of the metal center 
possess the correct symmetry for binding along the z-axis. The relative energies of these 
orbitals can be tuned by choosing appropriate ligands (L) in the xy-plane.  The use of better σ-
donor ligands stabilizes the filled dz

2-orbital and enlarges its size. The presence of π-acceptor 
ligands stabilizes the empty pz-orbital by making this orbital less contracted, while π-donor 
ligands do the opposite.6a,b Colorful examples of the bonding of Lewis basic NCN-pincer 
platinum(II) complexes to Lewis acidic SO2- and I2-ligands have been reported previously.1a 
Based on the qualitative orbital description (vide supra) and the observation that NCN-pincer 
palladium complexes do not bind to Lewis acids like their platinum analogues,7 we propose 
that the palladium(II) atom acts as a Lewis acid in the formation of the dimeric structures 
observed for 1a and 1b. The para-nitro substituent on the NCN-pincer ligand withdraws 
electron density, rendering the pincer ligand a poorer σ-donor, resulting in a destabilized and 
more contracted filled palladium dz

2-orbital. Simultaneously, the aryl ligand becomes a better 
π-acceptor, thereby stabilizing the empty pz-orbital. These combined effects make the metal 
less prone to act as a Lewis base, but instead improve its Lewis acidic properties. These Lewis 
acidic palladium(II) atoms can have attractive interactions with the filled π-orbitals of the 
nitro-substituent of the neighboring complex. Comparison of 1a and 1b indicates that the 
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influence of the halide on the dimeric structure is only marginal, since the intermolecular 
distances are similar (Table 2). The somewhat longer Pd···N3 contacts in 1b compared to 1a 
might be ascribed to destabilization of the pz-orbital by the more π-basic bromide ligand. 
Replacement of the halide by π-acidic nitrite anion (NO2

−), to afford complex 1c, was 
expected to influence the dimerisation behavior. Interestingly, the crystal structure of 1c 
contains three independent molecules. Residues 1 and 2 form a dimer with one another, while 
residue 3 assembles into a dimer with a symmetry generated molecule of itself (see Figure 2). 
The pincer complex of residue 3 has approximate C2-symmetry with the chelate rings 
puckered in opposite directions. The metal complexes of residues 1 and 2 have their chelate 
rings puckered in the same direction (approximate Cs-symmetry), as in 1a and 1b. The nitrite 
anion coordinates to the metal via its nitrogen atom and is oriented such that the NO2 plane is 
nearly orthogonal with respect to the coordination plane of the palladium atom. The relative 
arrangement of the interacting complexes in the dimers differs markedly from that in 1a and 
1b. The aryl rings are shifted sidewards (Table 1), and, here, the oxygen atoms of the nitro-
substituent are in close contact with the palladium atom of the neighboring complex (Table 
2).  

Pd3

N43

O33
O43

N23 N13

C13

C23

C73

C83

C93

C103

C113
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O13 O23

Pd3i

Pd2

N42

O32
O42

N22 C112
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Figure 2. Displacement ellipsoid plot (50% probability level) of [Pd(NO2)(NCN-NO2)] (1c), showing 

both dimeric units as they exist next to each other in the solid state. Hydrogen atoms have been 
omitted for clarity. Symmetry operation i: 1-x, 1-y, 1-z. 
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As a result of the nearly orthogonal orientation of the nitrite ligand, the effect of its π-system 
on the relative energies of the metal dz

2- or pz-orbitals is small.8 Hence, these orbitals are 
mainly influenced by the σ-donating properties of the ligand. We therefore ascribe the 
differences in the geometry of the dimers in 1c compared to 1a,b, mainly to steric factors 
imposed by the nitrite ligand.  
 
The nitro-substituted NCN-pincer platinum(II) complex 2 was crystallized by vapor diffusion 
of diethyl ether in a concentrated dichloromethane solution. The crystal structure of 2 contains 
two independent molecules of comparable geometry. Interestingly, no dimers are formed 
here, rather the molecules display monomeric structures as normally encountered in d8-metal 
pincer complexes (Figure 3). The molecules have approximate C2-symmetry, with both five-
membered metallacycles puckered in opposite directions.  
 

Pt2 N12

Br2

C92

C82

C72C12

C22

C32

C42

N32

O22O12

C52

C62

C102

N22
C122

C112

 
Figure 3. Displacement ellipsoid plot (50% probability level) of one of the independent molecules of 

[PtBr(NCN-NO2)] (2). Hydrogen atoms have been omitted for clarity.  
 
Obviously, the attractive NO2...Pd binding interactions, that lead to dimers in the solid state 
structures of 1a and 1b are less pronounced for platinum complex 2. Most likely, the Lewis 
acidity of the pz-orbital is to a greater extent countered by the filled dz

2-orbital on platinum, 
leading to an overall repulsive interaction with the filled π-orbitals of the nitro-substituent. It 
should be noted that the dz

2-orbital of the platinum(II) centre in 2 is still able to act as a Lewis 
base for reversible η1-Pt−SO2 binding, as was confirmed by 1H- and 195Pt-NMR and IR-
spectroscopy. SO2-binding leads to the typical downfield shift of all signals in 1H-NMR, an 
upfield shift of 500 ppm in 195Pt-NMR, and characteristic (νass = 1248 cm-1, νs = 1086 cm-1) 
SO2 absorbances in IR-spectroscopy. Similar to other NCN-pincer palladium complexes,7 
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both 1a and 1b do not form such adducts with SO2. We are currently studying the 
supramolecular structure of other para-substituted NCN-pincer metal complexes both in 
solution and in the solid state. 

3.3. Experimental 
General 
The syntheses of complexes 1a, 1b and 2 is described in chapter 2. 1H-NMR spectra were 
recorded on a Varian Inova 300 spectrometer (operating at 300 MHz), and UV/Vis spectra 
were recorded on an Inova Cary 1 spectrophotometer. 
 
[Pd(NO2)(NCN-NO2)] (2) 
To a solution of 1a (200 mg, 0.53 mmol) in wet acetone (10 mL) was added solid AgBF4 (108 
mg, 0.56 mmol) at once. An off-white precipitate was formed immediately and the mixture 
was stirred for 1 h at room temperature. The suspension was carefully filtered over Celite. An 
excess of NaNO2 (0.5 g, 7.2 mmol) was added to the filtrate and the suspension was stirred 
for 1 h. The solids were removed by filtration over Celite and 1c was precipitated from the 
solution by the addition of hexane (90 mL) as a yellowish solid (177 mg, 0.46 mmol, 86%) 
 
Crystal Structure Determinations  
1a: C12H18ClN3O2Pd, FW = 378.14, pale yellow block, 0.18 x 0.18 x 0.15 mm3, T=150(2) K, 
monoclinic, P21/c (No. 14), a = 8.9737(1), b = 10.7287(2), c = 16.5569(3) Å, β = 117.170(1)°, 
V = 1418.14(4) Å3, Z = 4, F(000) = 760, Dc = 1.771 gcm-3, 14018 measured reflections, 3246 
unique reflections (Rint = 0.037). Absorption correction based on multiple measured 
reflections (PLATON, routine MULABS, µ = 1.498 mm-1, 0.69-0.74 transmission). 176 
refined parameters, no restraints. R (I > 2σ(I)): R1 = 0.0204, wR2 = 0.0466. R (all data): R1 = 
0.0237, wR2 = 0.0479. S = 1.066. Residual electron density (min/max) = -0.61/0.38 e/Å3. 
Selected bond lengths (Å), angles and dihedral angles (°) for 1a: Pd1-C1 1.9131(18), Pd1-N1 
2.1018(15), Pd1-N2 2.1007(15), Pd1-Cl1 2.4277(5), C1-Pd1-N1 82.48(7), C1-Pd1-N2 
82.49(7), C1-Pd1-Cl1 172.81(5), N1-Pd1-N2 163.56(6), Pd1-N1-C7-C2 23.75(18), Pd1-N2-
C10-C6 -17.72(17). 
 
1b: C12H18BrN3O2Pd, FW = 422.60, pale yellow block, 0.30 x 0.24 x 0.21 mm3, T=150(2) K, 
monoclinic, P21/c (No. 14), a = 8.9419(1), b = 10.7870(1), c = 16.6640(2) Å, β = 
116.1940(6)°, V = 1442.28(3) Å3, Z = 4, F(000) = 832, Dc = 1.946 gcm-3, 18411 measured 
reflections, 3293 unique reflections (Rint = 0.048). Absorption correction based on multiple 
measured reflections (PLATON, routine MULABS, µ = 4.058 mm-1, 0.36-0.43 transmission). 
176 refined parameters, no restraints. R (I > 2σ(I)): R1 = 0.0264, wR2 = 0.0618. R (all data): 
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R1 = 0.0331, wR2 = 0.0644. S = 1.061. Residual electron density (min/max) = -1.41/0.86 
e/Å3. 
Selected bond lengths (Å), angles and dihedral angles (°) for 1b: Pd1-C1 1.913(2), Pd1-N1 
2.107(2), Pd1-N2 2.105(2), Pd1-Br1 2.5516(3), C1-Pd1-N1 82.41(9), C1-Pd1-N2 82.33(9), 
C1-Pd1-Br1 172.10(7), N1-Pd1-N2 163.58(8), Pd1-N1-C7-C2 -25.0(2), Pd1-N2-C10-C6 
17.4(2). 
 
1c: C12H18N4O4Pd, FW = 388.70, yellow block, 0.09 x 0.09 x 0.03 mm3, T=150(2) K, 
monoclinic, P21/n (No. 14), a = 13.8395(1), b = 12.4601(1), c = 26.6584(3) Å, β = 
102.9047(6)°, V =4480.91(7) Å3, Z = 12, F(000) = 2352, Dc = 1.729 gcm-3, 77494 measured 
reflections, 10202 unique reflections (Rint = 0.050). Absorption correction based on multiple 
measured reflections (PLATON, routine MULABS, µ = 1.263 mm-1, 0.91-0.97 transmission). 
The crystal structure contains three independent residues, which are related by pseudo 
translational symmetry (1/3 in c direction), which is 87% fulfilled. The major difference 
between these residues is the conformation of the nitrite ligand and the puckering of the 
pincer chelate rings. As a consequence there are weak, but non-negligible superstructure 
reflections with the pseudo extinction condition (hkl, l=3n). 580 refined parameters, no 
restraints. R (I > 2σ(I)): R1 = 0.0292, wR2 = 0.0666. R (all data): R1 = 0.0512, wR2 = 
0.0741. S = 0.997. Residual electron density (min/max) = -0.70/0.65 e/Å3. 
Selected bond lengths (Å), angles and dihedral angles (°) for 1c. Residue 1: Pd1-C11 
1.919(2), Pd1-N11 2.0908(17), Pd1-N21 2.1054(17), Pd1-N41 2.1184(19), C11-Pd1-N11 
82.45(8), C11-Pd1-N21 82.06(8), C11-Pd1-N41 177.50(8), N11-Pd1-N21 162.79(7), Pd1-
N11-C71-C21 -23.6(2), Pd1-N21-C101-C61 21.6(2), N11-Pd1-N41-O41 -67.11(17). Residue 
2: N12-Pd2-N42-O42 –83.13(17). Residue 3: Pd3-C13 1.917(2), Pd3-N13 2.1052(16), Pd3-
N23 2.0968(17), Pd3-N43 2.1250(19), C13-Pd3-N13 81.49(8), C13-Pd3-N23 82.09(8), C13-
Pd3-N43 177.43(8), N13-Pd3-N23 163.45(7), Pd3-N13-C73-C23 25.61(19), Pd3-N23-C103-
C63 27.9(2), N13-Pd3-N43-O43 94.42(17). 
 
2: C12H18BrN3O2Pt, FW = 511.29, yellow plate, 0.36 x 0.27 x 0.06 mm3, T=150(2) K, 
monoclinic, C2/c (No. 15), a = 31.5588(4), b = 15.6312(2), c = 8.9960(1) Å, β = 98.8412(6)°, 
V = 4385.01(9) Å3, Z = 12, F(000) = 2880, Dc = 2.323 gcm-3, 31967 measured reflections, 
5015 unique reflections (Rint = 0.041). Analytical absorption correction (PLATON, routine 
ABST, µ = 12.335 mm-1, 0.09-0.60 transmission). 266 refined parameters, no restraints. R (I > 
2σ(I)): R1 = 0.0202, wR2 = 0.0396. R (all data): R1 = 0.0288, wR2 = 0.0417. S = 1.046. 
Residual electron density (min/max) = -1.12/1.56 e/Å3. 
Selected bond lengths (Å), angles and dihedral angles (°) for 2 (residue 2): Pt2-C12 1.937(4), 
Pt2-N12 2.105(3), Pt2-N22 2.099(2), Pt2-Br12 2.5211(4), C12-Pt2-N12 81.78(11), C12-Pt2-
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N22 81.46(11), C12-Pt2-Br12 175.56(8), N12-Pt2-N22 163.20(11), Pt2-N12-C72-C22 -
31.5(3), Pt2-N22-C102-C62 -34.0(3).  
 
SO2-absorption of [PtBr(NCN-NO2)] (2)  
2: 1H-NMR (300 MHz, 0.1 M, CDCl3) δ (ppm): 7.74 (s, 2H, ArH), 4.09 (s, 4H, 3JPt-H 46.2 Hz, 
CH2N), 3.13 (s, 12H, 3JPt-H 38.1 Hz, NMe2); 195Pt-NMR (64.3 MHz, 0.1 M, CDCl3) δ (ppm): -
1819.  
2(SO2):  1H-NMR (0.1 M, CDCl3 sat. with SO2) δ (ppm): 7.77 (s, 2H, ArH), 4.19 (s, 4H, 3JPt-H 
43.8 Hz, CH2N), 3.19 (s, 12H, 3JPt-H 36.3 Hz, NMe2); 195Pt-NMR (0.1 M, CDCl3 sat. with 
SO2) δ (ppm): -1324.  IR (CH2Cl2) ν (cm-1): 1248 (νas(SO2), PtSO2-adduct), 1086 (νs(SO2), 
PtSO2-adduct). 

3.4 References and Notes 
 

1. For reviews see: (a) Albrecht, M; van Koten, G. Angew. Chem. Int. Ed. 2001, 40, 5000-5031, Angew. 
Chem., 2001, 113, 3866-3898; (b) Rybtchinski, R.; Milstein, D. Angew. Chem. Int. Ed. 1999, 38, 870-
883; (c) Rietveld, M. P. H.; Grove, D. M.; van Koten, G. New J. Chem. 1997, 21, 751-771. (d) van 
Koten, G. Pure Appl. Chem. 1989, 61, 1681.  
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8. The π-system of the orthogonally oriented nitrite ligand has the correct symmetry for constructive 
overlap with the dx

2
-y

2 orbital on the palladium atom. 
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Chapter Four 
 
 

NCN-Pincer Palladium(II) - Pyrenoxy based Molecular Tweezers: 
Synthesis, Properties in Solution and Catalysis 

 

 

 

 

 

 

 

 

Abstract 
A highly flexible molecular tweezer 1a, constructed from a para-hydroxyl functionalized 
NCN-pincer palladium(II) complex (NCN-Z = [2,6-(CH2NMe2)2C6H2-4-Z]), a pyrenoxy unit 
and a xylyl spacer, was synthesized and immobilized on a G2-carbosilane dendrimer (1b). The 
binding affinity of picric acid towards the pyrenoxy moiety was studied by 1H-NMR 
titrations, revealing association constants Ka in the order of 101-102 M-1. X-ray analysis of the 
structure of 10, a precursor ligand of 1a and 1b, showed a completely flattened conformation 
in the solid state, imposed by favorable intramolecular π-stacking interactions. The molecular 
structure of 1a in solution proved to be fluxional on the NMR-timescale. UV/Vis and (time-
resolved) fluorescence spectroscopy revealed that in spite of the high flexibility, the catalyst 
and pyrenoxy unit are in close proximity due to cation-π interactions. This was further 
supported by conformer searches using molecular mechanics (MM2). Tweezer 1a shows 
small rate enhancements in aldol condensations of aromatic aldehydes with methyl 
isocyanoacetate compared to complex 2, which lacks the pyrenoxy unit.  
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4.1. Introduction 
The use of NCN-pincer complexes (NCN = 2,6-bis[(dimethylamino)methyl]phenyl anion) as 
building blocks in the construction of multisite or dendritic catalysts, of supramolecular 
assemblies and of sensor materials, has attracted considerable attention.1 An important issue 
in their construction is the synthetic flexibility for the introduction of functional groups, 
combined with the variety of metallation procedures available.2 Whereas ligand substitution 
allows immobilization of transition metal complexes on various support systems,3 the 
introduction of functional groups in the vicinity of a metal site can alter its catalytic 
properties. Both features are represented in a system published earlier in our group. Catalytic 
palladium(II) sites were encapsulated by strategic placement of diphenylsilane moieties, and 
subsequently immobilized on a dendritic backbone.4 This rather rigid encapsulation of the 
catalytic site resulted in enhanced reaction rates, but hardly influenced the selectivity of the 
studied aldol reaction catalyzed by the cationic NCN-pincer palladium(II) complex. This 
approach, where functional groups are introduced in the vicinity of the metal site to modify its 
(catalytic) properties by secondary interactions, has motivated us to construct new molecular 
tweezers (1a and 1b) based on a pincer palladium(II) complex and a pyrenoxy moiety, as 
shown in Chart 1. 
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Chart 1. (Dendritic) NCN-palladium(II) complexes 1a and 1b functionalized with pyrenoxy units. 

 
In this chapter we report the synthesis of 1a, 1b and their relevant variations 2-4 (Chart 2), 
following a minimalistic approach where the separately prepared building blocks are 
assembled on the xylyl spacer group by highly flexible ether linkages. This spacer has an 
additional reactive site, which allows immobilization on suitable (dendritic) support systems. 
In 1a, a trimethylsilyl substituent is attached at this anchoring point, serving as a mimic for 
dimethylsilyl functionalized carbosilane dendrimers. The dendrimer immobilized multisite 
catalyst 1b contains 36 NCN-palladium pyrenoxy moieties attached to an inert carbosilane 
dendrimer. Anchoring of these systems to dendrimers makes recycling of the catalyst possible 
by employing nano-filtration techniques to separate the catalyst from the reaction products.5 
The molecular flexibility of 1a in solution is studied by spectroscopic techniques using the 
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pyrenoxy group as fluorescent probe, and by molecular modeling studies. Furthermore, the 
influence of the pyrenoxy moiety on the application of 1a as homogeneous catalysts in aldol 
reactions is described, together with its binding properties to aromatic molecules.  
 

SiMe3

O NMe2

NMe2

Pd OH2

2

SiMe3

3

O

SiMe3

OO

4

(BF4)

 
Chart 2. NCN-palladium(II) complex 2 and pyrenyl ethers 3 and 4. 

 

4.2. Results  
Synthesis 
Precursor ligand 10 has been synthesized by combining three building blocks, i.e. pyren-1-ol 
(6)  and the NCN-pincer ligand (9) were connected to the 3,5-bis(bromomethyl)phenyl 
bromide linker (5) via ether syntheses (Scheme 1). An excess of tribromide 5 was reacted 
with pyrenoxy unit 6 to afford a 1:2:1 mixture of unreacted 5, monofunctionalized 7, and 
bisfunctionalized 8. Selective extraction of 5 from the reaction mixture with refluxing pentane 
afforded a 2:1 mixture of pyrenyl ethers 7 and 8. This unresolved mixture was used in the 
subsequent coupling with 4-trimethylsilyl-3,5-bis[(dimethylamino)methyl]phenoxide, which 
was prepared in situ from 9 by deprotection with tetrabutylammonium fluoride. Purification 
of the coupling products by careful precipitation of the bispyrenyl ether 8 from 
dichloromethane/pentane afforded pure 10 in the mother liquor. Precursor ligand 10 was 
subsequently attached to either a trimethylsilyl substituent to prepare 11a, or to a G2 
carbosilane dendrimer to produce 11b. Reaction of 10 with t-BuLi followed by treatment with 
trimethylsilyl chloride or a chlorosilane functionalized G2-carbosilane dendrimer afforded 
ligands 11a and 11b, respectively (Scheme 1). Ligand 14, the trimethylsilyl precursor of 
complex 2, and pyrenyl ethers 3 and 4 were obtained via similar synthetic procedures, using 
3-(bromomethyl)phenyl bromide as anchoring point for either NCN-ligand 9 or pyrenoxy unit 
6. 
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 Z = pyren-1-oxy

9

 
Scheme 1. Synthesis of precursor ligands, i) K2CO3, 18-crown-6; ii) Bu4NF; iii) 7, K2CO3, 18-crown-

6; iv) tBuLi, SiMe3Cl; v) t-BuLi, Si((CH2)3Si((CH2)3Si((CH2)SiMe2Cl)3)3)4. 
 
Earlier work of Valk6 et al. and Steenwinkel et al.7 had demonstrated that in R2NCH2-
substituted aromatic systems replacement of an ortho-aryl-H by a trimethylsilyl-substituent 
can steer the regioselectivity of the palladation reaction. Thus, treatment of 11a, 11b and 14 
with Pd(OAc)2 and subsequent addition of LiCl led to the formation of the corresponding 
palladium(II) chloride complexes 12a, 12b and 15, respectively. Noteworthy is the 
quantitative metallation of the dendritic polyligand 11b, by applying this mild and selective 
method. The cationic catalytically active palladium(II) complexes 1a and 1b were prepared by 
electrophilic palladation and subsequent halide abstraction starting from their ligand 
precursors 11a and 11b (Scheme 2). Complex 2 was prepared from NCN-ligand 14 in a 
similar manner. This approach offers the advantage that a wide number of chemical reactions 
(e.g. lithiation at the linker) can be performed on the system, while regioselective introduction 
of the palladium(II) center under relatively mild conditions is feasible as the final step in the 
synthesis. All palladium(II) chloride complexes 12a, 12b and 15, and their corresponding 
cationic complexes 1a, 1b and 2, are air and water stable. However, in concentrated solutions 
slow decomposition, i.e. the formation of Pd(0), is observed for all complexes. Furthermore, 
the somewhat less stable cationic complexes are prepared freshly when applied in catalysis.  
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Scheme 2. Synthesis of 1a and 1b by site-selective palladation and subseqent halide abstraction, i) 

Pd(OAc)2, LiCl; ii) AgBF4. 
 
Crystal Structure of 10. 
All attempts to obtain suitable crystals for X-ray analysis of cationic complex 1a or its 
chloropalladium(II) analogue 12a failed. Crystallization of the precursor ligand 10, afforded 
suitable crystals for structure determination. The molecular and crystal structure, together 
with selected bond lengths and angles, are given in Figures 1 and 2, and Table 1.  
 

 
Figure 1. ORTEP representation of 10 (displacement ellipsoids with 30% probability). Hydrogen 

atoms are omitted for clarity. 
 
The structure of 10 shows the full integrity of the molecule. Interesting aspects of the 
structure include the silicon center which is σ-bonded to three methyl groups, Cipso (C(1)) of 
the ligand, and in addition has an interaction with one of the ortho-CH2NMe2 groups. The 
Si(1)...N(1) distance is 3.264(2) Å, which is substantially smaller than the sum of the Van der 
Waals radii of nitrogen and silicon (3.65 Å). As a consequence of this interaction, the methyl 
groups on silicon are distorted from a true tetrahedral geometry, with the Si(1)-C(13) bond 
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being significantly longer than the Si(1)-C(14) and Si(1)-C(15) bonds. An even shorter N...Si 
contact  of 3.040 Å has been reported by Steenwinkel et al.7b  

 
Table 1. Selected bond lengths [Å], bond angles [deg] and dihedral angles [deg] of 10; the numbering 

refers to Figure 1. 
Bond Distances (Å) 

Br(1)-C(19) 1.903 (2) O(1)-C(16) 1.371 (3) 
N(1)- C(7) 1.460 (3) O(2)-C(23) 1.419 (3) 
N(1)- C(8) 1.463 (3) O(2)-C(24) 1.372 (3) 
N(1)- C(9) 1.455 (3) Si(1)-C(1) 1.909 (2) 
N(2)-C(10) 1.467 (3) Si(1)-C(13) 1.886 (2) 
N(2)-C(11) 1.458 (4) Si(1)-C(14) 1.870 (3) 
N(2)-C(12) 1.467 (4) Si(1)-C(15) 1.879 (3) 
O(1)-C(4) 1.371 (3) Si(1)-N(1) 3.264 (2) 

Bond Angles (deg) 
C(4)-O(1)-C(16) 117.9 (2) C(13)-Si(1)-C(14) 110.0 (1) 
C(7)-N(1)-C(8) 110.3 (2) C(13)-Si(1)-C(15) 101.1 (1) 
C(7)-N(1)-C(9) 111.5 (2) C(14)-Si(1)-C(1) 112.4 (1) 
C(8)-N(1)-C(9) 109.6 (2) C(14)-Si(1)-C(15) 109.1 (1) 

C(10)-N(2)-C(11) 110.2 (2) C(15)-Si(1)-C(1) 114.9 (1) 
C(10)-N(2)-C(12) 109.1 (2) C(21)-C(23)-O(2) 110.2 (2) 
C(11)-N(2)-C(12) 110.9 (2) C(23)-O(2)-C(24) 117.1 (2) 
C(13)-Si(1)-C(1) 108.7 (2) O(1)-C(16)-C(17) 108.1 (2) 

Dihedral  Angels (deg) 
C(3)-C(2)-C(10)-N(2) 46.0 (3) C(22)-C(21)-C(23)-O(2) -175.3 (2) 
C(4)-O(1)-C(16)-C(17) -173.4 (2) C(23)-O(2)-C(24)-C(37) 189.1 (2) 
C(5)-C(6)-C(7)-N(1) -123.6 (2) C(24)-O(2)-C(23)-C(21) 179.9 (2) 

C(16)-O(1)-C(4)-C(5) 171.6 (2) O(1)-C(16)-C(17)-C(18) 177.0 (2) 
 

In the crystal lattice, the molecule is completely flattened out as a result of crystal packing 
(Figure 2). The bulky substituents on the ligand, i.e. the SiMe3 and ortho-Me2NCH2-
substituents, are placed in the crystal lattice in such a way that optimal stacking between the 
aromatic parts can take place. The requirements8 for good FFCE (face-to-face, edge-to-edge) 
stacking are fulfilled for several intermolecular ring-ring interactions. For example, the 
interaction between the aromatic ring containing C(17)-C(22) and the ring C(34)-C(39) of the 
neighboring molecule, has the following stacking parameters: α = 2.9°, x = 1.8 Å and z = 3.5 
Å, which all lay within the boundaries for good FFCE stacking. 
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Figure 2. Packing plot of 10 with unit cell, showing the π-stacked layered structure. 

 
UV/Vis-, fluorescence-, and 1H-NMR-spectroscopic studies.  
As a result of relatively unhindered rotation around the ether linkages, a wide range of 
conformations can be adopted by complex 1a in solution. To obtain an indication for the 
preferred conformation(s) in solution, 1a was subjected to UV/Vis, fluorescence and variable-
temperature 1H-NMR studies. The highly fluorescent pyrenoxy moiety offers an excellent 
probe to study the conformational behavior of this cationic palladium complex. 
Conformational molecular mechanics studies were performed to obtain more insight. 
 
Variable temperature 1H-NMR studies were performed on a solution of 1a in CDCl3 between 
-60 °C and 40 °C. Although the resonances of the benzylic protons from the spacer broadened 
upon cooling down, no conformation could be frozen out. At higher temperatures sharpening 
of the signals occurred, but no other significant changes in the 1H-NMR spectrum were 
observed.  The electronic absorption spectrum of cationic palladium(II) complex 1a shows 
small batochromic shifts for the longer wavelength bands and significant hypochroism 
compared to its non-metallated analogue 11a. Besides this, the fluorescence bands of 1a show 
a batochromic shift of approximately 5 nm and a decrease in fluorescence intensity by a factor 
of 10. The optical properties of the G2-carbosilane immobilized complex (1b) and ligand 
(11b) were not studied in detail, since their fluorescence was quenched. Fluorescence lifetime 
measurements revealed that the decay curves of 1a and 11a were both due to one-component 
systems. In dichloromethane, the fluorescence lifetime for 1a is 1.8 ns while the lifetime of its 
non-metallated analogue 11a is 10.6 ns (Figure 3).  
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Figure 3. Fluorescence decay curves for 1a (τ=1.8 ns) and 11a (τ=10.6 ns). 

 
To gain more insight in the flexibility of the 1,3-bis-(hydroxymethyl)benzene ethers, bis-
pyrenoxy ether 8 was subjected to time-resolved fluorescence spectroscopy. A new emission 
band (λmax=450 nm) appeared apart from the monomer emission in the steady-state 
fluorescence spectrum of 8 (Figure 4a). This band was attributed to excimer emission, owing 
to the proximity of two pyrenoxy fragments. The formation of this intramolecular excimer 
was studied by multiwavelength time-resolved fluorescence spectroscopy using a streak 
camera in solvents varying in polarity and viscosity.  
 

 
Figure 4. a) Steady state fluorescence spectrum and b) fluorescence decay curve of 8 (τ1=10.2 ns, 

τ2=1.8 ns) in cyclohexane.  
 

The fluorescence trace of 8 in cyclohexane could be fitted to a bi-exponential decay with 
lifetimes of τ1=10.2 ns and τ2=1.8 ns attributed to the local (monomer) and the excimer 
emission, respectively (Figure 4b). Formation of the excimer from the excited monomer could 
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however not be observed. In more polar benzonitril, similar results were obtained (τ1=13.5 ns 
and τ2=3.8 ns), albeit with a lower relative intensity of the excimer band. Since no growth of 
monomer into excimer fluorescence could be observed, possibly as a result of the speed of 
excimer formation with respect to detection limits, the solvent was changed to the highly 
viscous sucrose-octa-acetate (SOA). Measurements in SOA in the temperature range from 30 
to 150 ºC showed a decrease in excimer emission intensity as compared to the local 
fluorescence at higher temperatures. Furthermore, the fine structure in the local fluorescence 
band was lost. The lifetimes of local and excimer fluorescence were found to be in the same 
order as in non-viscous solvents (τ1=20.0 ns and τ2=2.3 ns at 30 ºC to τ1=15.5 ns and τ2=4.8 
ns at 110 ºC) and as in the previous cases no growth of monomer into excimer fluorescence 
was observed.  
 
Molecular Mechanics 
The preferred conformations of complex 1a were calculated by conformer searches, allowing 
stepwise rotation around the six bonds connecting the NCN-ligand and pyrenoxy unit to the 
linker followed by a Molecular Mechanics optimization of the structure. All optimized 
conformers of 1a showed a close proximity (< 5 Å) of the cationic palladium ion and the 
pyrenoxy unit. In similar conformer searches of 11a, the proximity between the NCN-ligand 
(SiMe3-substituent) and pyrenoxy moiety was not observed as a major conformation. A 
representation of the structure of the functionalized dendrimer 11b (26 kD) was also 
calculated by molecular mechanics, showing a densely crowded dendrimer with an average 
diameter of 5.3 nm. 
 
Binding studies with picric acid. 
The binding affinities of 1a, 3 and the bispyrenyl ether 4 towards aromatic molecules were 
studied by 1H-NMR titrations with picric acid (2,4,6-trinitrophenol) as guest molecule. Picric 
acid is known for its ability to form π-stacking complexes with a wide variety of aromatic 
molecules. Furthermore, the diagnostic 1H-resonances of picric acid are situated in an isolated 
region of the spectrum. The titration experiments were performed in CDCl3 at constant guest 
concentrations in the order of 0.5 Ka

-1 to obtain optimal results.9 In these experiments the 
upfield shift of the aromatic proton resonance of picric acid was monitored as a function of 
host/guest ratio. The titration curves were fitted to obtain the association constants and 
complexation induced shift values (Table 2). The stoichiometry of the stacking complexes 
was determined by Job's method of continuous variation for species in rapid exchange.10 Job 
plots of ∆δ*XG versus XG (∆δ: induced shift, XG: molefraction guest) for the supramolecular 
complexes of picric acid with pyrenoxy NCN-palladium(II) complex 1a, monopyrenoxy 
receptor 3 and the bispyrenoxy compound 4 are shown in Figure 5. The maxima in the curves 
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for 1a and 3 are found at XG = 0.5 revealing the formation of 1:1 complexes. The maximum 
of the curve in the Job plot of 4 is found at XG = 0.7 indicating the formation of a 2:1 complex 
with picric acid.  
 

 
Figure 5. Job plots for complexes between picric acid and pyrenoxy hosts 1a, 3, and 4. 

 
Table 2. Association constants and complexation induced shift values (CIS) of supramolecular 

complexes between picric acid and hosts 1, 3, and 4. 
 Ka (M-1)a CIS (ppm) 

1a 94 -0.67 
3 44 -1.08 
4 81[b] -0.64 

a) Estimated error of 10%; b) Ka1=Ka2=81 M-1. 

Catalysis - Aldol Condensations 

The cationic NCN-palladium(II) complexes 1a, 1b and 2 can be applied as Lewis acidic 
catalysts. These types of cationic palladium(II) salts, amongst several other late transition 
metal salts, have been successfully applied as catalysts in aldol reactions between aldehydes 
and methyl isocyanoacetate (Scheme 3).11  
 

O

R R

CNCH2COOMe O N

COOMe

n n+
1 mol% cat

10 mol% Hunig's base
CH2Cl2

R = H, NO2 ; n = 0, 1  
Scheme 3. Aldol condensation of methyl isocyanoacetate with aromatic aldehydes or 

cinnemaldehydes. 
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Complexes 1a and 2 were tested as catalysts in this aldol condensation with several aromatic 
substrates. All aldol reactions were also performed with a mixture of equimolar amounts of 2 
and the pyrenyl ether 3. Furthermore, multisite catalyst 1b was applied in the aldol 
condensation of benzaldehyde to study the effect of immobilization on catalytic performance. 
The results from the catalytic experiments are collected in Table 3. 
 

Table 3. Results from aldol condensations between methyl isocyanoacetate and (nitro-substituted) 
aldehydes and cinnemaldehydes in dichloromethane in the prescence of Hunig's base at ambient 

temperature. 
  Conversiona (%) cis/transb 

Substrate time/h 1a 2 2 + 3 1b  
PhCHO 6 

24 
48 
95 

25 
91 

27 
92 

11 
76 

1.82 

4-NO2PhCHO  3 
24 

42 
>99 

41 
>99 

43 
>99 

n.d. 1.98 

PhCH=CHCHO 5 
24 

50 
>99 

34 
95 

30 
96 

n.d. 1.40 

2-NO2PhCH=CHCHO  3 
24 

49 
>99 

38 
97 

38 
96 

n.d. 1.43 

a) Determined by 1H-NMR; b) Cis/trans-ratios were identical for catalysts 1a,b, 2, and 2+3; Conditions: 1.2 
mmol substrate, 1 mol% catalyst, 10 mol% Hunig's base, 5 ml CH2Cl2, room temperature. 

4.3. Discussion 
The approach in which distinct building blocks are assembled on a multisite linker has been 
shown successful for the synthesis of complex 1a. The strategic positioning of the virtually 
inert trimethylsilyl substituent on Cipso of the NCN-pincer ligand allows regioselective 
metallation of the ligand at a later stage in the synthesis. Further modifications, such as 
immobilization on a carbosilane dendrimer (see 1b) appeared to be feasible even after 
introduction of the ligand, which makes ligand 9 a versatile building block for the 
construction of complex (multimetallic) structures. With this in mind a synthetic route is 
available which allows the placement of various other functional groups in the vicinity of the 
cationic NCN-pincer palladium(II) site, apart from the pyrenoxy fluorescent probe in 1a. The 
third attachment point on the xylyl linker, which in this study has been used for 
immobilization purposes, can be used for the selective introduction of a third functional 
moiety on the molecule. 
 
Knowledge about the favored conformations of 1a in solution is of interest in order to be able 
to assess the influence of the pyrenoxy unit on the catalytic properties of the cationic 
complex. The polycyclic flat aromatic surface of a pyrenoxy moiety can exhibit interactions 
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with other π-systems. The π-π stacking interactions observed in the crystal packing 10 are a 
clear example of this (see Figure 2). This crystal structure also shows that the NCN-pincer 
moiety itself can be part of stacking interactions. For the catalysis experiments it is of 
importance to know whether the π-π stacking found in the solid state is also present in dilute 
solution. In the case of pure 1a, 1H-NMR dilution experiments showed no evidence for 
significant formation or break-up of di- or oligomeric intermolecularly assembled species 
around concentrations used in catalysis (10-3 M). Complexation experiments of 1a and 3 with 
picric acid show binding of the aromatic guest molecule to the pyrenoxy moiety by π-π 
stacking interactions in a 1:1 ratio, with typical association constants of 101-102 M-1. The 
bispyrenoxy compound 4 can be expected to bind picric acid in two distinct manners. Firstly, 
complexation of one picric acid molecule in the cleft of the tweezer, in which it would interact 
with both pyrenoxy moieties at the same time, would result in the formation of a 1:1 complex. 
Secondly, complexation of two picric acid molecules each with one of the pyrenoxy groups 
would result in the formation of a 2:1 complex. The titration curve and Job plots clearly show 
that 2:1 complexation occurs, which indicates that there is no significant synergic binding of 
picric acid by the to pyrenoxy units of 4.  
 
The flexibility of complex 1a was probed by low temperature NMR studies, revealing that 
rotations around the benzyl ether linkages are fast on the NMR timescale, and that preferred 
conformations could not be frozen out. However, the broadening of these benzylic proton 
resonances at low temperatures pointed at hindered rotation. This broadening could result 
from an attractive interaction between the NCN-palladium moiety and the pyrenoxy unit, such 
as a cation-π interaction, bringing the substituents on the xylyl linker in a tweezer-type 
arrangement. Immobilization of 36 of these units on a G2 carbosilane dendrimer results in a 
dendrimer with a sterically congested periphery, undoubtly influencing the flexibility and 
conformation of the individual units. Interestingly, severe broadening of all proton signals 
was observed already at room temperature in the polyfunctionalized dendrimers 1b and 11b. 
This can be attributed to the crowded structure of the dendrimer with substituents in various 
conformations, with ample π-π stacking interactions. This densely crowded periphery and the 
formation of various intramolecular (interbranch) π-π stacking contacts was also observed in 
molecular mechanics optimized structures of 11b, and further supported by the quench of 
fluorescence in both 1b and 11b. 
 
Optical spectroscopic methods offer the possibility to study flexibility and conformation of 
the system on a smaller timescale. Close proximity between the pyrenoxy and cationic 
palladium(II) site, resulting from cation-π interactions, would influence the optical properties 
of the fluorescent pyrenoxy unit in 1a compared to 11a, which lacks the palladium cation. 
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The NCN-palladium complex and pyrenoxy moiety are electronically isolated from each 
other by the linker, hence the influence of the palladium ion on the electronic spectra can only 
arise from a through space interaction either inter- or intramolecularly. Since the fluorescence 
studies were performed at high dilution, we excluded the presence of significant 
intermolecular interactions. The batochromic shifts in combination with the observed 
hypochroism in UV/Vis spectra of 1a compared to 11a imply that the cationic palladium(II) 
ion is in close vicinity of the pyrenoxy site. The prescence of this interaction is further 
supported by fluorescence spectroscopy. The fluorescence decay curves of 1a and 11a differ 
markedly. While not only the fluorescence intensity is decreased by a factor 10, also its 
lifetime is significantly reduced. Interactions between the pyrenoxy π-system and the 
palladium(II) cation result in (partial) quenching of the pyrenoxy fluorescence. The influence 
of cation-π interactions on the adopted structure of 1a was further supported by molecular 
mechanics conformation searches. While for 1a all conformations showed a close proximity 
of the palladium(II) cation and the π-system, no such preferred conformations were found for 
the trimethylsilyl analogue 11a. The NCN-palladium(II) complex and the pyrenoxy moiety 
connected to the xylyl linker preferentially adopt a tweezer-type arrangement. The behavior of 
bis-pyrenoxy compound 8 in time-resolved fluorescence spectroscopy was indicative for a 
relation between the solvent polarity, and the preferential formation of either an 'open' or 
'closed' (tweezer) conformation. While both local (monomer) and excimer bands are observed 
in the fluorescence spectrum, no interconversion of the excited monomer in the excimer is 
observed. This behavior can be explained by considering two distinct conformations. First, 
the pyrenoxy fragments can be in close proximity, resulting in excimer fluorescence upon 
excitation. Alternatively, when the groups are further apart a rearrangement is necessary to 
form the excimer after excitation. This rearrangement processes are apparently too slow to 
occur within the lifetime of the monomer fluorescence (10-20 ns). The relative intensity of the 
excimer emission compared to the local emission, which decreases upon higher solvent 
polarity, indicates that in less polar solvents 8 indeed possesses a more closed conformation 
with the pyrenoxy surfaces close together. The structural relationship between 8 and 1a, i.e. 
the tweezer-type arrangement of substituents, can allow an extension of these results to the 
conformation of 1a in solvents of different polarity. 
 
Catalytic behavior in Aldol Condensations 
The aldol condensation between methyl isocyanoacetate and aromatic aldehydes or 
cinnemaldehydes is especially useful to study the effect of modifications on the catalyst on its 
performance. The formation of a mixture of two pairs of diastereoisomers allows monitoring 
of both (stereo)selectivity and activity of the catalyst. These condensations are assumed to 
occur via coordination of the isocyanoacetate to the metal ion upon replacement of the weakly 
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coordinating water ligand, followed by deprotonation of the coordinated isocyanoacetate to its 
corresponding enolate. The enolate subsequently reacts with the aldehyde in the rate-
determining step to form the product oxazolines as a mixture of the cis- and trans-
isomers.11e,12 
 
Enhancements of up to two times in the initial reaction rates are found for complex 1a 
compared to complex 2. In addition, the presence of pyrenyl ether 3 does not affect the 
reaction rate of the aldol reaction catalyzed by 2, ruling out an independent effect of the 
pyrenoxy unit on the catalysis. In the case of 4-nitrobenzaldehyde (entry 2) no influence of 
the pyrenoxy unit on catalytic performance is observed. The electron withdrawing nitro-
substituent activates the aldehyde for nucleophilic attack of the palladium-coordinated 
isocyanoacetate enolate. A change in rate-determining step resulting from this substrate-
activation can make the presence or absence of the pyrenoxy unit irrelevant for catalytic 
performance. The small, but reproducible, rate enhancements observed in the aldol reactions 
of the other substrates with complex 1a, may be explained by several aspects of this tweezer. 
First, the cation-π interaction activates the catalyst by allowing faster ligand exchange on the 
metal ion, i.e. exchange of water for methyl isocyanoacetate. Secondly, the presence of the 
pyrenoxy unit stabilizes one or more of the transition states or intermediates in the catalytic 
cycle. Stabilization of the protonated ammonium cocatalyst (Hunig's base) by cation-π 
interactions can be envisaged. Thirdly, complexation of the aromatic substrate molecules to 
the pyrenoxy unit by π-π stacking interactions would increase their local molarity near the 
active site. The increased local molarity would facilitate the rate-determining step, resulting in 
an increased reaction rate. Dendritic multisite complex 1b shows a dramatic 4-fold drop in 
rate in comparison with complex 1a. This decreased activity can be attributed to the steric 
crowding, making various catalytic sites inaccessible for substrate molecules. The selectivity, 
e.g. the cis/trans ratio of the product oxazolines, was found to be independent of the catalyst 
applied. The pyrenoxy unit does not influence the orientation of the substrate in a 
(stereo)specific manner towards the coordinated enolate.  

4.4. Conclusions 
The availability of mild site-selective palladation procedures for NCN-pincer ligands, in 
combination with their facile para-functionalisation, allowed us to use them as building block 
in the construction of organometallic tweezer 1a. The applied reaction sequence in 
assembling the pyrenoxy, NCN-pincer and xylyl-spacer building blocks was flexible enough 
to allow immobilization of the tweezer on a G2-carbosilane dendrimer, followed by site-
selective metallation to produce 1b. The non-immobilized tweezer 1a is highly flexible and 
can bind to aromatic substrates (picric acid) by π-π stacking interactions. It preferentially 
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adopts a tweezer-type conformation in solution as a result of cation-π interactions between the 
palladium(II) ion and the pyrenoxy unit. The abundance of this conformation, compared to a 
more open one with no interaction between the pyrenoxy and NCN-palladium unit, appears to 
be higher in apolar solvents. The minimalistic design approach, with the building blocks 
simply combined on a flexible linker, leads to observable effects in catalysis. The presence of 
the pyrenoxy unit in 1a was beneficial for its performance as catalyst in the aldol reaction 
between methyl isocyanoacetate and aromatic aldehydes. Both complex 2, which is devoid of 
a pyrenoxy site, as well as to 2 in the presence of pyrenyl ether 3 show lower activities in the 
aldol condensations compared to 1a. It seems apparent that the close proximity of the 
pyrenoxy unit and the catalytic palladium(II) site is responsible for the observed rate 
enhancements.  

4.5. Experimental Section 
All experiments were conducted in a dry nitrogen atmosphere using standard Schlenk 
techniques, when using air- and/or water-sensitive reagents. Solvents were dried over 
appropriate agents and distilled prior to use. The reagent 3,5-
bis{(dimethylamino)methyl}phenyl t-butyldimethylsilyl ether was prepared according to 
literature procedures.13 Elemental analyses were performed by H. Kolbe, Mikroanalytisches 
Laboratorium, Mülheim, Germany. 1H and 13C NMR spectra were recorded at 298 K on a 
Varian Inova 300 or Mercury 200 spectrometer. UV/Vis spectra were recorded on a Varian 
Cary I spectrophotometer. 
 
3-{(Pyrenoxy)methyl}-5-(bromomethyl)phenyl bromide (7) 
K2CO3 (10 g, 130 mmol) was added to a stirred solution of pyren-1-ol (6) (3.0 g, 14 mmol), 
3,5-bis(bromomethyl)phenyl bromide (5) (5.30 g, 15 mmol) and 18-crown-6 ether (0.3 g, 1.3 
mmol) in THF (75 mL) and the mixture was stirred at room temperature for 18 h. The 
volatiles were evaporated in vacuo and the residue was extracted with dichloromethane (3x50 
mL). The combined dichloromethane extracts were evaporated in vacuo resulting in a 
brownish solid which contained unreacted 5, the desired mono substituted 3-
{(pyrenoxy)methyl}-5-(bromomethyl)phenyl bromide (7) and the double substituted 3,5-
bis{(pyrenoxy)methyl}phenyl bromide (8) in a ratio of approximately 1:2:1. This mixture was 
extracted with pentane until all 3,5-bis(bromomethyl)phenyl bromide was removed (ca 
10x100 mL), yielding 4.23 g of a 2:1 mixture of the mono (7) and double (8) substituted 
products according to 1H-NMR integration. This mixture was used in the subsequent step 
without further purification. 
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3,5-Bis{(dimethylamino)methyl}-4-(trimethylsilyl)phenyl t-butyldimethylsilyl ether (9) 
n-BuLi (10.4 mL, 1.6 M in hexanes, 16.5 mmol) was added dropwise over a period of 5 
minutes to a cooled (-78 °C) solution of 3,5-bis[(dimethylamino)methyl]phenyl t-
butyldimethylsilyl ether (5.16 g, 16 mmol) in hexane (20 mL). The reaction mixture was 
allowed to warm to room temperature and was stirred for an additional 4 h. After cooling the 
reaction mixture to 0 °C, a solution of trimethylsilyl trifluoromethylsulfonate (3.71 mL, 19.2 
mmol) in THF (20 mL) was added dropwise over a period of 10 minutes and stirring was 
continued for 1 hour at room temperature. The volatiles were evaporated in vacuo and the 
residue was subjected to flash chromatography (CH2Cl2, basic Al2O3) to afford 3,5-
bis{(dimethylamino)methyl}-4-(trimethylsilyl)phenyl-t-butyldimethylsilyl ether (9) as a 
yellow oil. Yield: 5.64 g (89%), 1H-NMR (C6D6, 300 MHz): 7.14 (s, 2H, ArH), 3.45 (s, 4H, 
CH2N), 2.01 (s, 12H, NMe2), 0.99 (s, 9H, t-BuSi), 0.46 (s, 9H, SiMe3), 0.18 (s, 6H, SiMe2); 
13C-NMR (C6D6, 75 MHz): 156.4, 148.9, 130.5, 120.7 (Ar), 65.8 (CH2N), 45.0 (NMe2), 25.9, 
-0.4 (t-BuSi), -3.6 (SiMe3), -4.2 (SiMe2). Anal. Calcd for C21H42N2OSi2: C, 63.90; H, 10.72; 
N, 7.10. Found: C 63,70, H 10.80, N 6.98. 
 
3-{(Pyrenoxy)methyl}-5-{4-trimethylsilyl-3,5-bis(dimethylaminomethyl)phenyloxy}-phenyl 
bromide (10) 
To a stirred solution of 9 (2.22 g, 6 mmol) in 30 mL of THF was added NBu4F (6 mL, 1M in 
THF, 6 mmol). After 30 min. K2CO3 (5.0 g, 30 mmol), 18-crown-6 (0.15 g, 0.6 mmol), and 
the above mentioned 2:1 mixture of 7 and 8 (4.23 g, contains 5.4 mmol of 7) were added and 
the reaction mixture was stirred for an additional 18 h. The volatiles were removed in vacuo 
and subjected to flash chromatography (CH2Cl2, basic Al2O3) resulting in a yellow solid (5.61 
g). The product mixture was redissolved in CH2Cl2 and careful precipitation of 8 with pentane 
followed by filtration afforded pure 10 in the mother liquor. Evaporation of the volatiles in 
vacuo yielded 1.34 g of 10 as a white solid. 1H-NMR (CDCl3, 300 MHz): 8.51 (d, 1H, 
3JHH=9.2 Hz, pyrenyl), 8.15-7.85 (m, 7H, pyrenyl), 7.69 (s, 1H, Ar), 7.63 (s, 1H, Ar), 7.58 (s, 
1H, Ar), 7.53 (d, 1H, 3JHH=8.2 Hz, pyrenyl), 7.05 (s, 2H, Ar), 5.37 (s, 2H, CH2O), 5.09 (s, 2H, 
CH2O), 3.51 (s, 4H, CH2N), 2.15 (s, 12H, NMe2), 0.37 (s, 9H, SiMe3); 13C (CDCl3, 75 MHz): 
158.5, 151.9, 148.3, 139.6, 139.2, 131.3, 131.4, 129.8, 129.6, 129.1, 127.0, 126.3, 125.9, 
125.5, 125.3, 125.1, 125.0, 124.6, 124.3, 124.2, 124.1, 122.6, 120.9, 120.1, 114.3, 108.9 (Ar), 
69.2, 68.2 (CH2O) 65.2 (CH2N), 45.0 (NMe2), 3.4 (SiMe3). Anal. Calcd. for C39H43BrN2O2Si: 
C 68.91, H 6.38, N 4.12, Si 4.13. Found: C 68.83, H 6.46, N 3.98, Si 4.23. ES-MS: calculated 
for C39H43BrN2O2Si (M+H)+: 679.2; found: 680.2. 
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1-{Trimethylsilyl}-3-{(pyrenoxy)methyl}-5-{4-trimethylsilyl-3,5-
bis(dimethylaminomethyl)phenyloxymethyl}benzene (11a) 
To a precooled (-100°C) solution of 10 (0.84 g, 1.25 mmol) in 10 mL of THF was added t-
BuLi (1.66 mL, 1.5M in pentane, 2.50 mmol) dropwise. The reaction mixture was stirred at -
100°C for an additional hour and trimethylsilyl chloride (0.32 mL, 2.55 mmol) was added at 
once. The reaction mixture was allowed to warm to room temperature and al volatiles were 
evaporated in vacuo. After purification by column chromatography (hexane/Et2O 3/1, 3% 
TEA, basic Al2O3) pure 11a was obtained as an off-white solid (0.81 g, 96%). 1H-NMR 
(CDCl3, 300 MHz): 8.53 (d, 1H, 3JHH=9.2 Hz, pyrenyl), 8.11-8.01 (m, 4H, pyrenyl), 7.96-7.84 
(m, 3H, pyrenyl), 7.70 (s, 1H, Ar), 7.69 (s, 1H, Ar), 7.62 (s, 1H, Ar), 7.56 (d, 1H, 3JHH=8.3 
Hz, pyrenyl), 7.08 (s, 2H, Ar), 5.39 (s, 2H, CH2O), 5.14 (s, 2H, CH2O), 3.51 (s, 4H, CH2N), 
2.14 (s, 12H, NMe2), 0.38 (s, 9H, SiMe3), 0.33 (s, 9H, SiMe3); 13C (CDCl3, 75 MHz): 159.0, 
152.8, 148.4, 141.3, 136.8, 136.6, 132.3, 132.0, 131.6, 129.6, 127.4, 127.2, 126.4, 126.0, 
125.8, 125.5, 125.4, 125.1, 124.9, 124.3, 124.2, 121.3, 120.6, 114.5, 109.6 (Ar), 71.0 (CH2O), 
69.6 (CH2O), 65.4 (CH2N),  45.1 (NMe2), 3.4 (SiMe3), -1.1 (SiMe3). Elem. Anal. Calcd. for 
C42H52N2O2Si2: C 74.95, H 7.79, N 4.16, Si 8.35. Found: C 74.86, H 7.88, N 4.20, Si, 8.26. 
 
[1-{Trimethylsilyl}-3-{(pyrenoxy)methyl}-5-{3,5-bis(dimethylaminomethyl)phenyl-4-
(chloropalladium(II))-1-oxymethyl}benzene] (12a) 
To a suspension of 11a (0.15 g, 0.22 mmol) in freshly distilled methanol (5 mL) was added 
Pd(OAc)2 (52 mg, 0.23 mmol). The reaction mixture was stirred for 3 h at room temperature 
after which an excess of LiCl (42 mg, 1 mmol) was added and stirring was continued for an 
additional hour. After evaporation of all volatiles in vacuo, the residue was extracted with 
CH2Cl2 (3x 10 mL). The combined CH2Cl2 extracts were filtered over celite and evaporation 
of the solvent afforded 0.16 g (99%) of pure 12a as an off-white solid. 1H-NMR (CDCl3, 300 
MHz): 8.51 (d, 1H, 3JHH=9.2 Hz, pyrenyl), 8.14-8.04 (m, 4H, pyrenyl), 8.00-7.85 (m, 3H, 
pyrenyl), 7.70 (s, 1H, Ar), 7.65 (s, 1H, Ar), 7.63 (d, 1H, 3JHH=8.3 Hz, pyrenyl), 7.56 (s, 1H, 
Ar), 6.44 (s, 2H, Ar), 5.41 (s, 2H, CH2O), 5.00 (s, 2H, CH2O), 3.82 (s, 4H, CH2N), 2.87 (s, 
12H, NMe2), 0.34 (s, 9H, SiMe3); 13C (CDCl3, 75 MHz): 157.0, 152.5, 145.2, 141.2, 138.6, 
136.6, 136.5, 132.0, 131.9, 131.5, 131.4, 127.1, 127.0, 126.3, 126.0, 125.6, 125.3, 125.2, 
124.9, 124.6, 124.2, 124.0, 121.0, 120.3, 113.3, 109.4, 106.9 (Ar), 74.4 (CH2N), 70.7 (CH2O), 
70.4 (CH2O), 52.8 (NMe2), -1.2 (SiMe3). Elem. Anal. Calcd for C39H43ClN2O2PdSi: C 63.15, 
H 4.78, N 3.78; Found: C 62.97, H 4.90, N 3.72; ES-MS: calculated for C39H43ClN2O2PdSi 
(M-Cl)+: 705.2; found: 705.3.  
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[1-{Trimethylsilyl}-3-{(pyrenoxy)methyl}-5-{3,5-bis(dimethylaminomethyl)phenyl-4-(aqua-
palladium(II))-1-oxymethyl}benzene] tetrafluoroborate (1a) 
To a solution of 12a (0.16 g, 0.22 mmol) in wet acetone was added AgBF4 (45.4 mg, 0.23 
mmol) which resulted in the immediate formation of a white precipitate. The reaction mixture 
was stirred at room temperature for 1 hr. and was filtered over celite. Evaporation of the 
acetone in vacuo afforded pure 1a as an off-white solid (0.18 g, >99%). 1H-NMR (CDCl3, 
200 MHz): 8.50 (d, 1H, 3JHH=9.2 Hz, pyrenyl), 8.16-7.85 (m, 7H, pyrenyl), 7.69 (s, 1H, Ar), 
7.64 (s, 1H, Ar) , 7.62 (d, 1H, 3JHH=8.3 Hz, pyrenyl), 7.53 (s, 1H, Ar), 6.46 (s, 2H, Ar), 5.46 
(s, 2H, CH2O), 5.01 (s, 2H, CH2O), 3.87 (s, 4H, CH2N), 2.85 (s, 12H, NMe2), 0.31 (s, 9H, 
SiMe3); 13C (CDCl3, 50 MHz): 157.6, 152.6, 145.2, 143.6, 141.3, 136.6, 136.5, 132.1, 132.0, 
131.6, 131.5, 127.2, 127.1, 126.3, 126.0, 125.7, 125.4, 125.3, 125.0, 124.7, 124.2, 124.1, 
121.2, 120.5, 109.7, 107.5 (Ar), 73.8 (CH2N), 70.9, 70.5 (CH2O), 52.7 (NMe2), -1.1 (SiMe3). 
Anal. Calcd. for C39H45BF4N2O3PdSi: C 57.75, H 5.59, N 3.45, Si 3.46. Found: C 57.71, H 
5.62, N 3.35, Si 3.53. FAB-MS: calculated for C39H45BF4N2O3PdSi (M -BF4 -H2O)+: 705.2; 
found: 705.1.  
 
1-{3-(Bromo)benzyloxy}-3,5-bis{(dimethylamino)methyl}-4-(trimethylsilyl)benzene (13) 
To a stirred solution of 9 (0.64 g, 1.6 mmol) in 15 mL of THF was added NBu4F (1.6 mL, 1M 
in THF, 1.6 mmol) at once. After 30 minutes K2CO3 (2.0 g, 14,5 mmol), 18-crown-6 (50 mg, 
0.2 mmol) and 3-bromobenzyl bromide (0.40 g, 1.6 mmol) were added and the reaction 
mixture was stirred for an additional 18 h. The volatiles were evaporated in vacuo and the 
residue was extracted with hexane (3x 20 mL). Purification by chromatography (hexane/Et2O 
3/1, 3% TEA, basic Al2O3) afforded 13 as a colorless oil (0.41 g, 60%). 1H-NMR (CDCl3, 200 
MHz): 7.63 (s, 1H, Ar), 7.44 (d, 1H, 3JHH=8.3 Hz), 7.36 (d, 1H, 3JHH=7.3 Hz) 7.23 (dd, 1H, 
3JHH=8.3 Hz, 3JHH=7.3 Hz), 7.02 (s, 2H, Ar), 5.05 (s, 2H, CH2O), 3.50 (s, 4H, CH2N), 2.14 (s, 
12H, NMe2), 0.37 (s, 9H, SiMe3); 13C (CDCl3, 50 MHz): 158.6, 148.4, 139.6, 130.8, 130.4, 
130.0, 129.9, 125.9, 122.5, 114.3 (Ar), 68.6 (CH2O), 65.3 (CH2N), 45,1 (NMe2), 3.5 (SiMe3). 
Anal. Calcd. for C22H33BrN2OSi: C 58,78, H 7.40, N 6.23, Si 6.25. Found: C 59.02, H 7.34, N 
6.21, Si 6.33.  
 
1-{3-(Trimethylsilyl)benzyloxy}-3,5-bis{(dimethylamino)methyl}-4-(trimethylsilyl)benzene 
(14) 
To a precooled (-100°C) solution of 13 (0.41 g, 0.91 mmol) in diethyl ether (15 mL) was 
added dropwise t-BuLi (1.21 mL, 1.5M in pentane, 1.82 mmol) and the reaction mixture was 
stirred for 1 hour at -100°C. Trimethylsilyl chloride (0.23 mL, 1.82 mmol) was added 
dropwise to the yellow solution and the reaction mixture was allowed to warm to room 
temperature. The volatiles were evaporated in vacuo and the residue was extracted with 
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dichloromethane and filtered over celite. Purification by chromatography (hexane, 2% TEA 
and Et2O, 2% TEA, basic Al2O3) afforded 0.22 g (55%) pure 14 as a colorless oil. 1H-NMR 
(CDCl3, 200 MHz): 7.64 (s, 1H, Ar), 7.57-7.37 (m, 3H, Ar) ,7.09 (s, 2H, Ar), 5.13 (s, 2H, 
CH2O), 3.55 (s, 4H, CH2N), 2.18 (s, 12H, NMe2), 0.42 (s, 9H, SiMe3) 0.33 (s, 9H, SiMe3); 
13C (CDCl3, 50 MHz): 159.0, 148.3, 140.6, 136.2, 132.8, 132.6, 129.5, 128.2, 127.8, 114.5 
(Ar), 69.8 (CH2O), 65.4 (CH2N), 45.5 (NMe2), 3.4 (SiMe3), -1.1 (SiMe3). Anal. Calcd. for 
C25H42N2OSi2: C 67.81, H 9.56, N 6.33, Si 12.69. Found: C 67.75, H 9.49, N 6.28, Si 12.48.  
 
[1-{3-(Trimethylsilyl)benzyloxy}-3,5-bis{(dimethylamino)methyl}phenyl-4-
(chloropalladium(II))] (15)    
To a suspension of 14 (0.22 g, 0.5 mmol) in freshly distilled methanol was added Pd(OAc)2 
(0.12 g, 0.52 mmol). The reaction mixture was stirred for 45 min. during which a yellow 
precipitate was formed. To the reaction mixture LiCl (0.21 g, 5.0 mmol) was added at once 
and stirring continued for an additional 30 min. Evaporation of the volatiles in vacuo followed 
by extraction with dichloromethane (3x50 mL), and filtration over celite afforded the yellow 
solid 15 in a 90% yield (0.23 g). 1H-NMR (CDCl3, 200 MHz): 7.54-7.32 (m, 4H, Ar), 6.50 (s, 
2H, Ar), 4.96 (s, 2H, CH2O), 3.97 (s, 4H, CH2N), 2.92 (s, 12H, NMe2), 0.27 (s, 9H, SiMe3). 
13C (CDCl3, 50 MHz): 156.9, 146.5, 145.1, 140.4, 135.8, 132.6, 132.1, 127.9, 127.8, 127.6, 
106.7 (Ar), 74.3 (CH2N), 70.4 (CH2O), 52.7 (NMe2), -1.4 (SiMe3) Anal. Calcd. for 
C22H33ClN2OPdSi: C 51.66, H 6.50, N, 5.48. Found: C 51.70, H 6.57, N 5.52. ES-MS: 
calculated for C22H33ClN2OPdSi (M-Cl)+: 475.1; found: 474.8.  
 
[1-{3-(Trimethylsilyl)benzyloxy}-3,5-bis{(dimethylamino)methyl}phenyl-4-(aqua-
palladium(II))] tetrafluoroborate (2) 
To a solution of 0.10 g (0.20 mmol) 15 in wet acetone  (5 mL) was added 42 mg (0.21 mmol) 
AgBF4. A white precipitate was formed instantaneously. The reaction mixture was stirred at 
room temperature for an addtional hour and was filtered over celite. Evaporation of the 
acetone in vacuo afforded 0.12 g (>99%) pure 2 as a yellow solid. 1H-NMR (CDCl3, 200 
MHz): 7.55-7.36 (m, 4H, Ar), 6.51 (s, 2H, Ar), 4.96 (s, 2H, CH2O), 3.98 (s, 4H, CH2N), 2.92 
(s, 12H, NMe2), 0.27 (s, 9H, SiMe3). 13C (CDCl3, 50 MHz): 157.9, 149.5, 145.2, 140.9, 135.9, 
133.0, 132.4, 128.1, 127.9, 127.8, 107.7 (Ar), 73.7 (CH2N), 70.7 (CH2O), 52.7 (NMe2), -1.1 
(SiMe3). Anal. Calcd. for: C22H35BF4N2O2PdSi: C 45.49, H 6.07, N 4.82; Found: 45.38, H 
6.16, N 4.75. 
 
1-{(Pyrenoxy)methyl}-3-bromobenzene (16) 
K2CO3 (3.45 g, 25 mmol) was added to a stirred solution of pyren-1-ol (6) (1.09 g, 5 mmol), 
3-bromobenzyl bromide (1.22 g, 4.9 mmol) and 18-crown-6 (0.13 g, 0.5 mmol) in THF (30 
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mL) and the mixture was stirred at room temperature for 36 h. The volatiles were evaporated 
in vacuo and the residue was extracted with dichloromethane (3x50 mL). The combined 
dichloromethane extracts were evaporated in vacuo. Purification by flash chromatography 
(CH2Cl2, basic Al2O3) afforded 1.70 g (90%) of pure 16 as a yellow oil. 1H-NMR (CDCl3, 
200 MHz): 8.51 (d, 1H, 3JHH=9.2 Hz, pyrenyl), 8.12-7.87 (m, 7H, pyrenyl), 7.77 (s, 1H, Ar), 
7.57-7.47 (m, 3H, pyrenyl), 7.30 (dd, 1H, Ar), 5.40 (s, 2H, CH2O). 13C (CDCl3, 50 MHz): 
152.0, 139.2, 131.5, 131.4, 130.8, 130.0, 129.9, 127.2, 127.0, 126.4, 126.0, 125.5, 125.5, 
125.1, 125.0, 124.6, 124.2, 124.1, 122.5, 120.9, 120.2, 109.1 (Ar), 69.4 (CH2O). Anal. Calcd. 
for C23H15BrO: C 71.33, H 3.90. Found: C 71.39, H 3.92. ES-MS: calculated for C23H15BrO 
(M)+: 386.0; found: 386.6. 
 
1-{(Pyrenoxy)methyl}-3-(trimethylsilyl)benzene (3) 
To a precooled (-100°C) solution of 16 (0.48 g, 1.24 mmol) in THF (15 mL) was added 
dropwise t-BuLi (1.65 mL, 1.5M in pentane, 2.48 mmol) and the reaction mixture was stirred 
for 1 h at -100°C. Trimethylsilyl chloride (0.30 mL, 2.50 mmol) was added dropwise to the 
dark red solution and the reaction mixture was allowed to warm to room temperature. The 
volatiles were evaporated in vacuo and the residue was extracted with dichloromethane and 
filtered over celite 521. Evaporation of the dichloromethane in vacuo afforded 0.44 g (93%) 
1-{(pyrenoxy)methyl}-3-(trimethylsilyl)benzene (3) as a yellow oil. 1H-NMR (CDCl3, 200 
MHz): 8.52 (d, 1H, 3JHH=9.2 Hz, pyrenyl), 8.08-7.80 (m, 7H, pyrenyl, Ar), 7.74 (s, 1H, 
pyrenyl) 7.58-7.38 (m, 4H, Ar), 5.33 (s, 2H, CH2O), 0.33 (s, 9H, SiMe3). 13C (CDCl3, 50 
MHz): 152.6, 140.7, 132.9, 132.3, 131.6, 131.5, 130.9, 128.0, 127.9, 127.7, 127.1, 126.3, 
125.9, 125.7, 125.3, 124.9, 124.8, 124.1, 124.0, 121.2, 120.4, 109.3 (Ar), 70.9 (CH2O). Anal. 
Calcd. for C26H24OSi: C 82.06, H 6.36, Si 7.38. Found: C 81.89, H 6.38, Si 7.26. ES-MS: 
calculated for C26H24OSi (M)+: 380.2; Found: 380.7.  
 
3,5-Bis{(pyrenoxy)methyl}-1-(trimethylsilyl)benzene (4) 
To a precooled (-100°C) solution of 8 (0.20 g, 0.32 mmol) in THF (5 mL) was added 
dropwise t-BuLi (0.41 mL, 1.5M in pentane, 0.62 mmol) and the reaction mixture was stirred 
for 30 min. at -100°C. Excess trimethylsilyl chloride (0.30 mL, 2.50 mmol) was added 
dropwise to the dark red solution and the reaction mixture was allowed to warm to room 
temperature. The volatiles were evaporated in vacuo and the residue was extracted with 
dichloromethane and filtered over celite. Evaporation of the solvent in vacuo afforded 0.18 g 
(92%) 4 as a yellowish solid. 1H-NMR (CDCl3, 300 MHz): 8.58 (d, 2H, 3JHH=9.6 Hz, 
pyrenyl), 8.25-7.91 (m, 14H, pyrenyl), 7.89 (s, 1H, Ar), 7.83 (s, 2H, Ar) , 7.59 (d 1H, 
3JHH=8.1 Hz, pyrenyl), 5.47 (s, 4H, CH2O), 0.48 (s, 9H, SiMe3); 13C (CDCl3, 75 MHz): 141.8, 
138.0, 132.3, 132.0, 131.9, 127.7, 127.5, 127.4, 126.8, 126.4, 126.1, 125.8, 125.7, 125.4, 
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125.2, 124.6, 124.5, 121.6, 121.0, 109.9 (Ar), 71,2 (CH2O), -0.7 (SiMe3). Anal. Calcd. for 
C436H34O2Si: C 84.55, H 5.61; Found: 84.67, H 5,70; ES-MS: calculated for C43H34O2Si 
(M+H)+: 611.2; Found: 611.1.  
 
Fluorescence spectroscopy 
Steady state fluorescence measurements were carried out on a SPEX Fluorolog 3-22 with a 
450W Xe excitation source and a Peltier cooled R636-10 photomultiplier from Hamamatsu, 
operating in photon counting mode. For time resolved emission measurements we used a 
Chromex IS250 spectrograph coupled to a Hamamatsu streak camera (C5680-21 with M5677 
Low-Speed Single Sweep Unit and C4742-95 CCD camera). For excitation an LTB MSG400 
nitrogen laser (337 nm, fwhm≈0.6 ns) was used. 
 
Crystal data and data collection for 10 
Formula C39H43BrN2O2Si•CH2Cl2, Mr = 764.68, triclinic, space group P-,1 (no. 2), a = 
9.9388(2), b = 13.2651(3), c = 14.7898 Å, α = 84.512(1)°, β = 80.614(1)° γ = 74.891(1)°, V = 
1854.38(7) Å3, F(000) = 796, Z = 2, ρcalcd.=1.370 Mg/m3, µ(MoKα) = 1.322 mm-1, 
2θmax=55.0º. 19551 reflections measured, 8432 independent, Rint = 0.0349. Refinement 
converged at a wR2 value of 0.1054 (S = 1.023), R = 0.0408 [for 7064 reflections with 
Fo>4σ(Fo)]. Maximum residual electron density 0.44 e/Å3. A pale yellow plate crystal 
measuring (0.36 x 0.21 x 0.09 mm) was mounted under the nitrogen stream (150 K), on a 
Nonius Kappa CCD area detector diffractometer with a graphite monochromator (λ = 0.71073 
Å), and a rotating anode source. Lorentz, polarisation, and an absorption correction, the latter 
using multiple measured equivalent reflections), were applied (PLATON/MULABS14a). The 
structure was solved with the DIRDIF9714c program and refined with SHELXL-9714b using 
full matrix least squares on F2. All non-hydrogen atoms were refined with anisotropic 
displacement parameters,  hydrogen atoms were located at calculated positions and refined 
riding on their carrier atoms. The dichloromethane is equally disordered across two positions. 
Crystallographic data (excluding structure factors) for the structure of 10 reported in this 
paper have been deposited with the Cambridge Crystallographic Data Centre as 
supplementary publication no. CCDC-165285. Copies of the data can be obtained free of 
charge on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk). 
 
Computational details 
Results were obtained utilizing the multiple conformer search as implemented in the 
SPARTAN 5.1.1 (UNIX) package, with a MMFF94 mechanics force field.15 The input data 
used in the conformer searches of both 1 and 11 were imported in the program by using the 
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builder routine in the molecular modelling package followed by a geometry optimisation with 
the MMFF94 mechanics force field. The conformer searches were performed using Monte 
Carlo and systematic stepwise rotation around the six bonds connecting the NCN-ligand and 
the pyrenoxy unit to the linker, both leading to similar results.  
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Chapter Five 
 
 

NCN-Pincer Palladium Complexes with Multiple Anchoring 
Points for Functional Groups 

 

 

 

 

 

 

 

 

 

 

Abstract 
para-Substituted NCN-pincer palladium(II) complexes (NCN-Z = [2,6-(CH2NMe2)2C6H2-4-
Z]−) of the type [Pd(OH2)(NCN-CHZ-C6H4SiMe3)](BF4) (with Z = OH, OAc, OSiMe2t-Bu, 
(C5H5N)(BF4) have been synthesized and used as catalysts in the aldol reaction between 
methyl isocyanoacetate and several benzaldehydes. The substituent Z, placed on a distal 
position from the palladium(II) site, does not significantly influence the catalytic activity and 
selectivity of the resulting complexes, but offers a useful starting point for further 
functionalization.  
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5.1. Introduction 
The use of functionalized ligands in organometallic or coordination chemistry is a common 
tool to immobilize a complex, alter its solubility, and tune the metal center electronically. Our 
interest is focused on the para-functionalization of NCN-pincer metal complexes (NCN = 
2,6-bis[(dimethylamino)methyl]phenyl anion)1 with multiple anchoring points that allow 
further modifications.2 The NCN-pincer palladium and platinum complexes are especially 
suitable in this respect, since they are highly stable, even allowing functionalisation after 
metallation of the ligand.3 This makes them excellent building blocks for the construction of 
new (catalytic) organometallic materials.1a Especially successful has been the immobilization 
of NCN-pincer complexes on dendritic support systems for (catalyst) recycling purposes.1c,3,4 

Here, we report the synthesis of catalytically active cationic NCN-pincer palladium(II) 
complexes 1-4 functionalized with two anchoring points, thus allowing both immobilization 
and the introduction of additional functional groups, e.g. hydroxyl, acetyl, and pyridinium, in 
the vicinity of the metal complex (Chart 1). These complexes were tested as catalysts in C−C 
coupling reactions between methyl isocyanoacetate and several functionalized benzaldehydes. 
 

NMe2Me2N

OR

Me3Si

Pd
OH2 (BF4)

NMe2Me2N

N+

Me3Si

Pd
OH2

1 R = H
2 R = (CO)Me
3 R = SiMe2tBu

4

(BF4)2

 
Chart 1. Hydroxyl (1), acetyl (2), siloxy (3), and pyridinium (4) functionalized NCN-pincer 

palladium(II) complexes. 
 
Complexes 1-4 are all substituted with a trimethylsilyl group. This trimethylsilyl group is 
used as a mimic for carbosilane dendritic support systems. Earlier results (see also chapter 4) 
indicated that once attachment to trimethylsilyl chloride is feasible, the method holds for 
attachment to dimethylchlorosilyl functionalized carbosilane dendrons.4d,e 

5.2. Results  
Synthesis 
Complexes 1-4 were synthesized from a single ligand precursor (9), which was obtained 
according to the route depicted in Scheme 1. Lithiation of 1-bromo-3,5-bis-
[(dimethylamino)methyl]benzene (5) with two equivalents of t-BuLi, followed by a quench 
with 4-bromobenzaldehyde, afforded the para-substituted ligand 6. Protection of the benzylic 
alcohol with a t-butyldimethylsilyl group (TBDMS) proceeded quantitatively in THF. The 
resulting silyl ether 7 was reacted with two equivalents of t-BuLi and subsequently quenched 



Chapter Five 
__________________________________________________________________________________________ 

 97

with trimethylsilyl chloride. This reaction afforded compound 8 in good yield. A second 
trimethylsilyl substituent was introduced on the position ortho with respect to both nitrogen 
donor atom-containing substituents, by selective deprotonation with n-BuLi in hexanes, and 
subsequent treatment with Me3SiOTf (OTf = trifluoromethylsulfonate) in THF, affording 9 as 
a single product in an overall yield of 67% based on 5.     
 

NMe2Me2N

Br

NMe2Me2N

OH

Br

NMe2Me2N

OSiMe2tBu

Br

NMe2Me2N

OSiMe2tBu

Me3Si

NMe2Me2N

OSiMe2tBu

Me3Si

SiMe3

5 6 7

8 9

i ii

iii iv

 
Scheme 1. Synthesis of ligand 9: i) 2 t-BuLi, 4-bromobenzaldehyde, NH4Cl;  ii) SiMe2tBuCl, 

imidazole; iii) 2 t-BuLi, SiMe3Cl; iv) n-BuLi, SiMe3OTf. 
 
Complexes 11, 12 and 13 were obtained from 9, as depicted in Scheme 2. Direct palladation 
of 9 with Pd(OAc)2 in methanol followed by treatment with LiCl, afforded complex 13 as the 
only product, isolated in 92% yield. Deprotection of the benzylic alcohol function of 9 with 
NBu4F in THF to obtain ligand 10 proceeded smoothly and in high yield (94%). Palladation 
of 10 afforded complex 11, containing a hydroxyl group, in a satisfactory 89% yield. The high 
stability3 of the NCN-pincer palladium complex enabled us to react the benzylic hydroxyl 
group with acetic anhydride in the presence of pyridine to obtain the acetyl functionalized 
complex 12 in a 87% yield, without observable decomposition of the organometallic moiety. 
 
Attempts were made to functionalize the benzylic alcohol of palladium complex 11 with a 
diethylphosphate moiety. Reaction of complex 11 with chloro diethylphosphate in the 
prescence of various bases, i.e. triethylamine or diisopropylethylamine, yielded the desired 
diethylphosphate. Attempted isolation of the product by aqueous work-up led to the 
quantitative removal of the phosphate giving back alcohol 11. The use of pyridine as solvent 
and internal base in the esterification of 11 with chloro diethylphosphate, led to an unexpected 
reaction, generating exclusively pyridinium complex 14 (Scheme 3). 
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Scheme 2. Synthesis of palladium complexes 11-14: i) NBu4F; ii) Pd(OAc)2, LiCl; iii) Ac2O/pyridine. 
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Scheme 3. Reversible formation of the diethylphosphate substituted NCN-palladium complex, and 

formation of 14: i) ClPO(OEt)2, base; ii) H2O; iii) pyridine. 
 
Catalysis 
Complexes 11-14 were converted into their corresponding cationic aqua complexes by 
treatment with AgBF4, resulting in the formation of complexes 1-4, respectively (Scheme 4). 
The additional chloride present in pyridinium complex 14 was removed by adding an 
additional equivalent of AgBF4 to obtain the dicationic complex 4. 
 

NMe2Me2N

Z

Me3Si

Pd

OH2 (BF4)

NMe2Me2N

Z

Me3Si

Pd

Cl

1, 11 
2, 12 
3, 13 
4 
14

AgBF4

acetone

1-411-14

Z = OH
Z = O(CO)Me
Z = SiMe2tBu
Z = pyridinium BF4

−    

Z = pyridinium Cl−  
Scheme 4. Dehalogenation of 11-14 to obtain the catalytically active cationic palladium-aqua 

complexes 1-4. 
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Cationic NCN-pincer palladium(II) aqua complexes can serve as catalyst in Lewis acid 
catalyzed aldol type reactions, such as the addition of methyl isocyanoacetate to 
benzaldehydes, to produce a diastereomeric mixture of oxazolines (Scheme 5).5,6  

 

CNCH2COOMe+
10 mol% iPr2EtNR

O

R

O N

COOMe
1 mol% cat

 
Scheme 5. Aldol condensation catalyzed by NCN-palladium complexes between methyl 

isocyanoacetate and para-substituted benzaldehydes; R = H, CH2OH, OH. 
 
The catalytic activity of cationic complexes 1-4 was tested in this aldol reaction, applying 
initially dichloromethane as the commonly used solvent.5 However, the low solubility of 4-
hydroxymethyl- and 4-hydroxybenzaldehyde in this solvent led to extremely slow 
conversions. Hence, these reactions were carried out in THF to solubilize the substrate. The 
results from the experiments are collected in Table 1.  
 

Table 1. Results from the aldol reaction of methyl isocyanoacetate and several para-substituted 
benzaldehydes catalyzed by complexes 1-4.a 

Complex k (10-3 h-1)b Conversion (%, after 24hrs) 
Benzaldehyde (R=H) 

1 (Z = OH) 314 93 
2 (Z =OAc) 259 95 

3 (Z = OTBDMS) 340 93 
4 (Z = pyridinium) 132 80 

4-Hydroxymethylbenzaldehyde (R=CH2OH)c 

1 108 80 
2 102 77 
3 114 81 
4 192 99 

4-Hydroxybenzaldehyde (R=OH)c 

1 90 58 
2 78 55 
3 90 60 
4 118 72 

a) Conditions: see experimental section; b) initial rate of methyl isocyanoacetate consumption, determined 
for conversions < 40%. c) in THF. 

 
The product distributions of the formed oxazolines were similar for all catalysts. The use of 
benzaldehyde and 4-hydroxybenzaldehyde as substrates led to the formation of oxazolines 
with cis/trans ratios amounting to 60/40 and 70/30, respectively. The cis/trans ratios were not 
determined for the products obtained from 4-hydroxybenzaldehyde, due to the gradual build 
up of various side-products upon prolonged reaction times. 
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5.3. Discussion 
Synthesis 
The selective and quantitative introduction of a trimethylsilyl substituent by a lithiation-
transmetallation procedure to produce intermediate 8, opens the way to immobilize the system 
on carbosilane dendrimers for catalyst recovery and recycling purposes.4 An important factor 
in dendrimer synthesis is the necessity to have high conversions and selectivities for all 
reactions performed on dendrimers, to prevent the formation of extensive defects in the 
products. Thus, reactions performed on 8 and products obtained from it should be selective 
and quantitative. Indeed, the introduction of a trimethylsilyl substituent to Cipso (9), the 
deprotection of the alcohol (10), the palladation (11), and all subsequent transformations 
proceeded quantitatively, although loss of material during work-up procedures can lead in 
certain cases to reduced isolated yields.  
 
The above-mentioned findings strongly indicate that the performed transformations can be 
used to selectively synthesize the dendritic analogues of 1-4. Interesting to note is that the 
used two-step palladation route, involving lithiation and silylation of Cipso and subsequent 
electrophilic aromatic palladation,7 is preferred over a direct lithiation-transpalladation route.8 
The latter does not lead to quantitative palladation of the NCN-pincer ligand. An additional 
advantage of the first route is the inertness of the trimethylsilyl group towards a wide variety 
of reaction conditions, allowing various modifications on the ligand prior to palladation, when 
desired. Functionalization of benzylic hydroxyl NCN-pincer palladium(II) complex 11 with a 
diethylphosphate group results in a material that is unstable towards (weak) nucleophiles such 
as water. This reactivity is incompatible with the presence of nucleophiles in the envisaged 
catalytic experiments (aldol reactions), making the diethyl phosphate functionalized complex 
an unsuitable catalyst, but offers a suitable starting material for further functionalizations. 
Finally, it is noteworthy that the routes to 11, 12 and 14 involve organic functionalization 
steps on the ligand of the organometallic complex itself. 
 
Catalysis 
Of interest in the study of the catalytic properties of complexes 1, 2 and 4, is the influence of 
the hydroxyl, acetyl, or pyridinium substituents on catalysis. These substituents are, in 
principle, capable of hydrogen bonding or attractive coulombic interactions with selected 
substrates.9 These interactions can be excluded for silyl functionalized complex 3, which is 
therefore used as reference catalyst. Interesting to note for the application of 1-4 in catalysis is 
that a chiral center is formed on the para-position of the NCN-pincer ligand during the first 
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step of the synthesis. However, no attempts were made to separate and isolate the compounds 
in their enantiomerically pure form. 
 
Complexes 1-3 have similar activities and product distributions in the aldol reaction with 
benzaldehyde, 4-hydroxymethylbenzaldehyde, and 4-hydroxybenzaldehyde. Pyridinium 
functionalized complex 4 is significantly less active in the aldol reaction with benzaldehyde, 
whereas in the reaction with 4-hydroxymethylbenzene a two-fold increase in activity is found. 
Low activities are observed for all catalysts in aldol reactions with 4-hydroxybenzaldehyde, 
albeit that 4 has a somewhat enhanced activity. This increased activity of 4 in the aldol 
reactions with hydroxyl-functionalized benzaldehydes, indicates a positive effect of the 
cationic pyridinium site on the catalytic performance of the NCN-palladium complex. One 
might speculate on the origin of this enhanced catalytic activity for the hydroxyl 
functionalized substrates. Hydrogen bonding interactions between the co-catalyst (iPr2EtN) 
and the alcohol, leading to a build up of negative charge on the oxygen atom, could result in 
an attractive interaction with the pyridinium cation of 4. This interaction brings the aldehyde 
in the vicinity of the catalytic site, possibly resulting in enhanced reaction rates.10 Such an 
interaction between the amine and the alcohol, which is more pronounced for the more acidic 
phenolic alcohol, could also account for the low rates and conversions observed for 4-
hydroxybenzaldehyde. Protonation of large amounts of the base by the acidic phenolic 
hydrogen inhibits its activity as cocatalyst.11 No effect of the hydroxyl and acetyl group on the 
catalytic activity of 1 and 2 was observed. Apparently, the capability of the alcohol or ester 
moiety to participate in hydrogen bond formation with the substrate does not lead to 
observable effects in the catalytic performance of 1 and 2.  

5.4. Conclusions 
The construction of multi-functionalized NCN-pincer complexes 1-4, illustrates the potential 
of the NCN-pincer moiety in the construction of new organometallic materials. Extension of 
the presented synthetic methodologies would allow the introduction of a variety of functional 
groups to tune and optimize the catalytic behavior of the resulting complexes. These 
functional groups can act as cocatalyst (a sterically hindered amine base), as supramolecular 
receptor sites for substrate molecules, or as steric bulk to encapsulate the catalyst. The 
additional possibility to immobilize the presented systems on (dendritic) supports, can be 
advantageous for recycling purposes. 

5.5. Experimental Section 
All experiments using air and water sensitive reagents were conducted in a dry nitrogen 
atmosphere using standard Schlenk techniques. Solvents were dried over appropriate agents 
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and distilled prior to use. The reagent 1-bromo-3,5-bis((dimethylamino)methyl)benzene (5)12 
was prepared according to previously reported procedures. Elemental analyses were 
performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim, Germany. 1H and 13C 
NMR spectra were recorded at 298 K on a Varian Inova 300 or Mercury 200 spectrometer. 
 
4-[2,6-(NMe2CH2)2C6H3-4-CH(OH)]C6H4Br (6) 
To a precooled (-90°C) solution of 5 (4.11 g, 15.18 mmol) in Et2O (50 mL) was added t-BuLi 
(20.2 ml, 1.5 M in pentane, 30.3 mmol) dropwise. The reaction mixture was stirred at -90°C 
for an additional 30 min. and 4-bromobenzaldehyde (3.37 g, 18.21 mmol)  in Et2O (20 mL) 
was added dropwise. The reaction mixture was allowed to warm to room temperature and was 
stirred for an additional 2 hours. The mixture was quenched with water and the organic phase 
was extracted with 1M HCl (2 x 30 mL). The combined aqueous extracts were washed with 
Et2O (30 mL), neutralized with K2CO3 and extracted with Et2O (2 x 50 mL). The organic 
layer was dried and concentrated in vacuo, to afford 6 as a white solid. Yield: 4.96 g (87%), 
1H-NMR (CDCl3, 200 MHz) δ: 7.42 (d, 2H, 3JHH = 8.0 Hz, ArH), 7.28 (s, 2H, ArH), 7.26 (d, 
2H, 3JHH = 8.0 Hz, ArH), 7.13 (s, 1H, ArH), 5.74 (s, 1H, ArCH), 3.41 (s, 4H, CH2N), 2.20 (s, 
12H, NMe2); 13C{1H} (CDCl3, 50 MHz) δ: 144.5, 143.9, 138.6, 131.3, 129.2, 128.1, 126.1, 
120.8 (Ar), 75.1 (CH(OH)), 64.1 (CH2N), 45.2 (NMe2); Anal. Calcd. for C19H25BrN2O: C 
60.48, H 6.68, N 7.42; Found: C 60.29, H 6.58, N 7.32. 
 
4-[2,6-(NMe2CH2)2C6H3-4-CH(OTBDMS)]C6H4Br (7) 
To a stirred solution of TBDMSCl (4.09 g, 27.16 mmol) and imidazole (3.08 g, 45.27 mmol) 
in THF (50 mL) was added dropwise a solution of 6 (8.54 g, 22.63 mmol) in THF (15 mL). 
The mixture refluxed temperature overnight and after cooling to room temperature methanol 
(3 mL) was added, followed by removal of all volatiles in vacuo. The residue was redissolved 
in Et2O (50 mL), washed with water and brine. The etheral layer was dried over MgSO4, and 
then concentrated in vacuo to afford 7 as a yellow oil. Yield: 10.47 g (94%), 1H-NMR 
(CDCl3, 200 MHz) δ: 7.39 (d, 2H, 3JHH = 8.4 Hz, ArH), 7.23 (d, 2H, 3JHH = 8.4 Hz, ArH), 
7.17 (s, 2H, ArH), 7.13 (s, 1H, ArH), 5.69 (s, 1H, ArCH), 3.44 (d, 2H, 2JHH = 11.4 Hz, 
CH2N), 3.35 (d, 2H, 2JHH = 11.4 Hz, CH2N), 2.21 (s, 12H, NMe2), 0.89 (s, 9H, t-BuSi), -0.04 
(d, 6H,  SiMe2); 13C{1H} (CDCl3, 50 MHz) δ: 144.5, 144.4, 138.9, 131.1, 128.8, 127.8, 125.7, 
120.5 (Ar), 76.0 (CH(OTBS)), 64.2 (CH2N), 45.3 (NMe2), 25.7 (C(CH3)3), 18.2 (C(CH3)3), -
4.8, -4.9 (SiMe2); Anal. Calcd. for C25H39N2OSi: C 61.08, H 8.00, N 5.70; 5.71; Found: C 
61.20, H 8.04, N 5.42, Si 5.60. 
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4-[2,6-(NMe2CH2)2C6H3-4-CH(OTBDMS)]C6H4SiMe3 (8) 
To a precooled (-78°C) solution of 7 (1.25 g, 2.54 mmol) in Et2O (15 mL) was added t-BuLi 
(3.4 ml, 1.5M in pentane, 5.1 mmol) dropwise. The reaction mixture was stirred at -78°C for 
an additional 30 min., and trimethylsilyl chloride (1.6 mL, 12.7 mmol) was added at once. 
The reaction mixture was allowed to warm to room temperature and all volatiles were 
evaporated in vacuo. The residue was redissolved in Et2O (25 mL) and the solution was 
washed with brine. The etheral layer was dried over MgSO4 and then concentrated to afford 8 
as a yellow oil. Yield: 1.11 g (90%). 1H-NMR (CDCl3, 200 MHz) δ: 7.43 (d, 2H, 3JHH = 8.0 
Hz, ArH) 7.33 (d, 2H, 3JHH = 8.0 Hz, ArH), 7.20 (s, 2H, ArH), 7.13 (s, 1H, ArH), 5.73 (s, 1H, 
ArCH), 3.45 (d, 2H, 2JHH = 11.4 Hz, CH2N), 3.36 (d, 2H, 2JHH = 11.4 Hz, CH2N), 2.21 (s, 
12H, NMe2), 0.90 (s, 9H, t-BuSi), 0.22 (s, 9H, SiMe3), -0.04 (d, 6H, SiMe2); 13C{1H} (CDCl3, 
50 MHz) δ: 145.8, 145.0, 138.6, 138.4, 133.1, 128.6, 126.1, 125.3 (Ar), 76.6 (CH(OTBS)), 
64.3 (CH2N), 45.3 (NMe2), 25.8 (C(CH3)3), 18.3 (C(CH3)3), -1.1(SiMe3), -4.7, -4.9 (SiMe2); 
Anal. Calcd. for C28H48N2OSi2: C 69.36, H 9.98, N 5.78, Si 11.58; Found: C 69.46, H 10.01, 
N 5.71, Si 11.39. 
 
4-[1-SiMe3-2,6-(NMe2CH2)2C6H2-4-CH(OTBDMS)]C6H4SiMe3 (9) 
nBuLi (3.1 mL, 1.6 M in hexanes, 4.9 mmol) was added dropwise over a period of 5 minutes 
to a precooled (-78°C) solution of 8 (2.37 g, 4.89 mmol) in hexane (20 mL). The reaction 
mixture was allowed to warm to room temperature and was stirred for an additional 4 h. After 
cooling the reaction mixture to 0°C, a solution of trimethylsilyl trifluoromethylsulfonate (1.42 
mL, 7.33 mmol) in THF (20 mL) was added dropwise over a period of 10 min. and stirred for 
16 h. at room temperature. All volatiles were removed in vacuo, and the residue was extracted 
with hexane (3 x 50 mL). The combined hexane extracts were flushed over basic Al2O3 and 
then concentrated to afford 9 as a yellow oil. Yield: 2.49 g (91%), 1H-NMR (CDCl3, 200 
MHz) δ: 7.42 (d, 2H, 3JHH = 8.0 Hz, ArH), 7.34 (d, 2H, 3JHH = 8.0 Hz, ArH), 7.32 (s, 2H, 
ArH), 5.74 (s, 1H, ArCH), 3.60 (d, 2H, 2JHH = 13.2 Hz, CH2N), 3.40 (d, 2H, 2JHH = 13.2 Hz, 
CH2N), 0.91 (s, 9H, t-BuSi), 0.33 (s, 9H, SiMe3), 0.22 (s, 9H, SiMe3), -0.04 (d, 6H, SiMe2) ; 
13C{1H} (CDCl3, 50 MHz) δ: 146.4, 145.8, 145.0, 138.3, 137.2, 133.1, 128.0, 126.6, 126.0 
(Ar), 76.5 (CH(OTBS)), 65.6 (CH2N), 45.1 (NMe2), 25.9 (C(CH3)3), 18.3, (C(CH3)3), 3.2 
(SiMe3), -1.0 (SiMe3), -4.6, -4.9 (SiMe2); Anal. Calcd. for C31H56N2OSi3: C 66.84, H 10.13, N 
5.03; Found: C 66.73, H 10.29, N 4.91 
 
4-[1-SiMe3-2,6-(NMe2CH2)2C6H2-4-CH(OH)]C6H4SiMe3 (10) 
To a stirred solution of 9 (1.04 g, 1.87 mmol) in THF (15 mL) was added NBu4F (1.9 mL, 1 
M in THF, 1.9 mmol) at once. The mixture was stirred at room temperature for one hour. All 
volatiles were evaporated, and the residue was extracted with hexane (3x 100 mL). The 
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combined fractions were washed with brine. The hexane layer was dried over MgSO4 and 
concentrated to afford 10 as a yellow oil. Yield: 0.87 g (94%). 1H-NMR (CDCl3, 200 MHz) δ: 
7.48 (d, 2H, 3JHH = 7.4 Hz, ArH), 7.38 (d, 2H, 3JHH = 7.4 Hz, ArH), 7.37 (s, 2H, ArH), 5.80 (s, 
1H, ArCH) 3.52 (s, 4H, CH2N), 2.11 (s, 12H, NMe2), 0.36 (s, 9H, SiMe3), 0.25 (s, 9H, 
SiMe3); 13C{1H} (CDCl3, 75 MHz) δ: 146.4, 144.9, 144.2, 139.2, 137.6, 133.4, 126.2, 125.9 
(Ar), 76.1 (CH(OH)), 65.3 (CH2N), 45.0 (NMe2), 3.3 (SiMe3), -1.1 (SiMe3); Anal. Calcd. for 
C25H42N2OSi2: C 67.81, H 9.56, N 6.33; Found: C 67.69, H 9.51, N 6.24. 
 
 [1-PdCl-2,6-(NMe2CH2)2C6H2-4-CH(OH)(C6H4SiMe3)] (11) 
To a suspension of 10 (1.20 g, 2.71 mmol) in freshly distilled methanol (30 mL) was added 
Pd(OAc)2 (0.67 g, 2.98 mmol) at once. The reaction mixture was stirred for 3 h. at room 
temperature, excess LiCl (0.75 g, 17.77 mmol) was added at once, and stirring was continued 
for an additional hour. All volatiles were evaporated in vacuo and the residue was extracted 
with dichloromethane (3x 30 mL). The combined dichloromethane extracts were filtered over 
Celite, and removal of the volatiles afforded 11 as an orange solid. Yield: 1.23 g (89%), 1H-
NMR (CDCl3, 200 MHz) δ: 7.49 (d, 2H, 3JHH = 8.0 Hz, ArH), 7.35 (d, 2H, 3JHH = 8.0 Hz, 
ArH), 6.80 (s, 2H, ArH), 5.71 (s, 1H, ArCH) 3.95 (s, 4H, CH2N), 2.91 (s, 12H, NMe2), 0.25 
(s, 9H, SiMe3). 13C{1H} (CDCl3, 75 MHz) δ: 156.2, 145.3, 144.6, 140.7, 140.0, 133.8, 125.9, 
118.5 (Ar), 76.6 (CH(OH)), 74.9 (CH2N), 53.4 (NMe2), -0.8 (SiMe3); Anal. Calcd. for 
C22H33ClN2OPdSi: C 51.66, H 6.50, N 5.48. Found: C 51.46, H 6.45, N 5.36. 
 
[1-PdCl-2,6-(NMe2CH2)2C6H2-4-CH(OAc)(C6H4SiMe3)] (12) 
To a solution of 11 (155 mg, 2.71 mmol) in pyridine (1 mL) was added Ac2O (0.5 mL) at 
once. The mixture was stirred at room temperature for 16 hours, and subsequently poured into 
an ice/water mixture. The aqueous layer was extracted with dichloromethane (3x) and the 
combined fractions were washed with an aqueous 1 M NaHCO3 solution, dried over MgSO4, 
and concentrated to afford 12 as a light yellow solid. Yield: 146 mg (87%). 1H-NMR (CDCl3, 
200 MHz) δ: 7.48 (d, 2H, 3JHH = 8.0 Hz, ArH), 7.29 (d, 2H, 3JHH = 8.0 Hz, ArH), 6.75 (s, 2H, 
ArH), 6.72 (s, 1H, ArH) 3.95 (s, 4H, CH2N), 2.91 (s, 12H, NMe2), 2.13 (s, 3H, OAc), 0.24 (s, 
9H, SiMe3). 13C{1H} (CDCl3, 75 MHz) δ: 170.2 (CO), 156.8, 145.3, 140.9, 140.3, 137.0, 
133.7, 126.3, 119.1 (Ar), 77.4 (CHOAc), 74.9 (CH2N), 53.3 (NMe2), 21.6 (COCH3) –0.9 
(SiMe3); Anal. Calcd. for C24H35ClN2O2PdSi : C 52.08, H 6.37, N 5.06. Found: C 51.92, H 
6.31, N 4.95. 
 
[1-PdCl-2,6-(NMe2CH2)2C6H2-4-CH(OTBDMS)(C6H4SiMe3)] (13) 
A similar procedure as described for 11 was used, with 9 as starting material (yield 92%). 1H-
NMR (CDCl3, 300 MHz) δ: 7.43 (d, 2H, 3JHH = 7.5 Hz, ArH), 7.30 (d, 2H, 3JHH = 7.5 Hz, 
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ArH), 6.75 (s, 2H, ArH), 5.60 (s, 1H, ArCH) 3.93 (s, 4H, CH2N), 2.91 (s, 12H, NMe2), 0.89 
(s, 9H, tBu), 0.24 (s, 9H, SiMe3), -0.05, -0.07 (SiMe2); 13C{1H} (acetone-d6, 75 MHz) δ:  
156.2, 146.8, 145.5, 142.1, 138.5, 133.4, 125.7, 117.7 (Ar), 77.2 (CH(OTBS)), 74.7 (CH2N), 
52.6 (NMe2), 25.7 (C(CH3)3), 18.3 (C(CH3)3) –1.5 (SiMe3), -5.1 (SiMe2); Anal. Calcd. for 
C28H47ClN2OPdSi2 : C 53.75, H 7.57, N 4.48; Found: C 53.60, H 7.51, N 4.33. 
 
[1-PdCl-2,6-(NMe2CH2)2C6H2-4-CH(C5H5N+)(C6H4SiMe3)] (14) 
A solution of 11 (240 mg, 0.47 mmol) in 5 mL of pyridine was treated with chloro 
diethylphosphate (120 mg ,0.70 mmol). The reddish solution was stirred for 16 hours at room 
temperature. All volatiles were removed in vacuo, and the residue was redissolved in CH2Cl2 
(50 mL). This solution was washed with water (50 mL) and brine (50 mL), and dried over 
MgSO4. The organic layer was concentrated to 5 mL, followed by precipitation with Et2O, to 
afford 13 as a orange yellow solid (277 mg, 0.40 mmol) in 85% yield. 1H-NMR (CDCl3, 300 
MHz) δ: 9.18 (br d, 2H, pyridinium), 8.54 (br t, 1H, pyridinium), 8.17 (m, 2H, pyridinium), 
8.16 (s, 1H, CH(NC5H5)), 7.47 (d, 2H, 3JHH = 8.1 Hz, ArH), 7.16 (d, 2H, 3JHH = 8.0 Hz, ArH), 
6.84 (s, 2H, ArH), 3.94 (s, 4H, CH2N), 2.85 (s, 12H, NMe2), 0.19 (s, 9H, SiMe3). 13C{1H} 
(CDCl3, 75 MHz) δ: 146.6, 144.9, 128.8 (pyridinium), 159.7, 146.2, 142.8, 136.3, 134.6, 
131.6,  127.9, 121.4 (Ar), 77.2 (CH(NC5H5)), 74.8 (CH2N), 53.4 (NMe2), –1.0 (SiMe3); Anal. 
Calcd. for C25H31Cl2N2PdSi: C 53.15, H 5.53, N 4.96; Found:  C 53.09, H 5.60, N 4.88.  
 
General procedure for cationic palladium complexes 1-4 
AgBF4 (39 mg, 0.20 mmol) was added at once to a solution of the palladium halides 11-14 
(0.20 mmol) in wet acetone, resulting in immediate precipitation of a yellowish solid. The 
mixture was stirred for 30 min. followed by removal of all volatiles. The residue was 
extracted with CH2Cl2 (2 x 5 mL), and the combined extracts were filtered carefully over 
Celite. Evaporation of the volatiles afforded 1-4 as yellow to orange solids in near 
quantitative yields (> 95%). The cationic complexes were prepared freshly prior to catalysis.  

 
Catalyst Screening 
To a solution of the catalyst (1 mol%, 8 µmol) in 2.5 mL of CH2Cl2 or THF, was added the 
(substituted) benzaldehyde (0.8 mmol), iPrEtN (10 mol% 80 µmol), and methyl 
isocyanoacetate (0.8 mmol). The mixture was stirred at room temperature in air in a closed 
reaction vessel. Samples (100 µl) for 1H-NMR (200 MHz) analysis were stripped from the 
solvent in a stream of nitrogen gas, and redissolved in CDCl3 (0.5 mL). Conversions (methyl 
isocyanoacetate consumptions) were calculated from the intensity of the CNCH2COOMe 
protons versus the combined methyl ester signals. 
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Chapter Six 
 
 

Encapsulation of Hydrophilic NCN-Pincer Platinum Complexes in 
Amphiphilic Hyperbranched Polyglycerol Nanocapsules 

 
 
 
 
 
 

 

 

 

 

 

Abstract 
Hydrophilic NCN-pincer platinum(II) complexes with sulfonate groups are encapsulated in 
amphiphilic hyperbranched polyglycerols with a core-shell structure (‘nanocapsules’). In 
apolar solvents, these macromolecules exhibit a reverse micelle-type architecture. The 
maximum loading of the polar NCN-pincer complexes in the nanocapsules depends on the 
molecular weight of the hyperbranched polymers. The non-covalently encapsulated Pt(II) 
complexes show catalytic activity in double Michael additions, albeit with decreased activities 
compared to the free NCN-pincer complex. Hyperbranched polymer based 
microenvironments are promising supports with respect to the application of homogeneous 
NCN-pincer catalysts in membrane reactors. 
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6.1. Introduction 
The study of catalytically active dendritic materials has become an attractive subject of 
interest.1 Such materials can be obtained either upon attachment of the appropriate catalyst 
(precursor) at the core or periphery of dendrimers, or by the immobilization of metal 
nanoclusters in dendritic compartments.2 Unfortunately, the preparation of dendrimers 
requires multi-step syntheses, which limits their large-scale (industrial) application. In 
contrast, hyperbranched polymers are conveniently prepared on large scales in one-pot 
procedures via polymerization of ABm-type monomers.3 Controlled polymerization of 
glycidol by anionic ring-opening multibranching polymerization results in the formation of 
highly hydrophilic hyperbranched polyglycerols.4 Esterification of a certain fraction (40-60%) 
of the hydroxyl groups of these hyperbranched polyether polyols with hydrophobic alkyl 
chains yields amphiphilic molecular nanocapsules with a reverse micelle-type architecture. 
These low polydispersity (1.3<Mw/Mn<1.5) amphiphilic molecular nanocapsules are soluble 
in apolar organic solvents and irreversibly encapsulate various polar, water-soluble dye 
molecules in their hydrophilic interior by liquid-liquid extraction.5 Our interest in the 
immobilization of homogeneous transition metal catalysts by soluble support systems has 
motivated us to prepare hydrophilic transition metal complexes which can be encapsulated 
inside these amphiphilic nanocapsules in a noncovalent manner. Due to their chemical 
integrity, metal complexes of the pincer-ligand (3,5-bis[(dimethylamino)methyl]phenyl 
anion) have proven to be especially potent candidates for immobilization purposes.6,7 The 
introduction of suitable substituents at the para-postition of these NCN-pincer complexes 
permits to tailor their solubility in solvents ranging from apolar to highly polar and protic (see 
chapter 2). This chapter describes the noncovalent encapsulation of sulfonated pincer 
platinum(II) complexes in readily available amphiphilic nanocapsules based on hyper-
branched polyglycerol (Scheme 1). The encapsulated platinum(II) complexes have been 
applied as catalyst in double Michael additions to demonstrate their potential as homogeneous 
catalysts in continous membrane reactors.  

6.2. Results and Discussion 
Synthesis 
The nanocapsules P(G25C160.5) 1 and P(G106C160.6) 2 investigated in this study, were 
synthesized by partial esterification of hyperbranched polyglycerols with molecular weights 
of Mn= 2,000 and Mn= 8,000, respectively.8  Esterifications were performed with palmitoyl 
chloride in a mixture of pyridine and toluene,5a and the products were characterized by 1H- 
and 13C-NMR spectroscopy, IR-spectroscopy, and SEC analysis. While nanocapsule 1 
possesses a molecular weight of Mn= 5,200 (Mw/Mn= 1.2), with a degree of substitution of 



Chapter Six 
__________________________________________________________________________________________ 

 111 

50%, nanocapsule 2 has a molecular weight of Mn= 23,500 (Mw/Mn= 1.3) with 60% degree of 
substitution with palmitoyl tails. Polymers 1 and 2 are completely and homogeneously soluble 
in apolar solvents such as dichloromethane, chloroform and toluene. It should be emphasized 
that the analogous linear polyglycerols after partial esterification (60%) afford chloroform-
soluble materials unable of transporting polar guest molecules.9 
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Scheme 1. Molecular nanocapsule synthesis, structure, and non-covalent encapsulation of NCN-pincer 

platinum complexes. 
 
Hydrophilic NCN-platinum complexes 
The hydrophilic pincer-platinum(II) complexes 3 and 4 (Chart 1) can be dissolved in polar 
(protic) solvents such as water, methanol or DMSO. Their solubility in aqueous solvents can 
be enhanced by the addition of base.  
 

NMe2Me2N Pt

Cl

SO3H

NMe2Me2N Pt

I

COOH
3 4

 
Chart 1. Structures of hydrophilic NCN-platinum complexes. 

 
Since encapsulation of 3 and 4 by liquid-liquid extraction involves solubilization of the 
organometallic complexes in aqueous solution, we investigated their behaviour in aqueous 
solution in more detail. Carboxylic acid complex 4 is slightly soluble, and sulphonic acid 3 is 
reasonably soluble in water. However, their solubility is enhanced in aqueous solutions with 
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pH >7 due to more efficient deprotonation of the acidic functional group. A 1H-NMR 
spectrum of a saturated solution of platinum complex 3 in D2O shows, apart from the 
aromatic and benzylic resonances, a large signal from the NMe2 protons at 2.99 ppm, 
corresponding with the sulfonate. In a saturated 0.5M NaOH/D2O solution this resonance 
disappears, and two new signals appear for the NMe2 protons at higher field (2.88 ppm and 
2.59 ppm). 195Pt-NMR in 0.5M NaOH/D2O shows two signals located at -1795 and -1849 
ppm. These shifts correspond to the dehalogenation of 3, as confirmed by halide abstraction 
with AgBF4, followed by the formation of an equilibrium between presumably the aqua and 
the hydroxyl analogues of 3, in a ratio dependent on the pH of the solution (Scheme 2).10 In 
D2O, the solubility of 3 is too low for observation by 195Pt-NMR. Similar behaviour, i.e. 
dehalogenation under basic aqueous conditions, was observed for platinum complex 4. 
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Cl
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H2O 0.5 M NaOH
Pt+ NMe2Me2N

OH2
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−

Pt NMe2Me2N

OH

SO3
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+
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Scheme 2. Dehalogenation of NCN-platinum complex 3 under basic aqueous conditions. 

 
Non-covalent Encapsulation 
Using UV/Vis spectroscopy, we monitored the extent to which molecular nanocapsules 1 and 
2 were able to encapsulate the platinum complexes 3 (p-SO3H) and 4 (p-COOH) by extraction 
from aqueous solutions (0.5 M NaOH) into dichloromethane solutions. Dichloromethane 
solutions of the nanocapsules (c = 5 x 10-5 M) were shaken thoroughly with aqueous solutions 
of the pincer complexes 3 and 4, respectively, with various concentrations in the range of  
10-5-10-4 M. The clear organic phase obtained after phase separation was studied by UV/Vis 
spectroscopy. While the sulfonated complex 3 shows very little solubility in neat 
dichloromethane, it could be extracted from the aqueous phase into dichloromethane solutions 
of the amphiphilic polyglycerols 1 and 2. UV/Vis spectra from solutions of 3 in the 
nanocapsules showed two strong bands (επ-π* ≈ 104 M-1cm-1) at 262 and 275 nm. The intensity 
of these bands increased at higher ratios of [3]/[nanocapsule]. Selected UV/Vis spectra from 
the extractions of 3 by nanocapsules 1 and 2, together with the corresponding titration curves, 
are depicted in Figure 1. The corresponding UV/Vis spectra from the aqueous phase, showing 
incomplete uptake of 3 by the nanocapsules, are given in Figure 2. 
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Figure 1. UV/Vis spectra (organic phase) and titration curves (insets) of the extractions of NCN-

platinum complex 3 by nanocapsules (a) 1 and (b) 2 at various [3]/[nanocapsule] ratios. 
 

 
Figure 2. UV/Vis spectra from the aqueous phase for extractions with nanocapsules (a) 1 and (b) 2, 

corresponding to Figure 1. 
 
A change in slope of absorbance versus concentration ratio (inflection point) was reached at 
ratios of 1.5 ([3]/[1]) and 9.0 ([3]/[2]), clearly demonstrating the effect of molecular weight on 
the loading capacity of the amphiphilic hyperbranched polyglycerol. The incorporation 
behavior of 3 in the molecular nanocapsules is similar to that observed for sulfonated organic 
dyes.5 At concentrations above the inflection point the nanocapsules take up more 3 from the 
aqueous solution, but clearly by a different mechanism. This behavior deviates from the 
sulfonated dyes reported previously,5a and we explain this tentatively by the aggregation of 
nanocapsules to form larger micelle-type structures, most probably assembled around the 
polar NCN-platinum complex, which possesses two polar moieties (SO3

− and HO−) and a 
Lewis-acidic center. It should be pointed out that all our observations to date suggest that the 
unimolecular nature of the solvating nanocapsules depends on the nature of the guest 
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molecule studied. UV/Vis analysis of the aqueous phase showed that at concentrations 
exceeding the inflection point, 3 is not extracted quantitatively into the organic phase any 
more. Preparative loading of nanocapsules 1 and 2 with NCN-pincer platinum complex 3 was 
carried out using concentration ratios of [3]/[nanocapsule] equal to 1.5 and 9, respectively. 
The resulting yellowish solids were analyzed by 1H-, 13C-, and 195Pt-NMR, and SEC-
chromatography. 1H-NMR integration of the NMe2 signals (δ(CH3)= 3.02 ppm) originating 
from complex 3 and hydrophobic shell protons (δ(CH3)= 0.84 ppm) of the nanocapsule 
afforded an estimate for the loading of the nanocapsules.  Nanocapsule 1 was found to 
encapsulate 0.9-1.1, and nanocapsule 2 3.8-4.1 molar equivalents of 3. More accurate 
loadings of 1.3 for 1 and 2.4 for 2 were determined based on the platinum content quantified 
by elemental analysis. The loaded nanocapsules will be denoted as 1·31.3 and 2·32.4. 
 
The carboxylate platinum(II) NCN-pincer 4 is not encapsulated in the hyperbranched 
nanocapsules. Dichloromethane solutions of 1 and 2 remained unchanged after shaking them 
with aqueous (0.5M NaOH) solutions of 4. UV/Vis-spectra of the organic phase showed no 
phase transfer of the complex. Furthermore, the band at 308 nm in the spectrum of 4 in the 
aqueous phase did not decrease upon repeated extractions with the nanocapsules. Attempts to 
encapsulate 4 with other counterions, e.g. in 0.5 M KOH and CsOH, were also unsuccessful. 
It should be noted that the encapsulation behavior observed for the carboxylate pincer 
complexes is similar to that of carboxylate-substituted organic dye molecules, which have a 
low affinity for the polyether-polyol interior of the nanocapsules compared to sulfonate 
substituted dyes.11 
 
Double Michael Additon 
The isolated loaded nanocapsules 1·31.3 and 2·32.4 were applied as catalyst in the double 
Michael addition of methyl vinyl ketone to ethyl cyanoacetate. Although cationic NCN-pincer 
platinum complexes are, in contrast to their highly active palladium analogues, not considered 
to be catalytically active in Lewis-acid catalysed processes,6 they do accelerate selected 
examples to some extent. This offers the opportunity for a model-study of the non-covalently 
assembled system towards catalysis. The platinum loadings determined by elemental analysis 
were used to calculate the amount of catalyst applied in the double Michael addition. The 
results from the catalysis experiments are summarized in Table 1.  
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Table 1. Catalytic results of the double Michael addition, catalyzed by the encapsulated complexes.a 

O
NC COOEt2 +

1 mol% cat.
Et2iPrN

CH2Cl2

O O

NC COOEt  
Entry Catalyst k (10-3 h-1) Conversion (%, after 40 h) 

a [Pt(OH2)NCN](BF4) 280 99 
b none 28 38 
c 1 35 45 
d 2 29 40 
e 1·31.3 73 95 
f 2·32.4  62 81 

a) for conditions see experimental section. 

 
Amphiphilic polyglycerols P(G25C160.5) and P(G106C160.6) without encapsulated catalyst do 
not result in a significant rate enhancement compared to the blank reaction (entries b,c,d).12 

The loaded nanocapsules 1·31.3 as well as 2·32.4 considerably increased the reaction rate 
compared to the blank reaction (entries e,f), albeit that the observed activity is lower than 
observed for the unsubstituted NCN-pincer platinum(II) complex (entry a). This may be due 
to the fact that the catalysts are shielded from the environment by the core of the 
nanocapsules, their fatty acid substituents preventing fast exchange of products and 
substrates. Interactions between the hydroxyl groups of the polyglycerol core and the 
platinum cation can also render the catalyst less accessible for the coordination of ethyl 
cyanoacetate. The catalytic activity of 1·31.3 and 2·32.4 supports the finding that 3 is 
dehalogenated in 0.5M NaOH, prior to the encapsulation, since the halide platinum(II) pincers 
are not Lewis acidic and not active in the Michael addition.13 Due to the size of the 
nanocapsules, we were able to separate the products from the encapsulated catalysts by 
dialysis, and recover >97% of the catalytic material.14 These results shows the suitability of 
the presented hyperbranched systems as catalyst carriers in continuous membrane reactors.15 

6.3. Conclusion 
In conclusion, hydrophilic NCN-pincer platinum(II) complexes have been encapsulated in 
amphiphilic nanocapsules based on hyperbranched polyglycerols, possessing a reverse 
micelle-type architecture. The loading of the pincer complexes in the nanocapsules depends 
on the molecular weight of the hyperbranched polymer as well as on the functionality of the 
pincer. The incorporated platinum(II) complexes show catalytic activity in a double Michael 
addition, albeit with decreased activities compared to the parent NCN-pincer complex. To our 
knowledge this is the first example of the use of a hyperbranched polymer-based micro-
environment for homogenous catalysis in a non-covalent strategy. This strategy is also 
promising with respect to the application of catalysts in a membrane reactor set-up.  
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6.4. Experimental 
General 
All solvents were distilled from and stored over molsieves (4Å) under a dry nitrogen or argon 
atmosphere. All other reagents were obtained commercially and were used without further 
purification. Elemental Analyses were performed by Kolbe, Mikroanalytisches Laboratorium 
(Müllheim, Germany). 1H and 13C{1H} NMR spectra were recorded on a Varian Inova 300 
spectrometer (operating at 300 and 75 MHz respectively) or a Varian Mercury 200 
spectrometer (operating at 200 and 50 MHz respectively). Spectra were recorded in 
chloroform-d or benzene-d6 at room temperature, unless stated otherwise, and were referenced 
to TMS (δ = 0.00 ppm). The syntheses of NCN-platinum complexes 3 and 4 is described in 
chapter 2. 
 
Synthesis of nanocapsules 1 and 2. 
Partially esterified polyglycerols P(G25C160.5) (1) and P(G106C160.6) (2) were prepared as 
followed: To a pyridine solution (80 mL) of hyperbranched polyglycerol (DPn= 25; 1.52 g; 
20.51 mmol of OH groups), was added dropwise a toluene solution (100 mL) of palmitoyl 
chloride (3.6 mL; 12 mmol) at 80°C within 1h. The mixture was refluxed for 20h at 130°C. A 
stoichiometric amount of NaHCO3 (10.28 mmol; 1.03 g) was added to the cold solution and 
most of the volatiles were removed in vacuo. Residual pyridine was removed by azeotropic 
distillation in 100 mL of toluene. The remaining solution was filtered and concentrated in 
vacuo. The residue was washed several times with ethyl acetate to remove traces of free 
palmitoyl carboxylic acid and was further purified by dialysis (MWCO 1000) in CHCl3. The 
polymer was obtained as a white solid.  
Polymer P(G25C160.5) (1): Yield 85%. 1H NMR (CDCl3): 0.81 (t, CH3), 1.11-1.25 (br , 24H, 
CH2), 1.53 (m, COCH2CH2), 2.24-2.28 (m, CH2, CH2CO), 3.44-4.03 (br , 5H, glycerol 
moiety), 5.04 (br, OH). 13C NMR (CDCl3): 14.08, 22.66, 24.88, 29.16, 29.51, 29.64, 31.90, 
34.10, 65.12, 68.65, 69.81, 70.16, 173. IR (NaCl) υ= 1738.43 (C=O), 3441.81 (O-H). α 
(Degree of substitution per hydroxyl group)= 50%; Mn= 5,230; Mw/Mn= 1.2.  
Polymer P(G106C160.6) (2): Dried hyperbranched polyglycerol (DPn=106; 10g, 134.95 mmol 
of OH groups) and palmitoyl chloride (24.54 mL; 80.97 mmol) were reacted following the 
same procedure as polymer 1, to give polymer P(G106C160.6), 2 as a white solid. Yield: 90%. 
1H NMR (CDCl3): 0.84 (t, CH3), 1.21 (br, 24H, CH2), 1.57 (m, 2H, CH2CH2CO), (m, 2H, 
CH2CO), 2.26-2.3 (m, CH2, CH2CO), 3.52-4.07 (br , 5H, glycerol), 5.10 (br, OH). 13C NMR 
(CDCl3): 14.10, 22.67, 24.94, 29.13, 29.43, 29.66, 31.91, 34.10, 65.12, 68.65, 69.81, 70.16, 
173. IR (NaCl)= 1636.76 (C=O), 3388.06 (O-H). α (Degree of substitution per hydroxyl 
group)= 60%; Mn= 23506; Mw/Mn= 1.3. 
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UV/Vis-titrations 
Solutions of 3 and 4 in aqueous 0.5 M NaOH were prepared in concentrations ranging from 
10-5-10-4 M. Nanocapsules 1 and 2 were dissolved in dichloromethane with concentrations in 
the range of 10-5 M. In a typical UV/Vis experiment, 3 mL of the aqueous solution was mixed 
thoroughly for 1 hour with 3 mL of the dichloromethane solution. The phases were allowed to 
settle completely en were subsequently separated and both analysed by UV/Vis-spectroscopy.  
 
Loading of Nanocapsules 1 and 2 
Equivolumetric amounts (50 mL) of an aqueous solution of 3 (5.0 mM, 0.5 M NaOH) and 
dichloromethane solutions of 1 (3.3 mM) or 2 (0.6 mM) were mixed vigorously for 30 
minutes. The phases were allowed to settle overnight and subsequently separated. The organic 
phase was dried over MgSO4, filtered and dried in vacuo to obtain the loaded nanocapsules as 
yellowish solids in near quantitative yields. 1·31.3: 1H NMR (CDCl3): 0.83 (t, CH3), 1.24 (br, 
CH2), 1.58 (br. m, COCH2CH2), 2.28 (br. m, CH2, CH2CO), 3.00-3.18 (NMe2 pincer), 3.40-
4.13 (br, glycerol moiety), 4.01 (CH2N pincer), 5.04 (br, OH). 7.60 (ArH pincer); 13C NMR 
(CDCl3): 174.0-173.0, 123.4, 119.4, 80.0-78.0, 74.0-68.0, 66.0-63.0, 54.6, 34.5, 32.1, 30.0-
29.0, 25.1, 22.9, 14.3; Elem. Anal.: C 65.64, H 10.37, Pt 4.45. 2·32.4: 1H NMR (CDCl3): 0.84 
(t, CH3), 1.24 (br, CH2), 1.59 (br. m, COCH2CH2), 2.29 (br. m, CH2, CH2CO), 3.00-3.20 
(NMe2 pincer), 3.40-4.20 (br, glycerol moiety), 4.01 (CH2N pincer), 5.06 (br, OH). 7.62 (ArH 
pincer); 13C NMR (CDCl3): 174.0-173.0, 143.5, 123.4, 119.4, 80.0-78.0, 74.0-68.0, 66.0-63.0, 
54.6, 34.5, 32.1, 30.0-29.0, 25.1, 22.9, 14.3; Elem. Anal.: C 64.52, H 10.63, Pt 3.25.  
 
Double Michael Addition 
General conditions for the double Michael addition:1.6 mmol ethyl cyanoacetate, 4.8 mmol 
methyl vinyl ketone, 0.16 mmol EtNiPr2, 1 mol% catalyst based on its platinum content, 5 ml 
CH2Cl2, room temperature. The reaction was followed by 1H-NMR, and the products were 
characterized by 1H-NMR and GC-MS. Lewis acidic palladium(II) and  platinum(II) pincer 
complexes of the type [M(OH2)NCN](BF4) can be applied as catalyst in aldol-type reactions. 
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Chapter Seven 
 
 

Synthesis and Visualization of Immobilized NCN-Pincer 
Platinum(II) Complexes on Hyperbranched Polyglycerol supports 
 
 
 
 
 
 
 

 

 

 

 

 

Abstract  
Pertosylation of hyperbranched polyglycerol (Mn= 2000; Mw/Mn = 1.3) followed by partial 
displacement of the tosyl groups with carboxylic acid functionalized NCN-pincer platinum(II) 
complexes [PtI-2,6-(CH2NMe2)2C6H2-4-COOH], results in covalent attachment of the NCN-
pincer complexes to the polyglycerol. These functionalized hyperbranched macromolecules 
were characterized by 1H-, 13C- 195Pt-NMR, UV/Vis and IR spectroscopy. The presence of Pt 
and I atoms renders them directly visible by TEM without staining procedures, offering the 
first images of hyperbranched macromolecules. TEM micrographs show disk-shaped 
structures with a small size distribution (15-20 nm) and characteristic core-shell ring 
structures. The thickness of the corona observed in TEM are correlated with the substitution 
degree with pincer platinum moieties.  
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7.1. Introduction 
Immobilization of functional molecules on dendritic scaffolds - in either covalent or non-
covalent fashion - has been a subject of intense research in the last decade.1 Application of 
transition metal complexes in dendrimer chemistry, as building blocks or as functional 
moieties, has attracted specific interest.2 Dendrimers and hyperbranched polymers 
functionalized with catalytically active transition metal complexes are promising with respect 
to catalyst recovery.3 Furthermore, they are interesting for the design of materials with new 
optical or electrochemical properties as well as for diagnostic applications in medicine.4 Since 
dendrimers have to be prepared in tedious multistep syntheses, which is a limiting factor for 
most (large scale) applications, hyperbranched polymers offer a promising alternative.5 These 
hyperbranched polymers are obtained in a one-pot synthesis from branched ABm-type 
monomers, resulting in a randomly branched globular polymeric structure with a broad 
molecular weight distribution.5a-e Important recent progress in this field has been made with 
the development of slow monomer addition strategies, allowing control over the molecular 
weights of the polymers, determined by the monomer to initiator ratio. The anionic ring-
opening multibranching polymerization (ROMBP) of glycidol results in a hyperbranched 
polyglycerol, which can be tailored in terms of core functionality and molecular weight.6 The 
narrow polydispersity of these materials (1.3<Mw/Mn<1.5) as well as the flexibility of the 
chemically inert polyether structure allows further specific functionalization of the 
polyglycerol.7 To date, there are only few reports on the attachment of catalytically active 
transition metal complexes to hyperbranched polymers.1c In previous work, an approach to 
hyperbranched polycarbosilanes functionalized with aryldiamine palladium (II) complexes 
has been established by us.8 The soluble macromolecular multisite catalyst obtained was as 
catalytically active as its carbosilane dendrimer analogue, and suitable for continuous 
membrane applications.  
 
Apart from being catalytically active compounds or sensor materials, organometallic NCN-
pincer complexes (NCN-pincer = 2,6-bis[(dimethylamino)methyl]phenyl anion) are attractive 
building blocks since they can be prepared with various para-substituents as anchoring 
moieties for immobilization purposes (see Chapter 2).9 Covalent introduction of these 
transition metal complexes is of interest in view of visualization and imaging of dendritic 
polymers by transmission electron microscopy (TEM). The electron rich metal ions in the 
polymer structure create enhanced contrast and should permit visualization of isolated 
polymer molecules.10 To date, only few molecular images of dendritic macromolecules have 
been published, because their size range (2-10 nm for dendrimers) and non-contrasting 
organic composition renders resolution by TEM very difficult. Moreover, the application of 
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staining techniques to such small structures is not trivial.11 Here, we report the synthesis of 
NCN-pincer platinum(II) substituted polyglycerols obtained via nucleophilic displacement of 
a tosylated polyglycerol by the potassium carboxylate of a platinated NCN-pincer precursor. 
The platinated hyperbranched polyglycerols have been studied by TEM and compared to 
shape-persistent multi NCN-pincer platinum complexes with respect to their size and 
structure.   

7.2. Results  
Synthesis  
Tosylation of the hydroxyl groups of PG25 1 (Mn= 2000; Mw/Mn = 1.3 ) was carried out at 
80°C using two equivalents of para-tosyl chloride for each hydroxyl group, resulting in the 
pertosylated polyglycerol P(G25Tos1) 2 (Scheme 1).12 This compound was further purified by 
dialysis in chloroform. The purity as well as molecular weight were confirmed by 1H-, 
13C{1H}-, IR, UV/Vis spectroscopy and elemental analysis. The tosylated material was, in 
contrast to the hydrophilic starting material, completely and homogenously soluble in apolar 
solvents. 
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Scheme 1. Synthesis of the pertosylated hyperbranched polyglycerol 2 followed by partial substitution 

of its tosyl groups with NCN-pincer platinum(II) carboxylates to afford 3. 
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Grafting of the NCN-pincer platinum(II) complexes was achieved by nucleophilic 
displacement of the tosylate groups by carboxylated NCN-platinum(II) complexes. The 
platinated NCN-pincer carboxylic acid 4, reported in chapter 2, was deprotonated for this 
purpose by treatment with potassium t-butoxide (t-BuOK) in THF (Scheme 2). The potassium 
carboxylate 5 immediately precipitated from the solution.  
 

NMe2Me2N Pt

I

COOH

NMe2Me2N Pt

I

COO−K+

t-BuOK / THF

r.t.

4 5  
Scheme 2. Synthesis of the potassium carboxylate NCN-pincer platinum complex 5. 

 
Based on the number of tosylate groups per polyglycerol, which is approximately equal to its 
DPn, we treated 2 with an excess of 5 in DMF at 80 °C (Scheme 1). Irrespective of the excess 
of 5 (10-100%) employed in the substitution reactions, only 50% of the available tosylate 
groups could be replaced by the organometallic carboxylate, affording the modified 
hyperbranched polymers 3 (Scheme 1). Organometallic polymer 3 is constructed from 25 
monomer units, with 50% of its hydroxyl groups substituted by NCN-pincer platinum iodide 
units, and 50% remaining tosyl groups. Thus, each modified polyglycerol molecule contains 
on average 12.5 platinum sites and 12.5 tosylate groups. Unreacted 5 was removed from 3 by 
repeated liquid-liquid extractions with water, and subsequent dialysis (MWCO = 1000 D) 
against chloroform.  
 

 
Figure 1. Preparative GPC traces of the separation and fractionalization of 3. 

 
Finally, separation by preparative SEC equipped with an UV/Vis monitor was performed in 
order to investigate the fractions of different molecular weight with respect to their degree of 
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NCN-pincer platinum substitution and visualization. The corresponding SEC diagram with 
the fractions sampled is shown in Figure 1. Apparently, both aqueous extractions, and dialysis 
of the crude coupling product were not sufficient to remove unreacted 5 completely.  
 
The immobilized platinum(II) iodide complexes could be converted in their cationic aqua 
complexes by dehalogenation upon treatment with AgBF4. The activity of dehalogenated 313 
in the double Michael addition of two equivalents of methyl vinylketone to ethyl cyanoacetate 
was tested as a model reaction. The observed reaction rate for macromolecule 3 (191·10-3 h-1) 
was comparable to that of a non-immobilized pincer complex [Pt(OH2)NCN](BF4)  (280·10-3 
h-1). Separation of products and catalyst 3 after full conversion was achieved conveniently by 
dialysis against neat dichloromethane. The catalytic material (7.3 mg, 0.65 µmol) was 
recovered in near quantitative yields (92%). 
 
TEM characterization  
TEM-images of the platinum(II) containing macromolecules (5) were obtained by depositing 
its dilute THF-solution on carbon-coated electron microscopy grids, followed by evaporation 
of the solvent. The presence of the platinum and iodine atoms in the hyperbranched materials 
renders them directly visible by TEM and leads to the possibility to study their shape and size 
distribution in more detail. Figure 2 gives the TEM image obtained for a sample of 5 prior to 
fractionation, showing the presence of particles in the size range of 10-25 nm.  
 

 
Figure 2. (a) TEM image of 3 before SEC fractionalization; (b) histogram of particle size distribution. 
 
In order to obtain more detailed insight into the size and structure of the hyperbranched 
platinum(II)-loaded macromolecules, the fractions obtained from preparative SEC were 
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employed in the TEM studies.14  Figures 3a and 3b show the non-contrasted images of two 
typical fractions (fraction II and fraction IV, see figure 1) of the hyperbranched polymers.  
 

 
Figure 3. a) TEM image of fraction II after SEC; b) TEM image of fraction IV after SEC. 

 
For comparison in the TEM studies, we chose the earlier reported15 rigid dodeca-platinated 
NCN-pincer complex 6 (Chart 1). This complex has a calculated diameter of 3.2 nm (MM2-
calculations) and is a single compound, in contrast to the hyperbranched polymers that 
possess small molecular weight distributions. A TEM-image of 6, together with the 
corresponding size histogram is shown in Figure 4. 
 

 
Figure 4. (a) TEM image of the dodecaplatinum(II) pincer 6; (b) Histogram of particle size 

distribution. 
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Chart 1. Structure of the dodecaplatinum (II) pincer dendrimer 6. 

7.3. Discussion 
Synthesis  
Hyperbranched polyglycerols possess terminal and internal hydroxyl groups, which can be 
functionalized via several routes.7 Esterification with acyl chlorides in a mixture of 
pyridine/toluene affords the partially esterified polyglycerols that have been demonstrated to 
act as “nanocapsules” for the encapsulation of polar guest molecules (see Chapter 6).7a This 
direct substitution route turned out to be impractical for the introduction of the pincer 
complexes, since the corresponding acyl chloride of 4 could only be prepared in low yields, 
and had to be reacted with the polyglycerol under harsh reaction conditions. We therefore 
turned to an alternative strategy, i.e. the preparation of an activated polygylcerol derivative 
with easily displaceable tosyl groups. Surprisingly, substitution of the tosylate groups on 2 
with 5, did not result in the formation of a fully platinated polyglycerol polymer. No evidence 
was found for preferential substitution of either primary or secondary tosylate groups of the 
tosylated hyperbranched polyglycerols. We tentatively explain the incomplete substitution to 
excessive steric crowding of the bulky pincer system, preventing complete substitution. 
 
1H-, 195Pt-NMR and UV/Vis Analysis  
1H-NMR spectra of 3 clearly demonstrate partial replacement of the tosylate groups by NCN-
pincer platinum groups. While the intensity of the signals originating from the tosylate 
groups, located at 7.78, 7.36 ppm (ArH) and 2.45 ppm (CH3) decreased, new signals appeared 
at 7.56 ppm (ArH), 4.07 ppm (CH2N), and 3.19 ppm (NMe2), typical of platinated NCN-
pincer complexes. The degree of substitution was determined to be 50% by the relative 
intensity ratios of these signals. The 3JPt-H couplings of 4 with the NMe2 (28.8 Hz) and CH2N 
(39.0 Hz) protons in the 1H-NMR spectra, were not fully resolved in spectra of 3, due to 
broadening of the signals caused by the immobilization on a polymeric support system. 195Pt-
NMR clearly showed the presence of one discrete platinum(II) site, originating from the 
immobilized NCN-pincer complexes as a single resonance at –1914 ppm. For comparison, 
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carboxylic acid 4 showed a singlet located at -1899 ppm in 195Pt-NMR. UV/Vis spectroscopic 
analysis of tosylated polyglycerol 2 in chloroform showed an absorption band at 262 nm (ε ≈ 
105 M-1). In UV/Vis spectra of 3 an additional band shows up at 324 nm (ε ≈ 105 M-1), 
originating from the NCN-pincer platinum moieties covalently linked to the polymer. For 
comparison, the NCN-pincer platinum carboxylate 4 has an absorption band located at 326 
nm (ε ≈ 104 M-1). Furthermore, in UV/Vis-spectra of 2 and the polyplatinated polymer 3, the 
shoulder of an additional absorption band with its maximum located below 225 nm was 
visible. 
 
TEM characterization 
In contrast to dendrimers, molecular images of single hyperbranched macromolecules have 
not yet been reported. The introduction of heavy atoms (Pt, I) on the polyglycerol backbone 
permits imaging of molecular or defined supramolecular structures of the materials by 
transmission electron microscopy (TEM) without staining procedures. The platinum(II) atoms 
are covalently bonded to the aryl carbon atom in the stabilizing coordination environment of 
the NCN-pincer ligand. This in turn is covalently connected to the polyglycerol backbone, 
thereby ensuring that the metal is attached to the hyperbranched polyglycerol support and 
cannot leach from the material without cleavage of the ester bond. 
 
In the TEM image of 3 (Figure 2) prior to fractionation by SEC the functionalized 
hyperbranched polymers appear as dark spots in the range of 21-30 nm. Since the size of 
single hyperbranched macromolecules is expected to be in the range of 5-10 nm based on 
molecular modeling (MM2) of their three dimensional structures, these metal rich particles 
must be agglomerates of the macromolecules, not unimolecular species. Size exclusion 
chromatography revealed that this sample still contained unreacted 5, which is expected to be 
accomodated in the polyglycerol core of the hyperbranched polymeric aggregates, based on 
the difficulty of its removal by dialysis and repeated washings with aqueous solutions. The 
TEM-images of the SEC fractions II and IV (Figures 3a and 3b) show particles of varying 
size with, in many cases, an unusual core-shell type substructure with lighter cores and darker 
coronas. In view of the lower size of the single hyperbranched molecule, we interpret the 
core-shell structures as micellar aggregates of the amphiphilic functionalized hyperbranched 
polymers. Whether these aggregates are disk shaped or globular cannot be concluded based 
on the TEM results. Furthermore, the agglomerates can be flattened out as a result of the TEM 
sample preparation and do not necessarily represent their structure in solution. The observed 
core-shell separated structure can be attributed to differences in polarity between the 
polyglycerol backbone and the NCN-pincer platinum(II) moieties. In the less contrasting core 
of the structures only the polyether-scaffold is present, while in the dark corona of the core-
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shell assemblies the NCN-pincer platinum(II) complexes dominate. An intuitive two-
dimensional model that can account for the orbserved core-shell separated structure is given 
in Scheme 3. Alternatively, a similar three-dimensional aggregate can be envisaged. 
 

50 nm

3

O O

O

O

O

O
O

O

O O

O O

O

O

O

O

O O

O

OO

O
O

O

O
O

OHO

O

O
O

Tos

C

Tos

Tos

TosTos

Tos

Tos

Tos

O

C
O

C
OC

O

C
OO

CO
Pt

NMe2

Me2
N

I

Pt

NMe2

NMe2

I

Pt

NMe2

NMe2

I

Pt

NMe2

Me2
N I

Pt
NMe2

N
Me2

I

Pt

NMe2

NMe2

I

 
Scheme 3. A speculative model for the formation of two-dimensional supramolecular aggregates of 3 

to explain the observed TEM images. 
 
An additional feature shown in Figures 3a and 3b is the increase in the size of the dark corona 
for the higher molecular weight fractions. The TEM image of Fraction II (Figure 3a) shows 
dense coronas, while for the lower molecular weight fraction IV (Figure 3b) less contrasted 
coronas are observed. The molecular weight of the functionalized polyglycerol (molecular 
weight of 2 amounts to 5800 D) is highly dependent on the substitution degree with the 
relatively heavy NCN-pincer complexes (molecular weight of 5 equals 557.3). The thickness 
of the corona can thus be correlated with the substitution degree on the polyglycerol. With an 
increase in substitution degree, the size of the NCN-pincer platinum(II) rich corona increases. 
In order to rationalize the behaviour of NCN-pincer platinum species in TEM studies, a 
previously described NCN-pincer platinum loaded scaffold 6 was also investigated. The TEM 
image of 6 (Figure 4a) shows this dodeca-platinated NCN-pincer species as roughly spherical 
dark spots, that in certain cases assemble to irregular shaped aggregates. This irregular 
aggregation most likely has to be attributed to TEM sample preparation. The particle size of 
the individual black dots, as can be deduced from the histogram (Figure 4b), is in the range of 
5-10 nm. As shown in Figure 4, no core-shell type supramolecular organization similar to 3 is 
observed. Both TEM studies show clearly that the NCN-pincer platinum species can be 
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applied conveniently for the imaging of small (dendritic) molecules by TEM without the 
necessity of staining procedures. The broad range of available para-substituted NCN-pincer 
complexes (see chapter 2) makes their (covalent) attachment to virtually any (organic) 
scaffold feasible, allowing electron microscopic studies. 

7.4. Conclusion 
Activation of hyperbranched polyglycerols via tosylation was found to be an efficient method 
to produce suitable starting materials for further functionalisation. In fact, nucleophilic 
displacement of the tosyl groups by NCN-pincer platinum(II) carboxylates (5) gives excess to 
a new poly-organometallic polyglycerol polymer 3 with discrete platinum(II) sites. The 
presence of the covalently bound heavy atoms platinum and iodine in this poly-
organometallic material, allowed their direct visualization by TEM without the necessity of 
staining techniques, showing core-shell type aggregates. To the best of our knowledge, this is 
the first time that transition metal complexes have been linked to a hyperbranched polyether 
backbone and TEM has been applied to study the size and shape of individual hyperbranched 
polyglycerol molecules. 

7.5. Experimental Section 
General 
All the reactions were performed under an inert Argon atmosphere. Polyglycerol 1 (DPn= 25, 
Mn = 2000, Mn/Mw = 1.3)  was prepared as reported previously,[6a] using trimethylpropane 
(TMP) as initiator. NCN-pincer platinum complex 4 and the dodecaplatinum(II) pincer 
dendrimer 615 were prepared according to literature procedures. Pyridine was distilled from 
KOH, toluene and DMF were distilled from calcium hydride; all other solvent were used 
without further purification. p-Tosyl chloride and t-butoxide potassium were purchased from 
Aldrich. Benzoylated cellulose tubing for dialysis (MWCO = 1000 D) was obtained from 
SIGMA. 1H NMR and 13C{1H} NMR spectra were obtained from solutions in CDCl3 on a 
Bruker ARX 300 spectrometer operating at 300 and 75.4 MHz, respectively. 159Pt{1H} NMR 
spectra were measured using a Varian Inova 300 from solutions in CDCl3. IR spectra were 
recorded on a Bruker Vector 22 spectrophotometer, using thin polymer films on KBr disks. 
UV/Vis spectra were carried out on a Perkin-Elmer Lambda 2 spectrophotometer. Preparative 
GPC was carried out on MZ-Gel Sdplus column (250 x 40 mm) using analytical 
tetrahydrofuran as eluent. Separation of samples using a variable wavelength monitor at 320 
nm with a flow of 5mL/mn.                      
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TEM Measurements 
TEM analysis were carried out on a LEO 912 Omega apparatus using an acceleration voltage 
of 120 kV. Samples were prepared by applying a drop of the THF solvated organometallic 
macromolecule 3 to a carbon-coated grid, followed by drying of the sample in air. Samples 
were not stained. 
 
Tosylated Polyglycerol 2 
To a solution of dried hyperbranched polyglycerol (DPn= 25) 1 (5 g, 67.5 mmol of OH 
groups) in pyridine (100 mL) was added dropwise a solution of p-toluene sulfonic acid 
chloride (25.7 g, 135 mmol) in pyridine (150 mL) at 50°C. The resulting mixture was stirred 
at 80°C for 3h. After cooling to room temperature chloroform (200 mL) was added and the 
solution was poured on a mixture of ice and 100 mL of 10N HCl solution. The organic layer 
was separated, washed three times with water and dried over Na2SO4. The product was 
transferred to benzoylated cellulose tubing for dialysis in chloroform overnight. Chloroform 
was removed under vacuum pressure and the product was dried under vacuum, yielding  a 
yellowish oil (70%). 1H NMR (300 MHz, CDCl3): δ = 1.19 (t, 3H, CH3, initiator TMP), 2.32 
(s, 3H, CH3, tosylate), 2.34 (s, 3H, CH3, tosylate), 3.37-3.95 (m, br, polyether scaffold), 3.97-
4.04 (q, 2H, CH2, initiator TEM), 4.45-4.58 (m, br, polyether scaffold), 7.23-7.26 (m, 4H, 
tosylate), 7.64-7.70 (m, 4H, tosylate). 13C{1H} NMR (75.4 MHz, CDCl3): δ = 14.5 (CH3, 
TEM), 21.5 (CH3, tosylate), 66.7, 67.1, 67.26, 68.0, 68.7, 69.7, 71.4, 77.2, 77.4, 127.6, 128.5, 
129.8, 132.0, 132.5, 132.8, 132.9, 133.1, 133.6, 139.2, 143.4, 144.5, 144.8, 145.1. IR (KBr) υ 
(cm-1) = 1595 (C─H aromatic), 1494 (C─H aromatic), 1453 (C─H sat), 1420-1330 (S═O), 
1200-1145 (S═O), 1170 (C─O). UV/Vis (CHCl3): λmax = 334 nm. Anal. Calcd: C, 52.38; H, 
5.71; S, 13.98 %. Found: C, 52.33; H, 5.15, S, 12.85 %. 
 
Synthesis of pincer complex 5 
To a solution of 4 (0.50 g, 0.90 mmol) in THF (50 mL) was added a stoichiometric amount of 
KOtBu (0.10 g, 0.90 mmol) in THF (20 mL) at once. A solid precipitated immediately upon 
addition. The product was isolated by centrifugation and washed twice with THF (15 mL), to 
afford 5 as an off-white solid. The solid was applied directly in the substitution reactions with 
the tosylated polyglycerols. 
 
Synthesis of poly-organometallic polyglycerols 3 
To a solution of the tosylated polyglycerol (0.2-0.5 g) in DMF (20 mL) was added 4 (1.1-2.0 
equivalents per DPn) at once. The solution was heated at 80 °C for 16 hours, followed by 
removal of all volatiles in vacuo. The brownish residue was redissolved in dichloromethane 
and washed twice with NaOH (1M) and with brine. The solution was dried over MgSO4, 



Synthesis, immobilization and visualization of NCN-pincer platinum complexes 
__________________________________________________________________________________________ 

 130 

concentrated to 5 mL, filtered over Celite, and dialyzed against neat dichloromethane (250 
mL) to afford a brownish solid. The product was then dissolved in THF and purified with 
preparative GPC using THF as eluent. A yellow fraction was first isolated which correspond 
to compound 5 with 50% tosylated and 50% substituted with 4 (50%). the second fraction was 
discarded, since it corresponded to free platinum pincer complex 4. (3): Mn= 10541; 1H NMR 
(300 MHz, CDCl3) δ = 2.41 (3H, CH3 tosylate), 3.19 ppm (12H, NMe2 pincer), 4.07 (4H, 
CH2N pincer), 5.4-3.0 (m, PG), 7.32 (2H, ArH tosylate), 7.56 ppm (2H, ArH pincer), 7.77 
(2H, ArH tosylate). 13C{1H} NMR (75.4 MHz, CDCl3) δ = 130.2, 155.0, 144.1, 127.9, 125.2, 
120.1, 77.3, 81-78, 74-68, 55.1, 42.7. 159Pt{1H} NMR (64.4 MHz, CDCl3) δ = –1914.  IR 
(KBr) υ (cm-1)= 1720 (C═O), 1420-1330 (S═O). UV/Vis (CHCl3): λmax = 262, 324 nm.   
 
Conditions for double Michael addition 
To a solution of 4.8 mmol methyl vinyl ketone, 0.16 mmol EtiPr2N, and 1 mol% catalyst 
based on its [Pt] content (12.5 sites for 3) in 5 ml CH2Cl2 was added 1.6 mmol ethyl 
cyanoacetate at once. The mixture was stirred at room temperature, and 100 µL aliquots for 
1H-NMR-analysis were taken in the course of the reaction. After full conversion 3 was 
recovered from the product mixture by dialysis against neat dichloromethane (250 mL) for 48 
hours. The catalytic materials and products were recovered separately in near quantitative 
yields (92%). 

7.6. References and Note 
 

1. For comprehensive reviews on dendrimers see: a) J. M. J. Fréchet, Science 1994, 263, 1710-1715; b) F. 
 Zeng, S. C. Zimmerman, Chem. Rev. 1997, 97, 1681-1712; c) H. Frey, C. Lach, K. Loranz, Adv. Mater. 
 1998, 10, 279-293; d) Dendrimers I-IV (Ed. F. Vögtle), Top. Curr. Chem. 1998, 197, 1-228; 2000, 210, 
 1-308; 2001, 212, 1-194; 2001, 217, 1-238; e) A. W. Bosman, H. M. Hanssen, E. W. Meijer, Chem. 
 Rev. 1999, 99, 1665-1689; f) G. R. Newkome, C. N. Moorefield, F. Vögtle, Dendritic Molecules: 
 Concepts, Syntheses, Perspectives, VCH, Weinheim, 2001; g) S. M. Garyson, J. M. J. Fréchet, Chem. 
 Rev. 2001, 101, 3819-3867;  
2. For specific reviews on metallodendrimers, see: a) E. C. Constable, Chem. Commun. 1997, 1073-1080; 

 b) G. R. Newkome, E. He, C. N. Moorefield, Chem. Rev. 1999, 99, 1689-1746; c) M. A. Hearshaw, J. 
 R. Moss, Chem. Commun. 1999, 1-8; (c) H.-J. van Maanen, F. C. J. M. van Veggel, D. N. Reinhoudt, 
Top. Curr. Chem. 2001, 121-162; (d) R. Kreiter, A. W. Kleij, R. J. M. Klein Gebbink, G. van Koten, 
Top. Curr. Chem. 2001, 217, 163-199; (e) G. E. Oosterom, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. 
van Leeuwen, Angew. Chem. Int. Ed. 2001, 40, 1828-1849; Astruc, D.; Chardac, F. Chem. Rev. 2001, 
101, 2991-2023; For reports on non-covalent incorporation of catalytically active metal complexes, see: 
f) van de Coevering, R.; Kuil, M.; Klein Gebbink, R. J. M.; van Koten, G. Chem. Commun. 2002, 1636-
1637; g) D. de Groot, B. F. M. de Waal, J. N. H. Reek, A. P. H. J. Schenning, P. C. J. Kamer, E. W. 
Meijer, P. W. N. M. Leeuwen, J. Am. Chem. Soc. 2001, 123, 8453; and chapter 6 of this thesis; for 



Chapter Seven 
__________________________________________________________________________________________ 

 131 

 
encapsulation of zerovalent metal particles, see: h) R. M. Crooks, M. Zhao, L. Sun, V. Chechik, L. K. 
Yeung, Acc. Chem. Res. 2001, 34, 18 and references cited therein. 

3. a) H. P. Dijkstra; G. P. M. van Klink; G. van Koten, Acc. Chem. Res. 2002, in press; b) M. Albrecht, N. 
 J. Hovestad, J. Boersma, G. van Koten, Chem. Eur. J. 2001, 7, 1289-1294 c) Kragl, U. Industrial 
Enzymology, 2nd ed (Eds.: Godfrey, T.; West, S.), Macmillan, Hampshire, 1996, 275-283. 

4. (a) M. Venturi, S. Serroni, A. Juris, S. Campagna, V. Balzani, Top. Curr. Chem. 1998, 197, 193; (b) M. 
 Fischer, F. Vögtle, Angew. Chem. 1999, 111, 934-955; Angew. Chem. Int. Ed. 1999, 38, 884-905; (c) S. 
Hecht, J. M. J. Fréchet, Angew. Chem. Int. Ed. 2001, 40, 74; (d) S.-E. Stiriba, F. Holger, R. Haag, 
Angew. Chem. 2002, 114, 1385-1390; Angew. Chem. Int. Ed. 2002, 41, 1329-1334. 

5. a) P. J. Flory, J. Am. Chem. Soc. 1952, 74, 2718; b) M. Jikei, M. Kakimoto, Prog. Polym. Sci. 2001, 26, 
 1233; c) Y. H. Kim, J. Polym. Sci., Polym. Chem. Ed. 1998, 36, 1685; d) B. I. Voit,  J. Polym. Sci., 
Polym. Chem. 2000, 38, 2505; e) A. Sunder, J. Heinemann, H. Frey, Chem. Eur. J. 2000, 6, 2499; f) L. 
J. Markoski, J. S. Moore,  I. Sendijarevic, A. J. McHugh, Macromolecules 2001, 34, 2695. 

6. a) A. Sunder, R. Hanselman, H. Frey, R. Mülhaupt, Macromolecules 1999, 32, 4240-4246; b) A. 
Sunder, R. Mülhaupt, R. Haag, H. Frey, Macromolecules 2000, 33, 253-254; c) A. Sunder, H. Türk, R. 
Haag, H. Frey, Macromolecules 2000, 33, 7682-7692. 

7. a) A. Sunder, M. Krämer, R. Hanselmann, R. Mülhaupt, H. Frey, Angew. Chem. 1999, 111, 3758; 
 Angew. Chem. Int. Ed. 1999, 38, 3552-3555; b) A. Sunder, M.-F. Quincy, R. Mülhaupt, H. Frey, 
Angew. Chem., Int. Ed. 1999 , 38 , 2928; c) R. Haag, J.-F. Stumbé, A. Sunder, H. Frey, A. Hebel, 
Macromolecules 2000, 33, 8158-8166; for a general overview, see: d) A. Sunder, R. Mülhaupt, R. 
Haag, H. Frey, Adv. Mater. 2000, 12, 235-239 

8. C. Schlenk, A. W. Kleij, H. Frey, G. van Koten, Angew. Chem. Int. Ed. 2000, 39, 3445-3447. 
9. For key publications on NCN-pincer chemistry see: (a) M. Albrecht, G. van Koten, Angew. Chem., Int. 

Ed., 2001, 40, 3750-3781; (b) P. Steenwinkel, R. A. Gossage, G. van Koten, Chem. Eur. J. 1998, 4, 759. 
(c) R. A. Gossage, L. A. van de Kuil, G. van Koten, Acc. Chem. Res. 1998, 31, 423; (d) M. H. P. 
Rietveld, D. M. Grove, G. van Koten, New J. Chem. 1997, 21, 751; (e) G. van Koten, Pure & Appl. 
Chem. 1989, 61, 1681. 

10. Earlier accounts on the concept of direct observation of linear polymer molecules involving platinum, 
see: a) M. J. Richardson, Proc. R. Soc. London, A. 1964, 279, 50; b) L. C. Sawyer, D. T. Grubb, 
Polymer Microscopy, Chapman and Hall: London, 1987; c) D. A. Tomalia, A. M. Naylor, W. A. 
Goddard, Angew. Chem. Int. Ed. Engl. 1990, 29, 138. 

11. Reports on the visualization of dendrimers with TEM technique: a) D. A. Tomalia, H. Baker, J. Dewald, 
M. Hall, G. Kallos, S. Martin, J. Roeck, J. Ryder, P. Smith, Macromolecules 1986, 19, 2466; b) G. 
Newkome, C. N. Moorefield, G. R. Backer, M. J. Saunders, S. H. Grossman, Angew. Chem. Int. Ed. 
Engl. 1991, 30, 1178; c) S. Bonaccio, M. Wessicken, D. Berti, P. Walde, P. L. Luisi, Langmuir 1996, 
12, 4976; d) M. F. Ottaviani, P. Matteini, M. Brustolon, N. J. Turro, S. Jockusch, D. A. Tomalia, J. 
Phys. Chem. B. 1998, 102, 6029; e) C. L. Jackson, H. D. Chanzy, F. P. Booy, B. J. Drake, D. A. 
Tomalia, B. J. Bauer, E. J. Amis, Macromolecules, 1998, 31, 6259; f) Bosman, A. W.; Schenning, A. P. 
H. J.; Janssen, R. A. J.; Meijer, E. W. Chem. Ber. 1997, 130, 725-728.  

12. Nomenclature: P(GxTosy), x= DPn of polyglycerol, y= degree of tosylate substitution per hydroxyl 
group. 



Synthesis, immobilization and visualization of NCN-pincer platinum complexes 
__________________________________________________________________________________________ 

 132 

 
13. Although cationic NCN-pincer platinum complexes are, in contrast to their highly active palladium 

analogues, not considered to be catalytically active in Lewis-acid catalysed processes, they do 
accelerate selected examples to some extent. 

14. EDX analysis of the samples failed due to the detection limits of this method, combined with the 

sensitivity of the material towards electron induced damage.  
15. H. P. Dijkstra, C. A. Kruithof, N. Ronde, R. van de Coevering, D. J. Ramón, D. Vogt, G. P. M. van 

Klink, G. van Koten, J. Org. Chem. 2002, published on the web. 



 
__________________________________________________________________________________________ 

133 

Chapter Eight 
 
 

Chiral Hyperbranched Polyglycerol as Scaffolds for the Covalent 
and Non-Covalent Immobilization of para-COOH and para-SO3H 

NCN-pincer Platinum(II) Complexes  
 

 

 

 

 

 

 

 

Abstract 
NCN-platinum complexes have been immobilized in both a covalent and non-covalent 
manner on chiral hyperbranched polyglycerols obtained by ROMBP of either (S)- or (R)-
glycidol.  Chiral nanocapsules (S)-PG40C16(0.53) and (R)-PG73C16(0.55) were found to 
encapsulate 1.6 and 2.4 molar equivalents of [PtX(NCN-SO3H)] (X = OH2 or OH−) 
respectively. A partially tosylated chiral hyperbranched polyglycerol (S)-PG40Tos(0.5) was 
reacted with [PtI(NCN-COOK)] affording the covalently modified polyglycerol 
P(G40Tos(0.15)PtI(NCN-COO)(0.35)). The chirality of the organometallic materials was probed 
by circular dichroism. Model studies towards the catalytic efficiency of the immobilized 
NCN-platinum complexes showed that the chiral support does not lead to chiral induction in 
an asymmetric Michael addition.   
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8.1 .Introduction 
Dendritic macromolecules are promising materials for a range of applications.1 Of particular 
interest is their use as molecular scaffolds for the immobilization of organometallic 
complexes or coordination compounds.2 Targeted functionalization of the core, shells or 
periphery of the dendrimer has made them suitable materials for non-covalent immobilization 
of transition metal complexes.2f-h Alternatively, dendritic materials have been covalently 
functionalized with organometallic complexes.1d,3 Hyperbranched polymers offer a promising 
alternative for the many applications encountered in dendrimer chemistry. In contrast to 
dendrimers, hyperbranched polymers can be synthesized in a controlled one-step 
polymerization of ABm-type monomers, resulting in randomly branched globular polymers of 
low polydispersity.4 Anionic ring-opening multibranching polymerization (ROMBP) of 
glycidol results in hyperbranched polyglycerols which can be tailored in terms of their core 
(initiator) functionality and molecular weight affording highly flexible, hydrophilic, 
polyetherpolyols, which exhibit unusual narrow polydispersities (Mw/Mn = 1.2 - 1.5).5 Their 
globular shape, and well-defined structure allows targeted functionalisation and the possibility 
to construct core-shell type architectures.  
 
Chapters 6 and 7 of this thesis report on the use of these hyperbranched polyglycerols as 
macromolecular scaffolds for the immobilization of para-substituted NCN-pincer 
platinum(II) complexes (NCN-pincer = 2,6-bis[(dimethylamino)methyl]phenyl anion). Partial 
esterification (40-60%) of the hydroxyl groups from the polyglycerol with fatty acid chains 
affords nanocapsules with an inverted micelle type structure applicable for the non-covalent 
immobilization of sulfonated NCN-pincer platinum(II) complexes (see Chapter 6). 
Alternatively, hyperbranched polyglycerols were activated by tosylation to introduce NCN-
pincer platinum carboxylic acids via covalent bonding (see Chapter 7). This allowed direct 
visualization of the hyperbranched polyglycerols loaded with NCN-platinum iodides by 
transmission electron microscopy (TEM). Anionic ROMB polymerization of enantiomerically 
pure (R)- or (S)-glycidol affords chiral hyperbranched polyglycerols.6 The availability of these 
chiral hyperbranched polyglycerols motivated us to apply them in both the covalent and non-
covalent immobilization of NCN-pincer platinum complexes, using similar methodologies as 
described in the previous chapters for the achiral polyglycerols. 
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8.2. Results  
Synthesis of nanocapsules based on chiral hyperbranched polyglycerol 
Chiral nanocapsules were synthesized by ROMB polymerization of either (S)- or (R)-glycidol, 
followed by partial functionalisation of the hydroxyl groups with palmitoyl tails (Scheme 1).  
Esterifications were performed with palmitoyl chloride in a mixture of pyridine and toluene, 
and the products were characterized by 1H- and 13C-NMR spectroscopy, IR-spectroscopy, and 
SEC analysis. The resulting nanocapsules (S)-PG40C16(0.53) ((S)-1) and (R)-PG73C16(0.55) ((R)-
2)7 had molecular weights of Mn = 8140 (Mw/Mn = 1.19) and 15270 (Mw/Mn= 1.42), 
respectively, with approximately 55% of the hydroxyl groups functionalized by palmitoyl 
chains. Polymers (S)-1 and (R)-2 are completely and homogeneously soluble in apolar 
solvents such as dichloromethane, chloroform, and toluene.  
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Scheme 1. Preparation of chiral nanocapsules (S)-1 and (R)-2 by ROMBP followed by partial 

esterification. 
 
Non-covalent immobilization of NCN-pincer platinum complexes in chiral nanocapsules (S)-1 
and (R)-2 
In earlier studies towards the loading of the nanocapsules with water-soluble dyes5 or with 
NCN-pincer platinum complexes as described in Chapter 6, extraction took place from an 
aqueous solution  into an organic phase containing the nanocapsule. This methodology was 
also applied for the non-covalent loading of the chiral nanocapsules (S)-1 and (R)-2 with 
water-soluble sulfonated NCN-platinum complex 3 (Scheme 2).  
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1) Mixing
2) Phase separation

X = OH, OH2

CH2Cl2

0.5 M NaOH
3

= 1 or 2

= Pt NMe2Me2N

X

SO3Na

 
Scheme 2. Non-covalent loading of nanocapsules (S)-1 and (R)-2 with NCN-platinum complexes. 

 
Hydrophilic NCN-pincer platinum complex 3 was encapsulated by liquid-liquid extractions 
from an aqueous solution (0.5 M NaOH)8 into a dichloromethane solution of nanocapsule (S)-
1 or (R)-2. The affinity of 3 for the polyglycerol interior, and the loading capacities of the 
nanocapsules were investigated by performing the encapsulation experiments at various 
NCN-platinum to polyglycerol molar ratios, monitoring both phases by UV/Vis-spectroscopy. 
While (S)-1 and (R)-2 contain no active chromophores in the range of 220-800 nm, sulfonate 
3 shows a broad absorption located at 275 nm (ε ≈ 104 M-1cm-1) in 0.5 M NaOH. Aqueous 
solutions of 3 (10-5-10-4 M in 0.5 M NaOH) were prepared and mixed thoroughly with 
solutions of (S)-1 and (R)-2 (5.0 x 10-5 M in dichloromethane). After careful phase separation, 
both layers were subjected to UV/Vis spectroscopy. UV/Vis spectra from solutions of the 
nanocapsules non-covalently loaded with 3 showed two absorption bands (ε ≈ 104 M-1cm-1) at 
262 and 275 nm. Selected UV/Vis spectra of the organic phase, obtained from the 
encapsulation experiments of 3 with nanocapsule (S)-1, together with the corresponding 
titration curve, are depicted in Figure 1. 

 
Figure 1. UV/Vis spectra (organic phase) and titration curve (inset) of the extractions of NCN-

platinum complex 3 by nanocapsule (S)-1 at various [3]/[nanocapsule] ratios. 
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Upon increasing the concentration of 3 in the aqueous phase, the nanocapsule takes up more 
of this NCN-platinum complex, until an infliction point is reached (shown for (S)-1 in Figure 
1).  For the smaller (S)-PG40C16(0.53) ((S)-1) this point was located at a molar ratio 
[3]/[nanocapsule] of about 4, while for the larger (R)-PG73C16(0.55) ((R)-2) it was located at a 
molar ratio of 7. UV/Vis analysis of the aqueous phases showed that platinum sulfonate 3 is 
not extracted quantitatively into the organic phase, similar as described in Chapter 6 for the 
achiral nanocapsules. Since part of the complex remains in the aqueous phase, the ratios 
found for the saturation points (vide supra) are consequently not equal to the actual loading of 
the nanocapsules.  
 
The chiral nanocapsules were loaded on a preparative scale by shaking up dichloromethane 
solutions of (S)-1 and (R)-2 thoroughly with a 0.5 M NaOH solution of 3 at ratios equal to the 
infliction points found in the UV/Vis-titrations. 1H-NMR integration of the NMe2 (3) and CH3 
(palmatoyl endgroup of (S)-1 or (R)-2) resonances  showed the encapsulation of 1.6-1.8 and 
2.5-2.8 equivalents of 3 in nanocapsules (S)-1 and (R)-2, respectively. According to elemental 
analysis the loaded chiral nanocapsules (S)-1 and (R)-2 had encapsulated 1.6 and 2.4 
equivalents of 3, respectively, which is in agreement with the data obtained from 1H-NMR 
analysis. Consequently, NCN-platinum loaded chiral polyglycerols were obtained, which 
according to their stoichiometries are denoted as (S)-1·31.6 and (R)-2·32.4. 
 
Covalent immobilization of NCN-pincer platinum complexes on chiral hyperbranched 
polyglycerol 
The chiral hydrophilic hyperbranched polyglycerols (S)-PG40 and (R)-PG73 were tosylated in a 
mixture of pyridine and toluene by treatment with tosyl chloride at elevated temperatures 
(Scheme 3). 
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Scheme 3. Partial tosylation of chiral hyperbranched polyglycerols to obtain (S)-4 and (R)-5. 



Chiral hyperbranched polyglycerols as scaffolds for covalent and non-covalent immobilization 
__________________________________________________________________________________________ 

 138 

This tosylation procedure afforded partially tosylated chiral polyglycerols (S)-P(G40Tos0.5) 
((S)-4) and (R)-P(G73Tos0.75) ((R)-5). Low molecular weight impurities were removed by 
dialysis against neat dichloromethane, using a membrane with a molecular weight cut off 
(MWCO) of 1000 D. The tosylated materials were, in contrast to the hydrophilic starting 
material, completely and homogeneously soluble in apolar solvents. Subsequent covalent 
modification of the tosylated materials with NCN-pincer platinum complexes was performed 
using similar procedures as described in Chapter 7. To this purpose NCN-pincer platinum(II) 
carboxylic acid [PtI(NCN-COOH)] (6) was deprotonated by treatment with potassium t-
butoxide to afford carboxylate 7 (Scheme 4). Based on the number of tosylate groups per 
polyglycerol, which is approximately equal to the average number of monomer units (DPn) in 
the polymer, we treated (S)-4 and (R)-5 with an excess of 7 in DMF at 80 °C (Scheme 4).  
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Scheme 4. Substitution of tosylates for [PtI(NCN-COO)] moieties. 

 
Irrespective of the excess of 7 (10-100%) employed in the case of tosylated (S)-polyglycerol 
(S)-4, only 70% of the available tosylate groups could be substituted, affording the modified 
chiral hyperbranched polyglycerol P(G40Tos(0.15)PtI(NCN-COO)(0.35)) ((S)-8). Various 
attempts in the substitution of the tosylate groups of (R)-5 with NCN-platinum complex 7 
resulted in the formation of a mixture of products. Whether this was the result of its size (DPn 
=73) or other factors, is unclear at the moment. However, unreacted 7 could be removed from 
(S)-8 by liquid-liquid extraction with water, and subsequent dialysis (MWCO = 1000 D) 
against neat dichloromethane. 
 
1H-NMR analysis of (S)-8 clearly shows the (partial) substitution of the tosylate groups by 
NCN-pincer platinum(II) carboxylic complexes. While the intensities of the signals 
originating from the tosylate groups, located at 7.78, 7.36 ppm (ArH) and 2.45 ppm (CH3) 
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were decreased, new signals appeared at 7.56 ppm (ArH), 4.07 ppm (CH2N), and 3.19 ppm 
(NMe2), all typical of the NCN-platinum carboxylic complex. The degree of substitution 
could be based on the relative intensity ratios of these signals. The UV/Vis-spectrum of (S)-4 
in dichloromethane shows an absorption band at 262 nm (ε ≈ 105 M-1), while in the UV/Vis-
spectrum of (S)-8 an additional band appears at 324 nm (ε ≈ 105 M-1). The latter band, which 
matches that of NCN-pincer platinum carboxylic acid 6 (326 nm, ε ≈ 104 M-1), points to the 
presence of NCN-pincer platinum moieties in the polymer.  
 
Circular Dichroism 
The chiral nanocapsules (S)-1·31.6 and (R)-2·32.4, loaded with sulfonated NCN-platinum 
complexes, were subjected to circular dichroism (CD) in order to investigate the chiral 
properties of the materials. Unloaded nanocapsules (S)-1 and (R)-2 show optical rotations in 
polarimetry,6 but are CD-silent in the region 220-800 nm. Non-covalent loading with the 
NCN-pincer platinum moieties in their interior renders these materials CD-active (Figure 2). 
The CD-spectrum of the achiral analogue of (S)-1·31.6 and (R)-2·32.4, nanocapsule 
PG106C16(0.6)·34.3, shows a broad signal around 270 nm (Figure 2a). This CD-spectrum was 
subtracted from the spectra obtained for loaded chiral nanocapsules (S)-1·31.6 and (R)-2·32.4, to 
isolate the chiral contributions from the CD-spectrum.9 The difference spectra for (S)-1·31.6 

and (R)-2·32.4 are depicted in Figure 2b. Around 320 nm, low intensity bands of opposite sign 
(+0.4 mdeg and -0.5 mdeg) appear for the chiral nanocapsules (S)-1·31.6 and (R)-2·32.4, 
respectively.  
 

 
Figure 2. (a) CD spectrum of achiral nanocapsule PG106C16(0.5) and (b) difference spectra of (S)-1·31.6 

and (R)-2·32.4 with PG106C16(0.5). 
 
The CD-spectra of the covalently modified chiral hyperbranched polymers (S)-4, (R)-5 and 
(S)-8 are also presented as difference spectra with their achiral analogues PG25Tos(1.0) and 
P(G25Tos(0.5)PtI(NCN-COO)(0.5)), respectively.9 Figure 3a shows the difference spectra of the 
tosylated hyperbranched chiral polyglycerols (S)-4 and (R)-5, having signals with opposite 
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signs at 265 nm with intensities of –1.8 and +2.0 mdeg respectively. Figure 3b shows the CD-
spectrum of (S)-8, from which the spectrum of its achiral analogue P(G25Tos(0.25)PtI(NCN-
COO)(0.25)) has been subtracted. The absorption band at 265 nm, which has decreased in 
intensity compared to (S)-4 (Figure 3a), is ascribed to the presence of the remaining tosylate 
groups in (S)-P(G40Tos(0.15)PtI(NCN-COO)(0.35)). Apart from this band, two new bands with 
opposite signs appeared at 305 nm (-0.15 mdeg) and 335 nm (+0.45 mdeg). These must 
originate from the presence of the NCN-platinum units in the material, which has a broad 
absorption band located at 326 nm in its UV/Vis absorption spectrum. 
 

 
Figure 3. (a) CD difference spectra of (S)-4 and (R)-5 with PG106Tos(1.0) and (b) difference spectrum 

of (S)-8 with P(G25Tos(0.5)PtI(NCN-COO)(0.5)). 
 
Asymmetric Michael additions  
Lewis acidic cationic NCN-pincer complexes of the type [Pt(OH2)NCN](BF4) can be applied 
as model catalyst in aldol type reactions, such as the asymmetric Michael addition between 
methyl vinyl ketone to ethyl (R/S)-α-cyanopropionate (Scheme 5).10 Chiral nanocapsules (S)-
1·31.6 and (R)-2·32.4, non-covalently loaded with the sulfonated NCN-platinum complexes, 
were tested as catalysts in this asymmetric addition.  
 

O
NC COOEt

ONC COOEt + *(R/S)

1 mol% catalyst
EtiPrN

CH2Cl2  
Scheme 5. Asymmetric Michael addition between α-methyl cyanopropionate and methyl vinyl ketone. 
 
The results were compared with the performance of the unloaded chiral nanocapsules (S)-1 
and (R)-2, the blank, as well as with parent complex [Pt(OH2)NCN](BF4). The results from 
these experiments are collected in Table 1. After full conversion, both products and loaded 
nanocapsules could be separated and isolated in near quantitative yields (>96% for the 
nanocapsule) by dialysis. Polarimetric analysis of the product revealed that in all cases 
racemic mixtures were obtained. 
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 Table 1. Catalytic results from the asymmetric Michael addition of methyl vinyl ketone to ethyl α-

cyanopropionate with chiral nanocapsules (S)-1 and (R)-2.a 

 Catalyst k (10-3 h-1)b Conversion (%, 24 hrs) ee (%) 
a [Pt(OH2)NCN]+BF4

- 207 99 0 
b none 17 38 0 
c (S)-1 21 42 0 
d (R)-2 18 37 0 
e (S)-1·31.6 86 75 0 

f (R)-2·32.4  57 63 0 
a) for conditions see experimental section; b) initial rate, determined at conversions < 40%. 

 
The activity and selectivity of (S)-8, containing the covalently attached NCN-platinum units 
was tested in the same Michael addition. As 70% of the, in total 20, tosylate groups were 
substituted by NCN-pincer platinum units, the polyglycerol contains, on average, 14 platinum 
sites per polymer. The results from the catalytic experiments, carried out with material 
activated with AgBF4, are collected in Table 2. After full conversion, the products were 
separated from (S)-8 by dialysis (11.0 mg, 0.60 µmol, 89% recovered). Polarimetry revealed 
that also in this case racemic product mixtures were obtained. 
 

Table 2. Results from catalytic experiments in the asymmetric Michael addition.a  
Catalyst k (10-3 h-1)b Conv. (%, after 20 hrs) ee (%) 

[Pt(OH2)NCN]+BF4
- 207 99 0 

none 17 38 0 
(S)-8 189 80 0 

a) conditions: see experimental section; b) determined at conversions < 40%. 

8.3. Discussion 
The ability of chiral nanocapsules 1 and 2 to immobilize NCN-platinum complex 3 by non-
covalent interactions is similar as described in Chapter 6 for their achiral analogues, showing 
a dependence of the encapsulation capacity on the molecular weight of the hyperbranched 
polymer and incomplete extraction of 3 from the aqueous phase. This correspondence 
between the chiral and achiral materials was also observed in the covalent modification of 
tosylated hyperbranched polyglycerols with NCN-platinum units. Although (S)-4 was 
incompletely tosylated (50%), treatment with the NCN-platinum complex resulted in the 
substitution of 70% of the available tosyl groups. In contrast, treatment of tosylated polymer 
(R)-5 with NCN-platinum complex 7 did not react to produce the desired material. Instead, a 
mixture of unreacted 7 and various unidentified (partially substituted) polymeric materials 
was obtained. 
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Chirality of the hyperbranched materials 
The synthesis of optically active polymers is an important field in polymer science, offering a 
wide variety of applications based on the chiral structure. Applications involve chiral 
recognition toward racemic compounds, asymmetric catalysis and liquid crystal formation.11 
Optically active catalysts have been anchored to achiral polymers for asymmetric organic 
synthesis with varying success. However, a significant decrease in enantioselectivity is 
generally observed compared to the monomeric complex. This indicates that the 
microenvironment of the polymer has a pronounced influence on the stereoselectivity of the 
catalyst.11c Although main chain chiral polymers such as polypeptides have also been applied 
in asymmetric catalysis, these investigations are more rare.11d Stereo-irregularity and 
flexibility of the chiral polymers functionalized with catalytic sites leads to an underdefined 
microenvironment of the catalytic site. In general it is difficult to systematically modify this 
chiral microenvironment, unless a large amount of rigidity is introduced in the polymeric 
structure.11c The chiral hyperbranched polymers used in this study were obtained by 
controlled polymerization of enantiomerically pure monomers and are considered to be highly 
flexible. The polyglycerols, non-covalently or covalently modified  with NCN-platinum units 
were studied by circular dichroism to probe their configuration and conformation. Interesting 
to note is the CD-activity, albeit small, of the achiral reference materials, indicating the 
presence of ordered domains within the polymeric material. 
 
CD-spectra of the chiral nanocapsules non-covalently loaded with NCN-pincer platinum(II) 
complexes (S)-1·31.6 and (R)-2·32.4 show signals with opposite sign. This indicates that the 
macromolecular chirality of (S)-1 and (R)-2 is translated, to some extent, on a molecular level 
to the absorption features of the encapsulated NCN-pincer platinum complexes. The low 
intensity of this signal might be attributed to the non-uniformity in binding interactions 
between 3 and the polyglycerol interior of the nanocapsules, or to the frugal translation of 
chirality.  
 
The opposite signals for the tosylated chiral hyperbranched polymers (S)-4 and (R)-5 
observed in their CD-spectra confirm the retention of chirality during the ROMB 
polymerization of (S)- and (R)-glycidol respectively, as was earlier observed by polarimetry.6 

The conditions employed in the tosylation of the chiral hyperbranched polyglycerols are not 
expected to influence the chirality, e.g. to cause racemization, of the material. However, the 
nucleophilic displacement of tosylates on secondary alkyl groups can proceed via a borderline 
nucleophilic replacement mechanism, resulting in partial racemization of the configuration.12 
For substitutions on tosylate (S)-4 this would result in partial racemization of the product (S)-
8. Indeed, the overall decrease in intensity of the bands when compared to (S)-4 might be 
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attributed this. On the other hand, comparing different materials quantitatively by CD-
spectroscopy, might not hold. Overall, substitution of the tosylate groups by the NCN-pincer 
moieties leads to organometallic materials with at least part of the chiral information retained 
in the macromolecule. 
 
Asymmetric Michael Additions 
The catalytic behavior of the non-covalently loaded nanocapsules (S)-1·31.6 and (R)-2·32.4, 
compared to the control experiments is similar to that observed for the double Michael 
addition with achiral nanocapsules. The initial reaction rate is enhanced by a factor 3-4 with 
respect to the blank reaction for both (S)-1·31.6 and (R)-2·32.4, but is decreased when compared 
to [Pt(OH2)NCN](BF4). The unloaded nanocapsules (S)-1 and (R)-2 did not show any 
significant catalytic activity when compared to the blank. The activity of the covalently 
immobilized NCN-pincer platinum(II) groups in (S)-8 is comparable to that of the parent 
complex [Pt(OH2)NCN](BF4), as was the case for its achiral analogue (Chapter 7). The 
reduced catalytic activity of the non-covalently immobilized complexes, compared to the 
parent and the covalently immobilized complexes, might be attributed to steric shielding of 
the catalytic site in the nanocapsule core. Additionally, competitive coordination between 
hydroxyl or ether functionalities and the α-cyanopropionate substrate to the platinum site can 
reduce the catalytic activity further. 
 
The usage of the chiral micro-environment of the polyglycerol nanocapsule or polyglycerol 
backbone to perform catalysis can be compared to the application of chiral solvents in 
asymmetric synthesis. These chiral solvents generally yield products of low optical purity (0-
10%).13 Functionalization of chiral hyperbranched polyglycerol, either in a covalent or non-
covalent manner with NCN-platinum moieties did not influence the stereoselective outcome 
of the catalyzed reaction. A racemic product mixture is obtained after full conversion. For 
successful chiral induction in this asymmetric Michael addition, either one of the substrates 
(R)- or (S)-ethyl α-cyanopropionate should react faster, without loss of chiral information. 
Alternatively, chiral induction can occur during the nucleophillic attack of methyl vinyl 
ketone, after the ethyl α-cyanopropionate is deprotonated in the catalytic cycle to afford an 
achiral enolate intermediate. The lack of chirality in the Michael addition product after full 
conversion can be attributed to either non-transfer of chirality, or to racemization via a retro-
aldol reaction. However, these results do not exclude the possibility of chiral induction at low 
conversion (kinetic resolution), which could be monitored using a continuous membrane 
reactor set-up.14 The applicability of both covalently and non-covalently modified 
polyglycerols in such a reactor was demonstrated by their facile separation from the product 
mixtures using a dialysis membrane, which was successful even on very small scales. 
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8.4. Conclusions 
The immobilization of NCN-platinum complexes on chiral hyperbranched polyglycerols, 
either in a covalent or non-covalent manner, affords CD active chiral materials. Application of 
these organometallic materials as model catalyst in an asymmetric Michael addition revealed, 
however, that the chirality in the backbone was not able to induce an enantioselective 
outcome of the reaction after full conversion.  

8.5. Experimental Section 
Solvents were dried over appropriate agents and distilled prior to use. Benzoylated dialysis 
tubing (Sigma D-7884, cut-off mass = 1500 gmol-1) was stored in methanol prior to use. 
Elemental analyses were performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim, 
Germany. 1H and 13C NMR spectra were recorded at 298 K on a Varian Inova 300 or Mercury 
200 spectrometer. UV/Vis spectra were recorded on a Varian Cary I spectrophotometer. CD-
spectra were recorded on a Jasco J-810 spectropolarimeter. The syntheses of the 
hyperbranched polyglycerols,6 NCN-platinum complexes 3 and 6, P(G106(C16)(0.6)) and 7,  
P(G25Tos(1.0)) and P(G25Tos(0.5)PtI(NCN-COO)(0.5)) have been described in previous chapters. 
 
Nanocapsule (S)-PG40C16(0.53); (S)-1  
To a pyridine solution (80 mL) of hyperbranched (S)-polyglycerol (DPn= 40; 2.00 g, 27.0 
mmol of OH groups), was added drop wise a toluene solution (100 mL) of palmitoyl chloride 
(4.8 mL; 16 mmol) at 80°C within 1h. The mixture was refluxed for 20h at 130°C. A 
stoichiometric amount of NaHCO3 (16 mmol; 1.35 g) was added to the cold solution and most 
of the volatiles were removed in vacuo. Residual pyridine was removed by azeotropic 
distillation in 100 mL of toluene. The remaining solution was filtered and concentrated in 
vacuo, the residue was washed three times with ethyl acetate (30 mL) to remove traces of free 
palmitoyl carboxylic acid and was further purified by dialysis in CHCl3. The polymer was 
obtained as a white solid in a yield of 85%. 1H NMR (CDCl3): 0.84 (t, CH3), 1.21 (br, 24H, 
CH2), 1.57 (m, 2H, CH2CH2CO), (m, 2H, CH2CO), 2.26-2.3 (m, CH2, CH2CO), 3.52-4.07 (br, 
5H, glycerol), 5.10 (br, OH). 13C NMR (CDCl3): 14.10, 22.67, 24.94, 29.13, 29.43, 29.66, 
31.91, 34.10, 65.12, 68.65, 69.81, 70.16, 173.8; IR (NaCl)= 1636.76 (C=O), 3388.06 (O-H). 
α (Degree of substitution per hydroxyl group) = 60%; Mn= 8140; Mw/Mn= 1.19; Elem. Anal.: 
C 66.96, H 10.76. 
 
Nanocapsule (R)-PG70C16(0.55); (R)-2 
Dried (R)-polyglycerol (DPn = 70; 2.2 g, 29.7 mmol of OH groups) and palmitoyl chloride 
(5.34 mL, 17.8 mmol) were reacted using the same procedure as described for (S)-1, affording 



Chapter Eight 
__________________________________________________________________________________________ 

 145 

(R)-2 as a white solid in a 78% yield. 1H NMR (CDCl3): 0.81 (t, CH3), 1.11-1.25 (br, CH2), 
1.53 (m, COCH2CH2), 2.24-2.28 (m, CH2, CH2CO), 3.44-4.03 (br, glycerol moiety), 5.04 (br, 
OH). 13C NMR (CDCl3): 14.08, 22.66, 24.88, 29.16, 29.51, 29.64, 31.90, 34.10, 65.12, 68.65, 
69.81, 70.16, 173. IR (NaCl) ν= 1738.43 (C=O), 3441.81 (O-H). α (Degree of substitution 
per hydroxyl group) = 55%; Mn= 15270; Mw/Mn= 1.42; Elem. Anal.: C 68.59, H 11.41. 
 
UV/Vis-titrations 
Solutions of 3 in aqueous 0.5 M NaOH were prepared in concentrations ranging from 10-5-10-

4 M. Nanocapsules (S)-1 and (R)-2 were dissolved in dichloromethane with concentrations in 
the range of 10-5 M. In a typical UV/Vis experiment, 3 mL of the aqueous solution was mixed 
thoroughly for 1 hour with 3 mL of the dichloromethane solution. The phases were allowed to 
settle completely en were subsequently separated and both analyzed by UV/Vis-spectroscopy.  
 
Loading of Chiral Nanocapsules (S)-1 and (R)-2 
Equivolumetric amounts (50 mL) of an aqueous solution of 3 (5.0 mM, 0.5 M NaOH) and 
dichloromethane solutions of (S)-1 (1.2 mM), or (R)-2 (0.7 mM) were mixed vigorously for 
30 minutes. The phases were allowed to settle overnight and subsequently separated. The 
organic phase was dried over MgSO4, filtered and dried in vacuo to obtain the loaded 
nanocapsules as yellowish solids in near quantitative yields. (S)-1·61.6: 1H NMR (CDCl3): 
0.85 (t, CH3), 1.25 (br, CH2), 1.57 (br. m, COCH2CH2), 2.31 (br. m, CH2, CH2CO), 3.00-3.15 
(NMe2 pincer), 3.40-4.20 (br, glycerol moiety), 4.01 (CH2N pincer), 5.07 (br, OH). 7.60 (ArH 
pincer); 13C NMR (CDCl3): 174.0-173.0, 123.4, 119.4, 80.0-78.0, 74.0-68.0, 66.0-63.0, 54.6, 
34.5, 32.1, 30.0-29.0, 25.1, 22.9, 14.3; Elem. Anal.: C 66.94, H 10.51, Pt 3.51. (R)-2·62.4: 1H 
NMR (CDCl3): 0.87 (t, CH3), 1.26 (br, CH2), 1.58 (br. m, COCH2CH2), 2.30 (br. m, CH2, 
CH2CO), 3.00-3.20 (NMe2 pincer), 3.40-4.20 (br, glycerol moiety), 4.01 (CH2N pincer), 5.04 
(br, OH). 7.60 (ArH pincer); 13C NMR (CDCl3): 174.0-173.0, 123.4, 119.4, 80.0-78.0, 74.0-
68.0, 66.0-63.0, 54.6, 34.5, 32.1, 30.0-29.0, 25.1, 22.9, 14.3; Elem. Anal.: C 66.50, H 10.45, 
Pt 2.84. 
 
Synthesis of (S)-4 and (R)-5, tosylation of hyperbranched polyglycerols 
To a solution of the dried hyperbranched polyglycerol (1-3 g, with DPn equivalents of OH 
groups) in pyridine (1 mmol/ml) was added tosyl chloride (2 x DPn equivalents) in portions. 
The mixture was heated at 130 °C for 20 hours and excess NaHCO3 was added to the cooled 
solution. All volatiles were removed in vacuo, and residual pyridine was removed by 
azeotropic distillation in toluene. The solution was filtered and washed twice with NaOH 
(1M), dried over MgSO4 and concentrated in vacuo to afford the tosylated polyglycerols as 
colorless sticky solids. (S)-4: DPn=40; 50% tosylated; Mn= 6084; Mw/Mn= 1.2; 1H-NMR 
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(CDCl3) δ (ppm): 7.75 (2H, ArH tosylate), 7.32 (2H, ArH tosylate), 5.4-3.0 (m, PG), 2.41 
(3H, CH3 tosylate); 13C-NMR (CDCl3); 13C-NMR (CDCl3) δ (ppm):130.3, 128.0, 81-78, 74-
68, 42.8; Elem. Anal.: C H;  (R)-5: DPn=95; 75% tosylated; Mn= 18371; Mw/Mn= 1.4; 1H-
NMR (CDCl3) δ (ppm): 7.77 (2H, ArH tosylate), 7.33 (2H, ArH tosylate), 5.5-3.1 (m, PG), 
2.43 (3H, CH3 tosylate); 13C-NMR (CDCl3); 13C-NMR (CDCl3) δ (ppm):130.2, 128.2, 81-78, 
74-68, 42.8. 
 
Synthesis of P(G40Tos(0.15)PtI(NCN-COO)(0.35)) (S)-8 
To a solution of the tosylated polyglycerol (S)-4 (0.2-0.5 g) in DMF (20 mL) was added 7 
(1.1-2.0 equivalents per DPn) at once. The solution was heated at 80 °C for 16 hours, followed 
by removal of all volatiles in vacuo. The brownish residue was redissolved in 
dichloromethane and washed twice with NaOH (1M) and with brine. The solution was dried 
over MgSO4, concentrated to 5 mL, filtered over Celite, and dialyzed against neat 
dichloromethane (250 mL) to afford (S)-8 as brownish solids (50-70%). 8: DPn=40; 50% free 
OH, 15% tosylated, 35% substituted with 7; Mn= 11475; 1H-NMR (CDCl3) δ (ppm): 7.78 
(2H, ArH tosylate), 7.56 ppm (2H, ArH pincer), 7.34 (2H, ArH tosylate), 5.4-3.0 (m, PG), 
4.05 (4H, CH2N pincer), 3.18 ppm (12H, NMe2 pincer), 2.44 (3H, CH3 tosylate); 13C-NMR 
(CDCl3); 13C-NMR (CDCl3) δ (ppm): 130.3, 155.0, 144.0, 128.2, 125.3, 120.2, 77.5, 81-78, 
74-68, 55.2, 42.8;  
 
Conditions for the asymmetric Michael addition 
To a solution of 1.2 mmol methyl vinyl ketone, 0.08 mmol EtNiPr2, and 1 mol% catalyst 
based on its [Pt] in 2.5 ml CH2Cl2 was added 0.8 mmol racemic ethyl α-cyanopropionate at 
once. The mixture was stirred at room temperature, and 100 µL aliquots for 1H-NMR-analysis 
were taken in the course of the reaction. After full conversion, the catalytic material was 
removed from the product mixture by dialysis against neat dichloromethane (250 mL) for 48 
hours, and the chirality of the product mixture was determined by polarimetry. 
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Summary 
 
A rapidly evolving field in chemistry is the application of organometallic and coordination 
complexes as building blocks or active components for the construction of new materials 
exhibiting specific catalytic, redox, optical or sensor activities. A central theme in the 
construction of these inorganic building blocks is the targeted functionalization of ligands, 
either prior to or, less conventionally, after the metallation step. Ligand functionalization 
enables the immobilization of the transition-metal complexes on macromolecular or inorganic 
supports, the regulation of their solubility, the introduction of additional functional moieties, 
as well as the electronic tuning of the metal. Furthermore, the functionalized complexes can 
be applied in inorganic crystal engineering or for targeted (supramolecular) assembly in 
solution. The NCN-pincer ligand (NCN = 2,6-bis[(dimethylamino)methyl]phenyl anion) is a 
versatile building block for these purposes. NCN-pincer palladium(II) and platinum(II) 
complexes (Chart 1) are air- and water-stable, and find widespread applications in the field of 
catalysis and as sensor materials. Para-functionalization of these complexes offers an 
anchoring point, while leaving the structural integrity of the metal center intact.  
 

NMe2Me2N M

X

Z

M = Pd(II), Pt(II)
X = counter ion and/or 
coordinating ligand
Z = functionalization site

 
Chart 1 

 
This thesis describes the synthesis and application of new, para-functionalized NCN-pincer 
palladium(II) and platinum(II) complexes and their use as building blocks in the covalent and 
non-covalent assembly of functional organometallic materials. Chapter 1 gives a brief 
overview on the use of transition metal complexes as building blocks for the construction of 
various functional materials. In chapters 2 and 3, the synthesis of para-functionalized NCN-
pincer complexes is described, together with the influence of the substituents on various 
properties of the resulting complexes. The modification of NCN-pincer palladium complexes 
with a variety of molecular anchoring points, together with the influence of the added 
functional moieties on catalysis is outlined in chapters 4 and 5. Immobilization of these 
complexes on carbosilane dendrimers, and mimics thereof, is also presented. Chapters 6, 7, 
and 8 deal with the immobilization of NCN-platinum complexes by either covalent or non-
covalent interactions, onto polymeric supports based on hyperbranched polyglycerols. The 
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research described in these final chapters was conducted in close collaboration with Dr. H. 
Frey and Dr. S.-E Stiriba from the University of Freiburg in Germany. 
 
Synthesis and properties of para-substituted NCN-palladium and -platinum complexes 
The two main synthetic strategies available for the synthesis of para-functionalized NCN 
complexes are described in Chapter 2 (Scheme 1). The common method of choice in 
organometallic synthesis involves ligand functionalization prior to metallation. Since the 
covalent M−C bond is often the most reactive part of an organometallic metal complex, the 
metal is preferentially introduced in the last step of its total synthesis. The second method 
makes use of the high stability of the Pt−C or Pd−C bond, which is a direct result of the rigid, 
terdentate binding of the NCN-ligand, allowing various ligand modifications on the 
organometallic complex itself. A variety of para-substituted NCN-pincer palladium(II) and 
platinum(II) complexes [MX(NCN-Z)] (M = Pd(II), Pt(II); X = Cl, Br, I; NCN-Z = [2,6-
(CH2NMe2)2C6H2-4-Z]-; Z = NO2, COOH, SO3H, PO(OEt)2, PO(OH)(OEt), PO(OH)2, 
CH2OH, SMe, NH2) were synthesized using both strategies. The influence of the substituents 
on the electronic properties of the metal center was probed by 195Pt-NMR and DFT-
calculations showing linear correlations of both the 195Pt-chemical shift and the calculated 
Mulliken populations, with the σp Hammett substituent constants. The para-substituent 
exhibits a dominant influence on both the solubility, and on the solid-state properties of the 
pincer complexes. NCN-pincer complexes substituted with protic functional groups (CH2OH, 
COOH) dimerize in the solid state by intermolecular hydrogen bonding interactions. The 
para-nitro substituted NCN-palladium complexes form, in contrast to their platinum 
analogues, closely packed dimers in the solid state as a result of intermolecular electron 
donor-acceptor interactions between the palladium atoms and the nitro-groups. 
Crystallographic studies on para-nitro functionalized complexes are described in Chapter 3. 
 

NMe2Me2N M
X

Z

NMe2Me2N

Z

NMe2Me2N M
X

Y

X

Metallation of 
pre-functionalized

ligands

Modication of
metallated

ligands  
Scheme 1 

 
NCN-palladium complexes with several anchoring points 
Chapters 4 and 5 deal with the synthesis and catalytic applications of NCN-palladium 
complexes functionalized with both a site to modify their catalytic behavior, and an additional 
anchoring point for immobilization on carbosilane dendrimers. The construction of a highly 
flexible molecular tweezer (Chart 2) based on a para-hydroxyl NCN-palladium complex, a 
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pyren-1-oxy unit, and a xylylene based linker is described in Chapter 4. This tweezer 
fragment was immobilized on a G2-carbosilane dendrimer, affording a single species 
containing 36 tweezer units at the periphery, exemplifying the potential of NCN-pincer 
complexes as organometallic building blocks in the construction of intricate materials. Studies 
of the flexibility and conformation of the tweezer, by variable-temperature NMR, time-
resolved fluorescence spectroscopy, and MM2 conformational searches, show that the NCN-
palladium and the pyrenoxy fragments unit are in close proximity due to cation-π interactions. 
While the pyrenoxy units show affinity for picric acid (trinitrophenol) by π-π stacking 
interactions (association constants in the order of 101-102 M-1), this affinity for aromatic 
molecules is hardly reflected in the performance of the NCN-palladium complex in catalysis. 
The initial rate of the catalyzed aldol reaction between aromatic aldehydes and methyl 
isocyanoacetate is enhanced only by a factor of two in the presence of the pyrenoxy unit.  
 

R

O
NMe2

NMe2

Pd OH2

(BF4)

O

Me2
SiSiSiSi

3 3 4

R = SiMe3

 
Chart 2 

 
Chapter 5 describes the synthesis of NCN-palladium complexes with both an anchoring site 
for immobilization, as well as an additional reactive site for further functionalization (Chart 
3). The complexes contain a trimethylsilyl group as mimic for a dendritic carbosilane support. 
After introduction of the trimethylsilyl-group all modifications, including metallation, can be 
performed nearly quantitatively. This is a necessary prerequisite for dendrimer synthesis. The 
functional groups (Z) placed on a distal position from the palladium site do not significantly 
alter the catalytic rates and product selectivity of the complexes in aldol reactions. However, 
since modifications on the ligand can be performed after metallation of the ligand, they offer 
potent starting materials for further functionalization.  
 

NMe2Me2N

Z

Me3Si

Pd
OH2 (BF4)

Z = OH, (CO)Me, OSiMe2tBu,

N

 
Chart 3 
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Hyperbranched polyglycerols as covalent and non-covalent support systems 
Immobilization of (catalytically active) transition-metal complexes on macromolecular 
support systems offers advantages with respect to recovery of expensive or toxic ligands and 
catalysts. Although dendrimers have been studied in great detail for supporting homogeneous 
catalysts, hyperbranched polymers offer synthetically more easily accessible support systems. 
Hyperbranched polyglycerols with narrow polydispersities are obtained by the controlled 
ring-opening multi-branching (ROMB) polymerization of glycidol. Partial esterification of the 
hydroxyl groups affords amphiphilic nanocapsules with an inverse micelle-type architecture. 
Chapter 6 describes the use of these nanocapsules for the non-covalent immobilization of 
hydrophilic NCN-platinum sulfonates (Scheme 2). Platinum loading is achieved by liquid-
liquid extractions from an aqueous NCN-platinum sulfonate solution into a dichloromethane 
solution containing the nanocapsules. UV/Vis- and NMR-spectroscopy, as well as elemental 
analysis, unequivocally show encapsulation of the NCN-platinum complexes, and the 
dependence of loading capacity on the nanocapsule size. The resulting materials, used as 
model catalysts, show rate enhancements in the double Michael addition between methyl 
vinyl ketone and ethyl cyanoacetate.  
 

0.5 M NaOH

1) Mixing
2) Phase separation

X = −OH, OH2

CH2Cl2

= Pt NMe2Me2N

X

SO3Na

nanocapsule
 

Scheme 2 
 
Alternatively, carboxylic acid functionalized NCN-platinum complexes were covalently 
attached to a hyperbranched polyglycerol backbone (Chart 4). Chapter 7 describes the 
activation of the polyglycerol by complete tosylation of the available hydroxyl groups, 
followed by their partial substitution with the potassium carboxylate of the NCN-platinum 
complex. The presence of the heavy platinum and iodine atoms in the covalently modified 
hyperbranched materials renders them directly visible by transmission electron microscopy 
(TEM), without staining procedures. TEM micrographs showed disk-shaped structures with a 
small size distribution (15-20 nm) and characteristic core-shell ring structures. The thickness 
of the corona observed in TEM can be correlated with the degree of substitution of NCN-
platinum moieties.  
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Chapter 8 describes both the non-covalent (see chapter 6) and the covalent (see chapter 7) 
immobilization of NCN-platinum complexes on chiral hyperbranched polyglycerols. These 
chiral materials are obtained by ROMB polymerization of either pure (S)- or (R)-glycidol, 
followed either by partial esterification to obtain chiral nanocapsules, or by tosylation and 
substitution with NCN-platinum moieties to afford chiral covalently modified polyglycerols. 
Circular dichroism (CD) spectroscopy showed the chiral information enclosed in the 
macromolecular materials. Model studies of the catalytic efficiency of the immobilized NCN-
platinum complexes showed that the chiral support does not lead to chiral induction in the 
asymmetric Michael addition between methyl vinyl ketone and ethyl (R/S)-α-
cyanopropionate. 
 
General conclusions 
The results described in this thesis show that NCN-pincer palladium and platinum complexes 
are versatile building blocks for the construction of new organometallic materials with 
applications in diverse fields such as catalysis, crystal engineering, and (macro)molecular 
visualization. The pathways presented for the synthesis of the new para-functionalized NCN-
pincer complexes are of crucial importance for generating a suitable anchoring point for 
further functionalizations without affecting the M−C bond. Important aspects concerning their 
synthesis include: i) the exceptional stability of the NCN-complexes, allowing ligand 
modifications after the metallation step, and ii) the availability of various metallation 
procedures for selective introduction of the palladium or platinum center in the NCN-ligand. 
Both features offer a high degree of flexibility in the synthesis of the para-functionalized 
complexes, making functionalization with virtually any (organic) group feasible. Noteworthy 
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are the linear Hammett correlations found for the para-substituted NCN-platinum complexes. 
Extension of these correlations to NCN-pincer complexes of other metals, and eventually to 
PCP- or SCS-pincer complexes, allows subtle tuning of the electron density on their metal 
centers, and consequently theoretical predictions of their catalytic and/or optical properties.  
 
The application of NCN-pincer building blocks in the examples shown in this thesis illustrate 
the above-mentioned features, i.e. selective metallation of the ligand at various stages of the 
syntheses and modifications on the ligand after the metallation step. The methodology 
employed in the preparation of the pincer complexes can be used as a starting point for the 
construction of new organometallic materials based on the pincer ligand. These materials can 
be designed to exhibit bio- or solvent-compatibility and/or specific aggregation behavior. 
Finally, (non)-covalent assembly of catalytically active NCN-pincer complexes with other 
functional moieties, e.g. (co)catalysts or receptor sites, offers the opportunity to construct 
bifunctional or supramolecular catalysts. 
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Samenvatting 
 
Het gebruik van organometaal- en coördinatiecomplexen als bouwstenen voor nieuwe 
materialen met specifieke katalytische, redox, optische of sensor toepassingen is een snel 
groeiende discipline in de chemie. De functionalisatie van liganden speelt hierin een centrale 
rol en vindt veelal vóór of, hoewel minder gebruikelijk, ná de metalleringsstap plaats. 
Ligandfunctionalisering maakt naast de verankering van overgangsmetaalcomplexen aan 
macromoleculaire of anorganische dragers, tevens regulering van de oplosbaarheid van het 
complex of de fijnafstemming van elektronische eigenschappen van het metaalcentrum 
mogelijk. Verder kunnen deze bouwstenen worden toegepast voor de constructie van 
(supra)moleculaire architecturen in de vaste stof (crystal engineering) en in oplossing. Het 
NCN-tangligand vormt een veelzijdige bouwsteen voor deze toepassingen (NCN = 2,6-
bis[(dimethylamino)methyl]phenyl anion). De palladium- en platinatangcomplexen (Figuur 1) 
zijn stabiel onder aërobe condities en toepasbaar als katalysator of sensor. De para-
functionalisering van deze complexen biedt een verankeringspunt voor verdere modificatie 
zonder dat de structurele integriteit van het metaalcentrum wordt aangetast.  
 

NMe2Me2N M

X

Z

M = Pd(II), Pt(II)
X = tegenion en/of coördinerend ligand
Z = functionele groep

 
Figuur 1 

 
Dit proefschrift beschrijft naast de synthese en eigenschappen van para-gefunctionaliseerde 
NCN-tangcomplexen van palladium(II) en platina(II), het gebruik van deze complexen als 
bouwstenen voor de constructie van nieuwe, functionele organometallische materialen. In 
hoofdstuk 1 wordt een kort overzicht van het gebruik van overgangsmetaalcomplexen als 
functionele bouwsteen gegeven. In hoofdstukken 2 en 3 worden vervolgens de synthese van 
verscheidene para-gefunctionaliseerde NCN-tangcomplexen, alsmede de invloed van de 
geïntroduceerde substituenten op een aantal fysisch-chemische eigenschappen van de 
complexen gepresenteerd. De para-functionalisering van NCN-palladiumcomplexen met 
meerdere verankeringspunten staat beschreven in de hoofdstukken 4 en 5. Naast 
immobilisatie van de verkregen complexen aan carbosilaandendrimeren en modellen 
hiervoor, kunnen additionele functionele groepen worden geïntroduceerd. De invloed van 
deze functionele groepen op de katalytische eigenschappen van de resulterende complexen is 
eveneens beschreven. Hoofdstukken 6, 7 en 8 behandelen tenslotte de covalente en niet-
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covalente verankering van NCN-platinacomplexen aan polymere dragermaterialen gebaseerd 
op hypervertakte polyglycerolen. Het in deze laatste hoofdstukken beschreven onderzoek 
werd uitgevoerd in samenwerking met Dr. H. Frey en Dr. S.-E. Stiriba van de Universiteit van 
Freiburg.   
 
Synthese en eigenschappen ven para-gesubstitueerde NCN-tangcomplexen 
Er zijn in essentie twee strategieën denkbaar voor de synthese van para-gefunctionaliseerde 
NCN-tangcomplexen; beide staan beschreven in hoofdstuk 2 (Schema 1). Bij de meest 
gebruikelijke methode wordt het ligand vóór de metalleringsstap gefunctionaliseerd. 
Aangezien de covalente M−C binding vaak het meest reactieve deel van een 
organometaalcomplex is, wordt het metaal bij voorkeur in de laatste stap van de synthese 
ingevoerd. De tweede methode maakt gebruik van de grote stabiliteit van de Pt−C en Pd−C 
bindingen; een direct gevolg van de rigide, terdentaat binding van het NCN-ligand aan het 
metaal. Hierdoor kunnen een aantal modificaties aan het ligand in het organometaalcomplex 
zelf worden uitgevoerd. Een verscheidenheid aan para-gefunctionaliseerde NCN-
tangcomplexen [MX(NCN-Z)] (M = Pd(II), Pt(II); X = Cl, Br, I; NCN-Z = [2,6-
(CH2NMe2)2C6H2-4-Z]−; Z = NO2, COOH, SO3H, PO(OEt)2, PO(OH)(OEt), PO(OH)2, 
CH2OH, SMe, NH2) werd gesynthetiseerd met gebruik van beide strategieën. De invloed van 
de substituenten op de elektronische eigenschappen van het metaalcentrum werd 
gekwantificeerd met 195Pt-NMR en DFT-berekeningen. Hieruit konden lineaire correlaties 
voor zowel de 195Pt-chemische verschuiving als de berekende Mulliken-populaties met de σp 
Hammett-substituentconstanten worden opgesteld. De para-substituent oefent een dominante 
invloed uit op zowel de oplosbaarheids- als de vastestof-eigenschappen van de resulterende 
tangcomplexen. NCN-Metaalcomplexen met protische functionele groepen (COOH, CH2OH) 
dimeriseren in de kristallijne toestand door vorming van intermoleculaire waterstofbruggen. 
De para-nitrogefunctionaliseerde NCN-palladiumcomplexen vormen als gevolg van elektron-
donor-acceptor interacties tussen het palladiumatoom en de nitrosubstituent dicht 
opeengepakte dimeren in de kristallijne toestand, dit in tegenstelling tot de overeenkomstige 
platinaverbindingen. Deze kristallografische studies zijn beschreven in hoofdstuk 3. 
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NCN-palladiumcomplexen met meerdere verankeringspunten 
Hoofdstukken 4 en 5 behandelen de synthese en katalytische toepassingen van NCN-
palladiumcomplexen, die zijn gefunctionaliseerd met groepen voor modificatie van de 
katalytische eigenschappen en waarbij tevens een verankeringspunt voor immobilisatie aan 
carbosilaandendrimeren is aangebracht. De opbouw van een zeer flexibele, moleculaire 
tweezer (Figuur 2), samengesteld uit een para-hydroxy NCN-palladiumcomplex, een pyren-1-
oxy groep en een xylyleen verbindingsgroep, staat beschreven in hoofdstuk 4. Deze tweezer 
werd verankerd aan een G2-carbosilaan dendrimeer, waarbij een macromolecuul met 36 van 
deze eenheden werd verkregen. Dit benadrukt de potentie van NCN-tangcomplexen als 
organometaal bouwstenen voor de constructie van complexe structuren. Zowel de flexibiliteit 
als de conformaties van de moleculaire tweezer werden bestudeerd met NMR, tijdopgeloste 
fluorescentiespectroscopie en MM2 conformationele analyse. Hieruit bleek dat de NCN-
palladiumeenheid en de pyrenoxygroep zich in elkaars nabijheid bevinden als gevolg van 
kation-π interacties. De pyrenoxygroep vertoont affiniteit voor picrinezuur (trinitrofenol) als 
gevolg van attractieve 'π-π stacking' interacties (associatieconstanten in de orde van 101-102 
M-1). Deze affiniteit blijkt nauwelijks van invloed te zijn op de katalytische activiteit van 
moleculaire tweezers in de aldolreactie tussen methyl isocyanoacetaat en verschillende 
aromatische aldehydes. De aanwezigheid van de pyrenoxygroep leidt in een aantal gevallen 
tot een tweevoudige verhoging van de initiële reactiesnelheid. 
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Figuur 2 

 
In hoofdstuk 5 worden NCN-palladiumcomplexen beschreven die gefunctionaliseerd zijn met 
zowel een verankeringspunt voor immobilisatie alsmede een reactieve groep voor verdere 
modificatie (Figuur 3). De complexen bevatten een trimethylsilylgroep als model voor een 
dendritische carbosilaandrager. Na invoering van deze trimethylsilylgroep kunnen alle 
vervolgreacties, inclusief de metallering, met nagenoeg kwantitatieve opbrengsten worden 
uitgevoerd. Dit is een noodzakelijke voorwaarde voor synthese van dendrimeren. De 
functionele groep Z, die op enige afstand van het katalytisch centrum is geplaatst, beïnvloedt 
de katalytische activiteit en selectiviteit van de complexen nauwelijks. De in Figuur 3 
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weergegeven substituenten bieden echter wel een startpunt voor verdere functionalisering, 
aangezien modificaties mogelijk zijn na metallering van het ligand. 
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Figuur 3 

 
Hypervertakte polyglycerolen als covalente en niet-covalente dragers 
Verankering van (katalytisch actieve) overgangsmetaalcomplexen aan macromoleculaire 
dragers biedt als voordeel dat het terugwinnen van de vaak dure of toxische katalysatoren en 
liganden wordt vergemakkelijkt. Hoewel dendrimeren veelvuldig zijn bestudeerd als 
dragermaterialen voor homogene katalysatoren, bieden hypervertakte polymeren, synthetisch 
gezien, een meer toegankelijk alternatief. Hypervertakte polyglycerolen met smalle 
polydispersiteiten worden verkregen door gecontroleerde 'ring opening multibranching' 
(ROMB) polymerisatie van glycidol. Gedeeltelijke verestering van de aanwezige 
hydroxygroepen met vetzuren levert amfifiele nanocapsules met een geïnverteerde micel-
gelijkende structuur. Hoofdstuk 6 beschrijft het gebruik van deze nanocapsules voor de niet-
covalente verankering van hydrofiele NCN-platinasulfonaten. De capsules worden beladen 
door vloeistof-vloeistof extracties van een waterige oplossing van NCN-platinasulfonaten in 
een dichloormethaanoplossing van de nanocapsule (Schema 2).  
 

0.5 M NaOH

1) Mixen
2) Fasescheiding

X = −OH, OH2

CH2Cl2

= Pt NMe2Me2N

X

SO3Na
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Schema 2 
 
Uit UV/Vis- en NMR-spectroscopie, alsmede uit elementanalyse blijkt ontegenzeggelijk de 
opname van de complexen in de capsules en tevens de afhankelijkheid van de 
ladingscapaciteit en de grootte van de nanocapsule. De resulterende beladen materialen 
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werden toegepast als modelkatalysatoren in de dubbele Michael additie van methylvinyl 
keton met ethylcyanoacetaat. 
 
Verder werden COOH-gefunctionaliseerde NCN-platinacomplexen covalent verankerd aan 
een drager van hypervertakt polyglycerol (Figuur 4). Hoofdstuk 7 beschrijft de activering van 
het polyglycerol door tosylering van de alcoholgroepen, gevolgd door de gedeeltelijke 
substitutie van tosylgroepen door NCN-platina-eenheden. De aanwezigheid van de zware 
platina- en joodatomen maakt dat de verkregen materialen direct zichtbaar zijn in 
elektronenmicroscopie (TEM) zonder gebruik te maken van contraststoffen. TEM-Foto's van 
de gefunctionaliseerde polyglycerolen laten schijfvormige structuren met een kleine spreiding 
in grootte (15-20 nm) en een karakteristieke kern-schil structuur zien. De dikte van de 
donkere, buitenste laag van deze structuur kon worden gecorreleerd met de substitutiegraad 
aan NCN-platina-eenheden.   
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Figuur 4 

 
Hoofdstuk 8 beschrijft tenslotte de niet-covalente (zie ook hoofdstuk 6) en covalente (zie ook 
hoofdstuk 7) verankering van NCN-platinacomplexen aan chirale, hypervertakte 
polyglycerolen. Deze chirale materialen worden verkregen door ROMB polymerisatie van 
puur (S)- of (R)-glycidol, gevolgd door óf gedeeltelijke verestering om chirale nanocapsules 
te verkrijgen óf door tosylering en substitutie met NCN-platinacomplexen om covalent 
gebonden gemodificeerde chirale polyglycerolen te synthetiseren. De chiraliteit van de 
verkregen macromoleculaire materialen werd zichtbaar gemaakt door middel van circulair 
dichroisme (CD) spectroscopie. Uit modelstudies naar de katalytische eigenschappen van de 
verankerde NCN-platinacomplexen blijkt dat het gebruik van de chirale dragermaterialen 
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helaas niet leidde tot chirale inductie in de asymmetrische Michael additie tussen methylvinyl 
keton en (R/S)-ethyl-α-cyanopropionaat. 
 
Algemene conclusies 
De in dit proefschrift beschreven resultaten laten zien dat NCN-tang palladium- en 
platinacomplexen veelzijdige bouwstenen vormen voor de constructie van nieuwe 
organometaalmaterialen met toepassingen in diverse disciplines, zoals katalyse, 'crystal 
engineering' en (macro)moleculaire visualisatie. De synthetische routes die worden gebruikt 
voor de synthese van de nieuwe para-gefunctionaliseerde NCN-tangcomplexen zijn van 
cruciaal belang voor het invoeren van een geschikt verankeringspunt met behoud van het 
metaalcentrum. Belangrijke aspecten van deze syntheses zijn: i) de uitzonderlijke stabiliteit 
van de NCN-complexen die ligandmodificatie mogelijk maakt na de metalleringsstap en ii) de 
verscheidenheid aan metalleringsprocedures voor selectieve invoering van het palladium- of 
platina-centrum in het NCN-ligand. Beide aspecten bieden een grote mate aan flexibiliteit 
binnen de synthese van para-gefunctionaliseerde NCN-complexen en maken de invoering van 
vrijwel iedere (organische) groep mogelijk. Hiernaast zijn de gevonden lineaire Hammett-
correlaties voor de para-gesubstitueerde NCN-metaalcomplexen interessant. Uitbreiding van 
deze correlaties naar NCN-complexen van andere metalen, en uiteindelijk naar PCP- of SCS-
tangcomplexen, maakt fijnafstemming van de elektronische eigenschappen van het 
metaalcentrum mogelijk. Dit biedt vervolgens de mogelijkheid tot theoretische voorspellingen 
van de katalytische en/of optische eigenschappen van deze complexen. 
 
De in dit proefschrift gepresenteerde toepassingen van de NCN-bouwstenen illustreren de 
hierboven genoemde aspecten met betrekking tot selectieve metallering in verschillende 
stadia van de totale synthese en de modificatie van gemetalleerde liganden. De methodologie 
die wordt toegepast in de synthese van de para-gefunctionaliseerde complexen kan worden 
gebruikt als uitgangspunt voor de opbouw van nieuwe organometaalachtige materialen die 
gebaseerd zijn op het tangligand. Deze materialen kunnen worden ontworpen met een 
specifieke bio- of oplosmiddelcompatibiliteit en/of specifiek aggregatiegedrag. Tenslotte kan 
de (niet)-covalente assemblage van katalytisch actieve NCN-tangcomplexen met andere 
functionele eenheden, zoals (co)katalysatoren of moleculaire herkenningsgroepen, leiden tot 
bifunctionele of supramoleculaire katalysatoren. 
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