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Chapter 1: 

An Introduction to Transition Metal Catalysis in 
Confined Spaces* 

 

 

Abstract: 
Transition metal catalysis plays an important role in both industry and in academia where 

selectivity, activity and stability are crucial parameters to control. Next to changing the structure of 

the ligand, introducing a confined space as second coordination sphere around a metal catalyst has 

recently been shown to be a viable method to induce new selectivity and activity in transition metal 

catalysis. This chapter discusses supramolecular strategies to encapsulate transition metal 

complexes with the aim of controlling the selectivity via the second coordination sphere. Examples 

will be shown where catalyst confinement can result in selective processes that are impossible or 

difficult to achieve by traditional methods. 

* Part of this chapter has been published: S. H. A. M. Leenders, R. Gramage-Doria, B. de Bruin, and J. 

N. H. Reek, Chem. Soc. Rev., 2015, 44, 433–448.  
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1.1 Introduction 
 

Catalysis has grown to play a prominent role in science as it enables the preparation 

of chemicals and materials in an atom economical and efficient manner.1 As a 

consequence, far less waste is produced in catalytic processes compared to reactions 

that use stoichiometric reagents. In addition, new selective catalytic processes 

facilitate short-cuts in total synthesis, which again is favorable in terms of 

efficiencies. These benefits translate in overall more economical processes and as 

such, catalysis is well-implemented in the bulk and fine chemical industry. 

Homogeneous transition metal catalysis has been well developed over the past 

decades and is nowadays applied in both the bulk and fine chemical industry. One of 

the advantages over heterogeneous catalysts is that the properties of transition metal 

complexes can be tuned by changing the ligands that are coordinated to the metal. 

This is especially important for reactions for which it is difficult to achieve (high) 

selectivities. However, despite substantial progress in the field, there are still many 

reactions for which the selectivity and activity cannot be controlled to a useful extent. 

Consequently, new tools that allow to control the selectivity of a reaction are more 

than welcome. In that perspective, it is interesting to look at enzymes, nature’s 

catalysts, which typically show a superb selectivity and reactivity. Their mode of 

function is complex, multiple and far from completely understood.2 However, by now 

we have sufficient knowledge on the working mechanisms of enzymes to formulate 

some general principles that may be translated to synthetic systems. One of the most 

obvious differences between enzymes and transition metal catalysts is their size. 

Enzymes are generally 50-100 times larger than metal complexes, and the large 

protein surrounding the active site often provides a well-defined confined space 

(second coordination sphere) around the active center. This can be mimicked with 

bio-inspired supramolecular chemistry. Indeed, the field of supramolecular chemistry 

has now evolved to such an extent that it becomes an accessible tool for the formation 

of synthetic ‘caged catalysts’, and encapsulating a metal complex in a supramolecular 

container within the confined space can impose steric restrictions on the catalyst-

bound substrate to mimic the second coordination sphere effects of a protein matrix 

around the active site of a metallo-enzyme. This can result in reaction pathways that 

are different from those of the free catalyst, leading to remarkably enhanced 

selectivities of the caged catalysts compared to their non-encapsulated analogs. 

So far, research has been mostly focused on the development of new cage-like 

structures that have an interior that can be utilized for purely cage-catalyzed chemical 

transformations (i.e. a cage-shaped ‘organic catalyst’ without a catalytically active 

transition metal included in the cage cavity). A given substrate that is brought into a 

confined space of this ‘cavity’ experiences a series of ‘confinement effects’, creating a 
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different environment around the substrate than in the bulk solvent. Often the 

encapsulated substrate molecule can only adapt certain specific conformations as it 

has to adjust to the size and shape of the cavity. This also limits its motion, and 

restricts the number of possible reaction pathways. Usually it also results in a 

reduced activation entropy of the reaction. The proximity and orientation of the 

reactive groups can be restricted, which affects the selectivity of a reaction (e.g. 

formation of low-entropy products, such as ring-compounds). In some cases, the 

substrate or the reaction intermediate is forced to adopt a high-energy (and low 

entropy) conformation leading to increased reactivity,3 which can effectively lower 

the free-energy reaction barrier, thus accelerating the reaction. Furthermore, the 

transition state of the effective reaction pathway can be stabilized by attractive 

interactions between the catalyst and the surrounding cavity, decreasing the overall 

energy barrier of the reaction. A number of elegant capsular catalysts that display 

unusual capsule-driven selectivity and/or enhanced activity in catalyzed reactions 

have been reported.4-6 For example, the Diels-Alder reactions within the octahedral 

coordination capsules, developed by Fujita and co-workers,6f,7 led to products that are 

not formed in the bulk, demonstrating the capsule-directed selectivity effect.8,9 

Raymond and co-workers showed that the rate of the acid-catalyzed hydrolysis 

reaction of orthoesters is dramatically increased by the microenvironment of the 

cage, and occurs even in a basic reaction medium,10 demonstrating the potential of 

the strategy to enhance rates. 

In this chapter we focus on transition metal catalyzed transformations that take place 

in molecular containers. Similar to purely cage-catalyzed chemical transformations 

mediated by cage-shaped ‘organic catalysts’, substrate pre-organization is expected to 

be of crucial relevance for such encapsulated transition metal catalysts. In addition, 

the confined space can have an effect on certain specific reaction steps that occur at 

the metal site. In many reactions the transition metal shuttles through various 

oxidation states, thereby changing their coordination environment and geometry. For 

example, in a typical palladium catalyzed cross coupling, the metal cycles via square 

planar Pd(II) and tetrahedral Pd(0). Constraints imposed by the second coordination 

sphere could lead to (de-)stabilization of either one of these states. In addition, 

substrate coordination to the metal, as well as the rotational freedom of the substrate 

could also be controlled by encapsulation, leading to new tools to control the 

selectivity of a transition metal catalyzed reaction. 

First we will show some examples of supramolecular assemblies in section 1.2. This 

highlights some of the possibilities in terms of making the confined space. Then, in 

section 1.3 some examples are shown involving a ligand and its metal complex 

covalently bound to the molecular container. These examples illustrate the benefits of 

having a capsule surrounding a transition metal catalysts. Section 1.4 discusses the 
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ligand-template approach, in which a ligand not only coordinates to the active metal 

center, but is also used as the template to form a cage-shaped second coordination 

sphere around the metal complex. The advantages of encapsulating 

metalloporphyrins in catalysis are described in section 5, and examples of the host-

guest approach in which a catalyst is confined in a preformed cavity-shaped container 

are discussed in section 6. Finally a conclusion and an outline with project aims are 

given. 

 

1.2 Formation of confined spaces through self-assembly 
 

Nanocavities, or confined spaces can be formed through various ways. Covalently 

attaching different monomeric units to form a confined space is one of the earliest 

examples to make a confined space. Molecules like crown ethers form a confined 

space to embed ions. Larger systems like cavitands, cyclodextrins and 

cucurbit[6]urils have proven to form a void for the encapsulation of guests. Although 

the confined spaces of these molecules are well defined, catalysis can only be achieved 

by covalent attachment of the catalytic center (see section 1.3). Another way to form 

nanocavities is through self-assembly. By using supramolecular chemistry, multiple 

small building blocks can be used to form a larger structure. The amount of building 

blocks and the interactions that hold the monomers together can be varied. For 

example, the group of Rebek, Jr. has reported the assembly of cylindrical capsules 

(see Figure 1) leading to the formation of so called ‘softball’ structures.11 These 

structures are made through the hydrogen bonding of monomers and can 

accommodate various guests in the so formed cavity. 

 

 
Figure 1: Two resorcinarene subunits can form a cylindrical capsule through hydrogen bonding. 
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The multiple weak hydrogen bonds that hold these structures together give them 

their stability and make them form spontaneously in solution. Both sides of the 

cylindrical capsule can host a different guest and due to formation of the capsule, 

pairwise encapsulation can be observed. When choosing the right guests, both guests 

can be brought together and forced to react with each other. In this way the group of 

Rebek, Jr. demonstrated that the capsule can facilitate a 1,3-dipolar cycloaddition of 

an alkyne and an azide.12  

The stability of these systems depend on the amount of hydrogen bonds and these 

bonds are therefore not always the preferred type of interactions to form the 

assembly. By using metal-ligand interactions, more strong and also directional 

assemblies can be formed. Depending on the coordination number of the metal that 

is used, and the type of ligand, different shapes of assemblies can be formed. 

Different shapes, ranging from tetrahedrons, octahedrons, cubes and polyhedrons 

can be designed. In these capsules the ligand can function as the strut of the assembly 

or occupy the vertices. For example, Nitschke et al. have demonstrated that four iron 

centers can be held together by six bis-bidentate ligands13 forming an anionic 

tetrahedral cage (see Figure 2). The formed confined space can be fine-tuned by 

changing the ligand and can host different hydrophobic guests. These guests are then 

protected in the cavity. As demonstrated by the group of Nitschke, pyrophoric white 

phosphorus was prevented from oxidation in the cavity and furan can be protected 

from undergoing a Diels-Alder reaction. 

 

 
Figure 2: Tetrahedral shaped cage formed via metal ligand interactions as designed by Nitschke and co-

workers. The six bidentate ligands function as struts of the tetrahedron which are held together by four iron 

centers. 

 

Octahedral and larger polyhedral structures have been shown to be formed when 

palladium pyridine bonds are used as demonstrated by Fujita and co-workers. When 

a tris-pyridine building block is used in combination with a cis-capped palladium 
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species an octahedral cage consisting of six metals and four ligands is formed (see 

Figure 3a).14      

 

 
Figure 3: Octahedral shaped cage held together by pyridine-palladium bonds. The four tris-pyridine ligands 

occupy the vertices leaving four open windows for guests to enter. On the right some applications of the 

cage are depicted.   

 

Due to the electron-deficient hydrophobic cavity a large variety of guests can be 

encapsulated.15 While transition metal catalysis has not yet been demonstrated inside 

the void of this M6L4 capsule, organic transformations like [2+2] cycloadditions,16 

Diels-Alder17 and Knoevenagel reactions18 have been shown to be facilitated by this 

assembly. In these examples the supramolecular assembly bring the components 

close together and forces the reaction to proceed because of the confined space. It 

even forces new reactivity due to the steric restrictions of the substrates in a Diels-

Alder reaction (Figure 3b).17a Furthermore, metal complexes can be encapsulated 

inside the octahedral cage. When a binuclear ruthenium complex is captured in the 

void, it is forced to adapt a cis-conformation of the indene ligands due to the steric 

restrictions (Figure 3c).19 By changing the indene ligands to a smaller tetramethyl-

cyclopentadiene ligand, more free space is available for the binuclear system in the 

cavity. Fujita et al. demonstrated that, when this smaller metal complex is 

encapsulated, the cage can stabilize an intermediate species in the reaction of the 

complex with alkynes (Figure 3d).20 Furthermore, when a square planar palladium 

complex was encapsulated in the confined space together with an alkyne, C-H 

activation of the alkyne was observed (Figure 3e).21 Hence, the tight fit inside the 

capsule demonstrates that stabilization of intermediate species in a confined space is 

possible. 
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The group of Fujita furthermore demonstrated that pyridine-palladium interactions 

can also be used to form larger structures. When employing bent bispyridine building 

blocks (L) in combination with square planar non-ligated palladium complexes (M), 

hollow spherical structures are obtained of the formula MnL2n (n = 6, 12, 24).22 Fujita 

and co-workers demonstrated that, depending on the bent angle of the pyridine 

building blocks, different spherical assemblies are formed.23 In this way, when the 

angle between the pyridines is smaller than 131° a cuboctahedron or M12L24 species is 

formed, as is the case with a furan moiety (see Figure 4). When this bent angle is 

made bigger, for example by employing a pyrrole ring, a rhombi-cuboctahedron 

(M24L48) is formed as is displayed in Figure 4 on the right.  

 

 

Figure 4: Large spherical cages can be formed by using bis-pyridine ligands with different bent angles. 

Depending on the angle between the pyridines, either a M12L24 or a M24L48 species is formed when the 

pyridine is ligated to square planar palladium(II) species (Figure is partially adapted from reference [22]). 

 

The confined space and structure formed by the building blocks is dependent on the 

structure of the building block itself. By modification of the building block, also more 

elaborated structures can be obtained, derived from the M12L24. Among the 

possibilities demonstrated are stellated cuboctahedrons, cantellated tetrahedrons and 

even a sphere-in-a-sphere.24 Interestingly, the spheres can also be decorated through 

functionalization of the building block. Because of the bent angle of the building 

block, one part of the backbone is pointing towards the inside and one part towards 

the outside. Through various synthetic routes the backbone can be functionalized to 

force functional groups point towards the outside of the sphere (exohedral 

functionalization, Figure 5, top) or the inside (endohedral functionalization, Figure 5, 

bottom).    
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Figure 5: Bis-pyridine ligands can form spheres which are either functionalized on the outside or inside, 

depending on the location of the synthetic modification of the building block. The exohedrally 

functionalized spheres are visualized on the top while the endohedrally functionalization is shown in the 

bottom (Figure is partially adapted from reference [22]). 

 

The exohedral functionalization has been used to decorate the outside of the M12L24 

spheres with various functional groups to interact with other molecules. For example, 

saccharide exohedral functionalized spheres have been shown to interact with 

proteins.25 More interestingly, in terms of confined spaces, is the endohedral 

functionalization of the spheres. The acetylene linked spacer is mostly used forming a 

endohedrally functionalized nanosphere with a size between 3.5 to 4.6 nm. Through 

the use of different building blocks, the inside has been shown to host, among others, 

polyethylene glycol tails,26 fluor tails to form a fluorous nanodroplet27 or coronene 

groups to form an aromatic cavity.28 The possibility to functionalize the inside gives 

distinct nanophases in a confined space, therefore allowing the encapsulation of 

different moieties, depending on the type of phase that is made through assembly. 

Due to the close proximity of the endohedral functionalized building blocks, the 

confined space can also be used to form well defined silica nanoparticles by 

embedding them in a saccharide functionalized sphere.29 A catalytically active cavity 

was designed by Reek et al. who embedded 24 gold chloride moieties inside the 

sphere.30 As a result of the confined space, a high local concentration of gold was 

formed inside the nanocapsule. This resulted in activity of the normally inactive gold 

chloride complex. Thus the spheres were able to cyclize an allenol substrate while the 

building block itself could not. More properties of the reactivity of this gold 

functionalized sphere are extensively discussed in chapter 3. 
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The structures of the systems discussed here are only a small fraction of all reported 

ones. As this thesis mostly concerns transition metal catalysis in confined spaces, the 

next sections only discuss capsules or cages which have been shown to be compatible 

with transition metal catalysis. Supramolecular assemblies are the preferred choice to 

make the confined space due to their ease of formation. We will also provide a few 

examples in which the catalyst is covalently attached to a host.  

 

1.3 Metal encapsulation by covalent anchoring 
 

Locating an active metal center in, or close to a molecular cavity can provide benefits 

in terms of activity and selectivity. First approaches in creating such systems dealt 

with covalent anchoring of metal complexes to synthetic receptors. The synthesis of 

such species is generally time-consuming and mostly limited to the molecular cavities 

that are readily available, such as resorcin[n]arenes, calix[n]arenes or cyclodextrins. 

There are some interesting examples that clearly show how the environment of a 

catalytic system can discriminate between different pathways occurring within the 

catalytic cycle. The group of Rebek, Jr. reported an example of a palladium complex 

attached to a cavitand, which is able to distinguish between different substrates in 

allylic alkylation (Figure 6).31 In the presence of a 1:1 mixture of two substrates that 

differ in size, the catalyst-cavitand system preferably forms one of the two 

corresponding palladium allyl species, which was proven by mass spectroscopy. This 

indicates that the capsular catalyst is already selective during the oxidative addition 

of the substrate, something that is not observed for the non-capsular catalyst studied 

in control reactions. Upon nucleophilic attack, the conventional palladium catalyst 

gives rise to a statistical mixture of products whereas the capsular catalyst produces 

the smallest product with a 9:1 selectivity. 
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Figure 6: Nucleophilic attack on the Pd-allylic species yielded new substrate selectivity when a cavitand was 

used to create a second coordination sphere around the catalyst (BSA: N,O-bis(trimethylsilyl)acetamide).  

 

In a similar way, Sollogoub and co-workers nicely showed a gold-carbene catalyst in 

which the selectivity was controlled by the α- and β-cyclodextrin cavities attached to 

the catalyst (see Figure 7).32 Whereas the smaller α-cyclodextrin gold-carbene 

catalyst gives a 1:0.65 (1:2) ratio of both five-membered ring products, the bigger β-

cyclodextrin analogue yielded the six-membered cyclic product as the major one 

(1:0:3.3, 1:2:3). Clearly, the selectivity of the reaction is controlled by the second 

coordination sphere that is surrounding the catalyst. 
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Figure 7: Product-selectivity controlled by the size of the cyclodextrin around the gold carbene catalyst. 

 

More recently, Matt and co-workers described the use of monophosphine-rhodium 

complexes embedded in α- and β-cyclodextrin cavities in the asymmetric 

hydroformylation of styrene (Figure 8).33 The cavity-functionalized ligands are bulky, 

thus enforcing formation of encapsulated complexes that only are coordinated to a 

single phosphine ligand. The shape and bulk of the ligand prevents coordination of a 

second phosphine ligand to the rhodium center. Interestingly, both a high regio-

selectivity (98%) and high enantiomeric excess (ee up to 95%) could be achieved with 

this capsular catalyst. The enantioselectivity is controlled by the chiral cyclodextrin 

environment around the rhodium complex. While detailed insight is currently 

lacking, these examples clearly demonstrate that the covalent attachment of a cavity-

shaped host to a metal complex can be effectively used to tune the selectivity of a 

catalytic reaction.  
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Figure 8: Monophosphine-rhodium complex confined in a cyclodextrin, applied in the asymmetric 

hydroformylation of styrene. 

 

As an alternative approach to the above described covalent attachment of cavities and 

catalysts, self-assembly can commendably be used to construct catalysts embedded in 

a host, thus providing a well-defined surrounding or second coordination sphere. 

Examples of such a self-assembly approach for second sphere formation are 

described in the following sections.  

 

1.4  Ligand-template approach to transition metal complex encapsulation  
 

Reek and co-workers have introduced the ligand-template approach as a new strategy 

that leads to catalyst encapsulation. In this approach a ligand-template has a dual 

function: (1) it coordinates to the transition metal that is the active site, and (2) it 

functions as a template for the assembly of the cage around the active site.6i,34,35 The 

most successful example of a ligand-template is meta-tris-pyridylphosphine (4) that 

coordinates via its phosphorus atom to the catalytic active metal complex (e.g. 

[RhH(CO)3]) and via its pyridine groups to three zinc(II)-porphyrin building blocks 

(Figure 9). As such, a narrow cavity is obtained via self-assembly, surrounding the 

catalytically active metal complex and enforcing mono-phosphorus coordination. 

With this approach in hand, different building blocks were studied to investigate how 

the size and shape of the generated cavity influences the reactivity and selectivity of 

the catalyst. If ligand 4 is used in combination with smaller building blocks such as 

zinc(II)salen, zinc(II)salphen and bis-(thiosemicarbazonato)zinc(II) complexes, the 

conformational flexibility is too large to enforce exclusive formation of well-defined 

encapsulated species.34c,e,f Also, if instead of meta-tris-pyridylphosphine ligand (4) 

the para-analogue is used as the template ligand, the formation of bis-phosphorus 

coordinated complexes are formed as a result of the open structure of the assembly.34 

d The second coordination sphere formed via the coordination of zinc-porphyrins 

(e.g. 5) leads to the proper cavity, allowing fine tuning via the phenyl groups of the 

porphyrin. The application of zinc-phthalocyanines results in spacious cages, 
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imposing little restriction on the active site in the cavity. This ligand-template 

strategy has been mainly exploited in the rhodium-catalyzed hydroformylation 

reaction of non-substituted alkenes.  

 

 
Figure 9: Ligand-template approach for the encapsulation of hydroformylation catalysts. The solid pink 

arrows indicate the major products obtained with the encapsulated rhodium catalyst 6.  

 

When 6 was employed as a catalyst in the hydroformylation of alkenes, it gave rise to 

unusual selectivities. For 1-octene the branched aldehyde was the main product 

formed, which is difficult to obtain with traditional ligands. For internal alkenes the 

main product formed was the one with the formyl group at the inner carbon atom of 

the C=C double bond (e.g. in case of 1-octene, 2-octene and 3-octene the major 

aldehyde formed is the one where the CHO group is located at the C2, C3 and C4 

position, respectively; See Figure 9, bottom). Molecular modeling using density 

functional theory (DFT) together with detailed experimental studies revealed that the 

selectivity is determined during the hydride migration step (depicted in Figure 10). 

Some of the pathways are effectively blocked as the transition state for the inserted 

alkene requires substantial reorganization of the capsule, which has a high energy 

penalty.36 Thus the formation of the C3-alkyl species is favored (Figure 10c), leading 

to a higher selectivity towards the C3-aldehyde. 
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Figure 10: Energy profiles for the hydride migration step (a) that leads towards the more stable C3-

alkylrhodium species (c) vs. the C2-alkylrhodium species (b). Reprinted with permission from reference [36]. 

Copyright © 2013, Nature Publishing Group. 

 

This example shows that substrate rotation at the active site is controlled by the 

second coordination sphere and evidences a substrate preorganization feature, which 

is quite similar to substrate preorganization imposed by the hydrophobic cavity of an 

enzyme. Interestingly, the X-ray structure of 4•53 shows C-H···π interactions between 

adjacent porphyrin buildings blocks in the assembly, which are disrupted to 

accommodate the transition state that leads to the minor product. As a consequence, 

small changes to the porphyrin building block can lead to large changes in selectivity. 

Importantly, by using zinc-phthalocyanines as building blocks instead of porphyrins, 

the cavity generated around the rhodium active site is much larger, and this leads to a 

reversal of the selectivity from C3 to C2 aldehydes (Figure 11). This represents the 

first example in which the catalyst is the same, and where the selectivity is completely 

controlled by a synthetic second coordination sphere around it. In addition, the 

selectivity in the hydroformylation of internal alkenes is extremely difficult to control 

by traditional ligand design strategies. As such, this supramolecular tool adds new 

opportunities in transition metal catalysis. It is noteworthy to mention, that the 

selectivity of the encapsulated hydroformylation catalyst 6 can be maintained at high 

temperatures (75-80 °C) by changing the syngas ratio from 1:1 (H2:CO) to 1:2 (high 

partial CO pressure), which is important when considering industrial applications.37  
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Figure 11: Encapsulated rhodium catalyst with porphyrins (a) and phthalocyanines (b) as templates and the 

confined space where hydroformylation occurs favoring the C3-aldehyde (c) and favoring the C2-aldehyde 

(d). Reprinted with permission from reference [36]. Copyright © 2013, Nature Publishing Group. 

 

This strategy can be further applied to other metal-catalyzed transformations. For 

example, 4•53 was used in the palladium catalyzed Heck reaction, which appeared 

faster compared to classical triphenylphosphine systems, although this was mainly 

due to shorter incubation times.34a  

To extend the ligand-template approach to asymmetric hydroformylation of internal 

alkenes, Reek and co-workers reported the use of bulky chiral pyridine-based 

phosphoramidite ligands in combination with zinc(II)-templates for the 

encapsulation of transition metal catalysts.38 These monodentate ligands showed an 

exceptional supramolecular control of the ligand coordination in a rhodium hydrido 

complex for hydroformylation. Upon addition of a zinc template, in situ high-

pressure NMR and IR studies revealed a change in coordination mode of the ligand 

from an equatorial to an axial position, trans to the hydride (Figure 12). Application 

of these supramolecular ligands in asymmetric hydroformylation of challenging 

internal non-functionalized alkenes proved that this unusual coordination, induced 

by the supramolecular capsule is reflected in higher activity and enantioselectivity. 

The non-supramolecular cis-complex gives a poor conversion of 2-octene of only 12% 

and a moderate enantiomeric excess (ee%) of only 25% of the C3-aldehyde. The 

supramolecular system, which enforces formation of the trans-complex, has a clearly 

enhanced performance: a conversion of 56% and ee% of 45%. The stereoselectivities 

obtained with this system left room for improvement, and hence it was anticipated 

that higher selectivities should be attainable when using a more rigid self-assembled 

system. 
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Figure 12: Phosphoramidite ligands used in combination with porphyrins to induce enantioselectivity in the 

hydroformylation of internal alkenes. 

 

This led the authors to design a new chiral, box-shaped catalyst (7, Figure 13), which 

is based on a similar chiral pyridylphosphoramidite template ligand building block.39 

By employing bis-zinc-salphens platforms, rigid molecular boxes are formed with a 

specific chiral second coordination sphere around the bis-chelated rhodium catalyst. 

The fact that the active species is spatially confined in a chiral cavity leads to high 

regioselectivity towards the formation of the internal aldehydes and results in high 

enantioselectivities (e.g. enantiomeric ratio up to 93:7 for the C3 aldehyde was 

obtained from cis-2-octene). 
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Figure 13: A self-assembled chiral rhodium catalyst employed in the asymmetric hydroformylation of 

internal alkenes.  

 

The ligand template approach has been further extended to functionalized hybrid 

bidentate ligands, BIAN ligands and to xanthene based phosphorus ligands.40 It 

resulted in interesting new ways of controlling the selectivity in gold-catalyzed 

coupling reactions, palladium catalyzed co-polymerization and in asymmetric 

hydroformylation, but in these cases the effects were probably more due to changes in 

the steric properties of the ligand rather than to encapsulation effects. Overall, these 

examples show that the ligand-template approach is a very powerful strategy that 

leads to new ways of controlling reactions that are difficult to control otherwise. In 

the current examples the strategy uses the orthogonal binding properties of the soft 

phosphine donor and the hard pyridine donor, but many other interactions could be 

used for this. The next section will discuss different orthogonal approaches for 

capsule formation around porphyrin based catalysts. 

 

 

 

 

 

 



Chapter 1 
 

 
18 

1.5 Confined metalloporphyrins in catalysis  
 

Inspired by enzymes containing metalloporphyrins, such as cytochrome P450, 

synthetic metalloporphyrins behaving as catalysts for transition metal catalysis have 

attracted a lot of attention. Metallo-porphyrins are active catalysts for a variety of 

reactions, and substitutions on the porphyrin backbone can be used for electronic 

fine-tuning. The incorporation of different metals in the central core makes them 

suitable for different reactions, for example epoxidation of alkenes. Manganese(III) 

porphyrin (or salen) catalysts have been thoroughly investigated as epoxidation 

catalysts, and the active species is believed to be a mononuclear manganese(V)-oxo 

species.41 However, the catalytic productivity is hampered due to the formation of µ-

oxo-bridged dimeric porphyrin species, leading to a loss of activity. Therefore 

formation of supramolecular assemblies to prevent dimer formation by site-isolation 

of a single metallo-porphyrin is an interesting strategy to increase the stability and 

the turnover number (TON) of the catalyst. 

The group of Nolte reported on the confinement of an active and selective manganese 

catalyst in a cavity by capping a porphyrin scaffold with a glycoluril clip (Figure 14).42 

The resulting cavity with a diameter of 9 Å is able to bind nitrogen-donors in an axial 

fashion; which induces catalysis at the opposite site, in the binding cavity. This does 

require the use of a bulky nitrogen donor. When using a small pyridine (py) donor, 

pyridine binding to manganese actually occurs inside the cavity, so that catalysis 

occurs at the outside where inactive dimeric species can still be formed during the 

reaction. However, the bulkier tert-butylpyridine (tbpy) binds from the outside, and 

hence the vacant site for catalysis is fully isolated and protected towards formation of 

undesired µ-oxo-bridged manganese(IV)-porphyrin dimeric structures. This feature 

dramatically increases the catalyst activity and stability when applied in the oxidation 

of α-pinene, cis-stilbene and trans-stilbene. Next to this, a remarkable cavity-induced 

selectivity towards cis-epoxide was observed for cis-stilbene. This approach was 

further intensively exploited in the epoxidation of polybutadiene where the catalyst 

moves along the polymer.43 Further catalyst development has been explored by 

introducing urea functionalities at the outside of the cage. In this system the 

epoxidation takes place in the cavity, regardless which pyridine is added. 

Consequently, higher activities and selectivities in the cis-epoxidation of 

polybutadiene were achieved.44 
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Figure 14: A site-isolated active manganese within a cavity (top) and its application in the epoxidation of 

polybutadiene (bottom). Reprinted with permission from reference [43]. Copyright © 2003, Nature Publishing 

Group. 

 

Preventing formation of unreactive dimeric manganese(IV)-porphyrin species during 

the catalysis can also be achieved by encapsulating pyridine-functionalized 

metalloporphyrins in self-assembled molecular squares, as was reported by Nguyen, 

Hupp and co-workers (Figure 15).45 The metallo-supramolecular square 8, 

constructed from four zinc-porphyrins at the sides and four rhenium complexes at 

the corners, is able to bind the manganese(III)-porphyrin 8 with a high association 

constant (ca. 106 M–1). Encapsulated catalyst 8•10 was used in the epoxidation of 

styrene showing a tenfold increase in stability (turnover number) extending its 

lifetime from ten minutes to more than three hours. Such numbers can be even 

surpassed if the metallo-supramolecular square is used to bind the tetra-pyridine-

manganese(III)-porphyrin 9, which displays an even higher binding constant (ca. 107 

M–1). It was noticed that upon dilution of the manganese catalyst (which should 

further inhibit bimolecular degradation pathways), TON values up to 7000 and 

21000 for 8•10 and 8•9, respectively, were reached.  
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Figure 15: Metallo-supramolecular square 8 as designed by Hupp et al. (top). Through pyridine-zinc 

interactions, 9 and 10 are embedded in the square (bottom). 

 

The environment around the catalyst inside the cavity could be further confined by 

pairwise embedding chiral pyridylester 11 in the metallo-supramolecular square 8 as 

depicted in Figure 16. The binding of these guests restricts the cavity size and 

influences the substrate selectivity in the catalytic epoxidation of olefins. In this 

manner, 8•10•112 reacts with the smaller substrate, cis-stilbene (12) seven times 

faster compared to the larger substrate 13 and four times faster than 14. 

Unfortunately, no enantioselectivity was observed due to free rotation of the zinc 

panels, indicating that the additional guests in the cavity do not influence the 

transition states of the catalyst. It, however, does impose a stabilizing factor on the 

catalyst. This demonstrates that different reactivity for different substrate sizes can 

be imposed on the catalyst due to a restriction of space. 
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Figure 16: Increasing the bulk around the catalyst with molecular square 8 proved to induce substrate 

selectivity based on steric restrictions. 

 

The same groups demonstrated the control of substrate- and enantio-selectivity via 

the utilization of a rigid, metallo-supramolecular box composed of twelve zinc-

porphyrins, held together by four tin-porphyrins. In this assembly two catalytically 

active manganese-porphyrins were embedded.46 The self-assembled molecular box 

could be formed by stepwise addition of the components or by mixing all building 

blocks in one pot. The axial ligands of the tin porphyrin building blocks give the 

ability to fine-tune the second coordination sphere around the manganese catalyst in 

the cavity. Catalyst encapsulation proved to invoke substrate selectivity and cis-

stilbene (12) was shown to be converted to its corresponding epoxide more than five 

times faster than the sterically larger tetra(tert-butyl)stilbene 13 (Figure 17). In this 

case the porphyrin planes cannot freely rotate anymore, (in contrast to metallo-

supramolecular square 8) and the tin-porphyrins can bear chiral ligands. These 

features enabled enantioselective transformations with this system demonstrated by 

the oxidation of thioether 15. This yielded the corresponding sulfoxide with an 

enantiomeric excess of 12%. Despite the poor enantioselectivity, which is probably 

due to the small size of the axial chiral ligand on the tin-porphyrin, these results 

prove that chirality transfer via a second coordination sphere is feasible. 

Furthermore, this enantiomeric excess was only observed when the catalyst was 

embedded in the self-assembled supramolecular box and could be reversed by 

changing the chirality of the ligand attached to the tin-porphyrin that is located in the 

box. Although no detailed mechanistic studies for these systems have been reported, 

in the commonly accepted olefin epoxidation mechanism the selectivity is believed to 
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be determined by the approach of the alkene to the active manganese(-salen) 

catalyst.47 It is therefore likely that such approach is controlled to some extent by cage 

effect imposed by these supramolecular systems, which explains the selectivity 

observed. 

 

 
Figure 17: Multi-component assembly based on various porphyrin blocks. Chiral ligands attached to the tin 

porphyrin (depicted in green), lead to chiral induction in the oxidation of sulfide 15.  

 

Bimetallic deactivation pathways are also very common in radical-type transition 

metal catalysis, and therefore site isolation of such catalysts may lead to enhanced life 

times. For example, cyclopropanation reactions mediated by cobalt(II) catalysts 

proceed via carbene-radical species, stabilized on a cobalt(II)-porphyrin scaffold, 

which reacts with alkenes to form the product. However, depending on the nature of 

the substrate that is used, the radical can become delocalized. As a result of having 

discrete spin density at a more remote carbon atom, partial loss of the ‘steric’ control 

of the catalysts over the substrate radical can lead to undesired radical-radical 
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coupling leading to C-C bond formation, thus leading to catalyst deactivation (Figure 

18).48,49  

 

 
Figure 18: Dimerization pathway that leads to an inactive intermediate during the metalloradical-mediated 

catalysis.  

 

To prevent such dimerization to occur, supramolecular encapsulation of a cobalt-

porphyrin catalyst was studied by de Bruin and co-workers. Inspired by Nitschke’s 

cubes, formed by a self-assembly process of six zinc-porphyrins held together by eight 

iron complexes at the corners,50 de Bruin and co-workers managed to prepare a 

larger analogue by using bigger zinc-porphyrin scaffolds. This resulted in a molecular 

flask (16) that is able to encapsulate a single catalytically active tetra-pyridyl-

cobalt(II)-porphyrin 17 (16•17, Figure 19).51 Interestingly, metallo-radical-trapping 

experiments performed with an encapsulated Co(II)-porphyrin catalyst and EDA (18, 

EDA = ethyl diazoacetate; one of the reagents in cyclopropanation catalysis) in the 

presence of 1,4-cyclohexadiene (19, a hydrogen-atom-transfer reagent) indicate that 

EDA indeed reacts within the self-assembled cube leading to 16•20. Thus, molecular 

flask 16•17 represents an improved catalyst that prevents unreactive dimerization 

pathways by site-isolation and as such displays longer life times compared to the non-

encapsulated version.  
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Figure 19: Cobalt encapsulated catalyst 16·17 (top) and radical-trapping experiments. The cage prevents 

binuclear radical-type deactivation processes (bottom).  

 

Indeed, in the cobalt-catalyzed cyclopropanation of styrene with diazo compounds 

(Figure 15) the encapsulated cobalt(II)-porphyrin catalyst 16•17 is active even after 

four hours and reaches comparable activity to the best cobalt(II)-porphyrin used for 

such transformations to date (Zhang’s catalyst),52 whereas the non-encapsulated 

catalysts showed only short life times (conversions stopped after one hour). In 

addition, the trans-cis selectivity for such transformation is different when 

performed inside the cage: 63:37 (16•17) vs. 75:25 (17). The encapsulated catalyst 

was also studied in the intramolecular reaction of 21 giving rise to a mixture of 

isomers 22-E and 22-Z. For this reaction 16•17 produces the highest yields of all 

available non-encapsulated Co(II)-porphyrin catalysts, and encapsulation also 

resulted in altered regioselectivity. For example, when using conventional cobalt(II)-

tetraphenylporphyrin as catalyst the E:Z ratio is close to 40:60 whereas upon catalyst 

encapsulation there is an improved preference for the Z isomer (E:Z ratio of 16:84). 
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Figure 20: Molecular container 16 can be used to stabilize a cobalt-porphyrin catalyst, giving high TONs in 

cyclopropanation reactions. The encapsulation also leads to a change in selectivity regarding the E:Z ratio of 

22. 

 

By changing the anion of the molecular container from triflate (OTf) to triflimide 

(NTf2), the system could be dissolved in water/acetone (5:1) mixtures. In this reaction 

medium TON values of more than 300 for the cyclopropanation of styrene with EDA 

were obtained with the confined catalyst, which outperformed non-encapsulated 

cobalt(II)-porphyrins.53 The supramolecular encapsulated catalyst was compatible 

with different alkenes, giving high yields for styrene analogues with electron-

donating or electron-withdrawing substituents. Limited reactivity was observed with 

methacrylates, bulky alkenes and bulky diazo substrates. The restricted space inside 

the molecular container was further exploited by studying size-selective 

transformations via competitive experiments. In these experiments, styrene and a 

bulky alkene were competing for the reaction with a diazo-reagent (Figure 21). 

Interestingly, the encapsulated cobalt(II)-porphyrin catalyst 16•17 preferentially 

cyclopropanates the smaller styrene substrate, whereas non-encapsulated catalysts 

give an equal distribution of the small and large products. This shows that the second 

coordination sphere gives rise to size selectivity, which is difficult to achieve by 

modifications to the first coordination sphere around a catalyst. Although this 

confinement around the catalytic center shows substrate selectivity, the current 

system cannot control the cis/trans selectivity. The two zinc porphyrin building 

blocks still available for coordination of axial ligands, may provide a supramolecular 

handle to further confine the catalyst such that it becomes even more selective.  

 



Chapter 1 
 

 
26 

 
Figure 21: Embedding the catalyst 17 inside a second sphere gives rise to substrate selectivity, due to the 

steric requirements of the substrate. 

 

1.6 Catalytically active host-guest complexes 
 

In the examples shown in the previous section the catalyst was incorporated in 

capsules and containers by self-assembly, leading to well-defined systems in which 

the orientation of the catalyst is fixed by specific metal-ligand coordination bonds 

between the catalyst and the cage. An alternative approach is the preparation of a 

preformed self-assembled host in which the catalyst can be bound as a guest, using 

weak interactions such as π-π stacking, hydrogen bonding, ionic and dipolar 

interactions, the ‘hydrophobic effect’, and entropic binding based on the replacement 

of multiple solvent molecules by a single guest in the cavity (i.e. the catalyst). It is of 

course of key importance that the catalyst remains bound inside the molecular 

container during catalysis. Furthermore, the system should be capable to co-

encapsulate the catalyst and the substrate(s). Self-assembled supramolecular flasks 

formed in aqueous media are a particular promising class of systems enabling 

encapsulation of different chemical entities due to a combination of hydrophobic and 

ionic effects. In recent years, many water-soluble supramolecular flasks have been 

reported, but only few of them have been employed in metal complex encapsulation 

aiming for catalysis. The groups of Raymond and Bergman explored the use of an 

M4L6 anionic tetrahedral capsule (23),6g,6h which is formed by six bis-catecholamide 

struts and four octahedral gallium(III) centers. The highly negatively charged (–12) 

and homochiral (∆∆∆∆ and ΛΛΛΛ) capsule accommodates positively charged 

organometallic guests (Figure 22), and as such, the capsule can be used to bind 

cationic metal complexes. For example, it has been used as mediator for 

stoichiometric C-H activation using an encapsulated cationic iridium complex.54  
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Figure 22: Water soluble self-assembled tetrahedral cage 23 that can bind cationic metal complexes in the 

cavity. 

 

The application of this capsule in controlling the properties of transition-metal 

catalysts was proven with different types of metal complexes. A series of 

bisphosphine rhodium-diene cations were encapsulated and the hydrogenation of the 

cyclooctadiene ligand yielded the active catalyst in the form of a hydrated 

bisphosphine complex (Rh(PMe3)2(D2O)2, 24).55 Whereas the hydrated complex itself 

was not encapsulated because it has a too large solubility in water, in situ 

hydrogenation of the cyclooctadiene ligand yielded the kinetically trapped active 

catalyst 23•24. This active species is fully ejected from the cavity after twelve hours 

and the system should therefore be used within this timeframe, for example for fast 

isomerization reactions of allylic substrates (Figure 23). While the free catalyst 

showed conversion of different allylic alcohols and ethers to their corresponding 

aldehydes or enol ethers, the encapsulated catalyst 23•24 showed substrate 

selectivity, controlled by the aperture of the container. Based on the size of the 

substrate, only prop-2-en-1-ol (25) and its methyl ether (26) were isomerized by the 

encapsulated catalyst. This contrasts with the non-encapsulated catalyst that is able 

to isomerize larger and sterically more hindered substrates. It was furthermore 

shown that the capsule also protects the catalyst. For instance, while crotyl alcohol 

usually inhibits the free catalyst, the encapsulated rhodium-catalyst (23•24) is still 

able to convert allyl alcohols to the aldehydes in the presence of this inhibitor. 
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Figure 23: Rhodium encapsulated catalyst 23·24 and its catalytic behavior in allylic isomerization compared 

to non-encapsulated rhodium catalyst.  

 

[RuCp(PMe3)(MeCN)2]+ (28) was also sequestrated within the M4L6 tetrahedral cage 

(23•28, Figure 24).56 Within the assembly, a water-solvated ruthenium species was 

expected to form in D2O, however no exchange of acetonitrile with water occurred 

and the ruthenium complex was bound quantitatively inside the cavity of 23. Such 

ruthenium complexes are known to isomerize allylic alcohols towards the 

corresponding aldehydes or ketones. In fact, the supramolecular ruthenium catalyst 

23•28 provides TON > 1000 and a very long lifetime in the isomerization of 3-buten-

2-ol (27), values that are much higher than those obtained for the non-encapsulated 

ruthenium catalyst, even if the latter is applied in organic media. Kinetic studies were 

performed, revealing that the encapsulated ruthenium catalyst does not display 

product inhibition. In fact, the system seems to accelerate as the reaction reaches 

completion. This also results in an increase in the pseudo-first-order rate constant 

near the end of the reaction. Based on kinetic analysis and competition experiments 

with an additional allyl ether, it was suggested that substrate-inhibition occurs due to 

the binding of a second olefin to the catalyst-substrate complex during the catalysis. 

It is speculated that, as substrate concentration lowers, less of this olefin inhibition 

occurs and thus the rate constant slightly increases. Although no intermediates were 

observed, this example clearly shows that catalyst encapsulation alters the kinetics for 

the formation of some intermediates during the catalytic cycle. Similar to the 

encapsulated rhodium catalyst 23•24, the supramolecular ruthenium catalyst 23•28 

also showed substrate selectivity (Figure 24). For instance, the larger 1-phenylprop-2-

en-1-ol does not react with the encapsulated 23•28, likely because of its big size. 

Noteworthy, 3-buten-2-ol (27) can now be isomerized to the ketone which was not 

possible with the rhodium analogue (23•24, Figure 23). This indicates that the 

aperture of the cage itself plays no role with this substrate and that it is more likely 

that the catalyst has a different orientation inside the capsule. Importantly, these 
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experiments show that the cage still allows small substrates to come in contact with 

the catalyst.55,56  

 

 
Figure 24: Allylic isomerization within 23·28 compared to non-encapsulated ruthenium catalyst showing 

substrate selectivity.  

 

The supramolecular capsule 23 was also used in intramolecular cyclization reactions 

when monophosphine gold complexes were encapsulated leading to 23•29.57 The 

supramolecular cage 23 drives the equilibrium of the gold complexes to the cationic 

form and thus (Me3P)Au+ is encapsulated, regardless of the anion (Cl–, Br– or NTf2–) 

present in solution. The encapsulated gold(I) complex 23•29 was applied in the 

hydroalkoxylation of allenol 30 (Figure 25). The various free (non-encapsulated) 

gold(I) complexes showed different yields (11-87%) depending on the gold-anion 

bond strengths (Me3PAuBr gave the poorest yield); whereas the encapsulated gold 

catalyst 23•29 gave a reasonable yield (48%) for the exo-hydroalkoxylated product, 

regardless of the counterion used. The M4L6 tetrahedron itself does not catalyze the 

reaction. Also, performing the reaction while the pocket is blocked with a strong 

binding guest (PEt4+), resulted in a yield similar to the control reaction indicating 

that an encapsulated gold(I) species is the active catalyst. Further comparison of the 

encapsulated gold complex 23•29 with Me3PAuBr showed that the reaction rate is 

accelerated by a factor of eight and the TON is increased to 67. Comparable to the 

case with the encapsulated 23•24 and 23•28 catalysts, this is not an example in 

which the fundamental transformations at the metal center are controlled by the 

confined space, as the same products are seen without the capsule. These systems, 

however, show that the supramolecular cage controls the coordination sphere around 

the gold(I) complex, and can act as a phase transfer reagent to enhance the reaction 

rate. 
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Figure 25: Catalytic behavior of encapsulated 23·29 in the intramolecular hydroalkoxylation reaction of 30.  

 

Interestingly, the gold-encapsulated catalyst 23•29 did provide a different product 

distribution compared to the free complex when applied in the cyclo-isomerization of 

enyne 31. With 23•29 a remarkable change in product distribution was observed 

(Figure 26).58 It is believed that, if the reaction takes place outside the cage, the well 

solvated gold carbene species 3259,60 undergoes a nucleophilic attack of water to form 

the hydroalkoxylated species 34. However, when the reaction takes place inside the 

cage, less water is available due to the hydrophobic cavity, and the activated species 

has time to undergo a cyclo-isomerization to form product 33. Although the 

transition state leading to both products is probably the same, the hydrophobic 

environment within the capsule makes the nucleophilic attack of water energetically 

less favored compared to the non-encapsulated system. Hence, the pathway towards 

the intramolecular rearrangement is more accessible within the encapsulated gold(I) 

catalyst 23•29. Furthermore, the selectivity of the reaction remained the same, 

independent of the gold precursor used (Me3PAuCl or Me3PAuBr), indicating that the 

encapsulated cationic Me3PAu+ complex is the active species. 
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Figure 26: Catalytic behavior of encapsulated 23·29 in the intramolecular cyclo-isomerization reaction of 31 

compared to non-encapsulated gold catalysts.  

 

Metal complex encapsulation can lead to protection of the catalyst from degradation. 

This was nicely demonstrated by combining the previously discussed encapsulated 

23•28 (and 23•29) catalyst with enzymes such as esterases, lipases and alcohol 

dehydrogenases (ADH and FDH) to perform cascade reactions. In an one-pot 

reaction the ruthenium-encapsulated catalyst 23•28 was used in combination with 

ADH and FDH, enabling the conversion of an allylic alcohol to the aliphatic alcohol 

(Figure 27, top).61 In this reaction the metal catalyzed reaction precedes the enzyme 

catalyzed transformation. Alternatively, when the gold encapsulated catalyst 23•29 

was used in a tandem reaction with an esterase, the enzymatic reaction takes place 

before the metal catalyzed reaction.61 The protection of the cationic gold complex in 

the supramolecular container is crucial as the free gold complex inhibits the esterase. 

In the overall reaction an ester was hydrolyzed by an esterase or lipase to give the 

allenol, which was subsequently cyclized by the encapsulated 23•29 catalyst (Figure 

27, bottom). These examples further illustrate the potential of metal encapsulation as 



Chapter 1 
 

 
32 

it allows the combination of different catalysts for cascade transformations that 

cannot be combined otherwise.  

 

 
Figure 27: Tandem reactions using combination of metal encapsulated and enzyme catalysts in water.  

 

Reek, Scarso and co-workers explored the use of water-hydrogen-bonded hexameric 

capsules (35) based on readily available resorcin[4]arenes.62 These resorcin[4]arene 

building blocks form self-assembled hexameric capsules in water-saturated organic 

solvents and have been demonstrated to encapsulate a variety of neutral and cationic 

guests.63 Reek and Scarso demonstrated that these capsules can also be used to 

encapsulate gold complexes (Figure 28).64 Upon encapsulation of the cationic gold(I) 

carbene complex, the triflate anion was separated and not bound in the cavity. The 

confined gold(I) catalyst 35•36 was explored in the hydration of butyne 37, which 

normally gives Markovnikov addition of water (38), or forms 1,2-dihydronaphthalene 

40 under anhydrous conditions. Thus, the non-encapsulated (i-Pr-NHC)Au(OTf) 

gave almost quantitative formation of the Markovnikov product 38 within 30 min. 

Although the encapsulation of the gold catalyst slowed down the reaction (5% 

conversion after 30 min, 28% after 400 min), a new interesting distribution of 

products was observed. In contrast to the free gold catalyst, the encapsulated 

analogue yielded a small amount of linear aldehyde 39 (4%), next to 12% of 38 and, 

interestingly, the formation of 1,2-dihydronapthalene 40 (12%) was observed. Thus 

far the origin of the change in selectivity remained somewhat unclear. Probably, the 

molecular container may impose a reaction barrier for water to enter the cavity, 



An Introduction to Transition Metal Catalysis in Confined Spaces 
 

 
33 

hence slowing down the Markovnikov addition, or the capsule could force an unusual 

geometry of the substrate-metal complex inside the container, thus favoring the 

intramolecular reaction. In the latter case, the second coordination sphere disfavors 

certain reaction pathways, which may suggest that it should be possible to force the 

formation of other products, like the 5-membered ring (5-exo-dig product),65 by 

changing the shape of the cavity in which the metal catalyzed reaction takes place. 

 

 
Figure 28: Capsule 35 and implications in catalysis of encapsulated 35·36.  

 

Also other substrates were used for the hydration reaction, and a decrease in reaction 

rate was noted when the catalyst was enclosed in the hexameric cage.66 The difference 

in rate of various substrates that differ in size was translated in substrate-selectivity 

controlled by the cage. An interesting rate increase was observed when aliphatic 

cyclic functionalized alkyne (ethynylcyclohexane) was compared to linear alkynes (1-

octyne and 1-dodecyne). A plausible explanation is that, due to its smaller and more 

rigid shape, the cyclohexane moiety fits better in the void of the container than the 

linear alkynes. The better fit results in a shift of the equilibrium to the substrate 

bound species, giving rise to a higher rate. The effect of the host on the guest is more 

clear when aromatic alkynes are used (41-43, Figure 29). In these cases, the non-

encapsulated gold catalyst shows higher reactivity for the larger substituted (and 

more electron rich) alkynes following the order 41 < 42 < 43. The host-guest 



Chapter 1 
 

 
34 

complex shows the reverse substrate selectivity. The second coordination sphere 

gives rise to a relative higher rate for the smaller and non-substituted aromatic 

substrate overruling the natural selectivity that was based on the electronic properties 

of the substrate. 

 

 
Figure 29: Substrate-selectivity observed in the hydration of alkynes with encapsulated 35·36 catalyst.  

 

In contrast to the hexameric cage, a self-folding cavitand forms when an amide-

functionalized resorcin[4]arene (44) is used. As demonstrated by Ballester and co-

workers, this cavitand is able to bind a [Rh(nbd)2]+ (nbd = norbornadiene) complex 

which was studied in the catalytic hydrogenation of 46 (Figure 30).67 Due to the size 

and shape of the cavitand 44 and the rhodium complex, only one part of the 

encapsulated catalyst 44•45 is exposed to the outside forming a dichloromethane-

solvated species in solution. This partial exposure stabilizes the rhodium complex 

when pressurized with hydrogen and prevents the formation of rhodium(0)-black 

which is typically observed with non-encapsulated rhodium(I) complexes. Cavitand 

44 stabilizes intermediates that are not present when the metal complex is free in 

solution. In the hydrogenation of 46, the non-encapsulated [Rh(nbd)2]+ provides 

dimeric product 47 in more than 80% yield. In contrast, the encapsulated rhodium 

catalyst 44•45 results in a different product distribution, namely 47, 48 and 49 in a 

39:58:3 ratio (Figure 30, bottom). A plausible explanation for the formation of the 

dimeric product 47 is leaching of the catalyst from the cavity. However, the major 

product 48 is likely formed because the transition state of the dimerization is 

hampered by the molecular container.  
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Figure 30: Encapsulated 44·45 catalyst and its performance in hydrogenation of norbornadiene. 

 

Clearly, all these examples show that the formation of host-guest complexes are a 

viable method to control the second coordination sphere around metal complex and 

can be used in catalysis. However, finding the proper fit for a guest inside the host 

still remains a challenge. Furthermore it requires that a substrate can be co-

encapsulated with the active site in the cavity. 
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1.7 Conclusions and Perspectives 
 

Activity, selectivity and stability are crucial parameters of a transition metal catalyst 

that are traditionally controlled by the ligands directly bound to a catalytically active 

metal, i.e. the first coordination sphere. Metal catalysts can, however, be 

encapsulated in various types of molecular containers, providing tools to control 

these parameters via the second coordination sphere. Here, we have summarized 

different ways to encapsulate catalysts in well-defined, homogeneous confined 

spaces. Encapsulation through covalent linkage, the template-ligand approach or 

hosting the catalyst as a guest in a molecular container or protein-cavity are all 

demonstrated methods. As discussed in the various examples given in this chapter, 

such strategies can change certain steps in the catalytic cycle, giving rise to new 

kinetic profiles and altered selectivities. One of the main features observed in the 

examples discussed here is a higher stability of the encapsulated catalyst as the 

molecular container protects the active site from decomposition pathways, like self-

deactivation through bridged species in epoxidation and cyclopropanation reactions. 

Furthermore, the capsular environment can induce substrate selectivity based on the 

size of the substrate and the aperture of the container, thus yielding high selectivity 

for the conversion of one substrate in a mixture of substrates. Although we are just at 

the beginning of exploring the possibilities in this area, it is clear that a molecular 

container can affect new regio- and enantio-selectivities in catalysis, which can 

sometimes be difficult to achieve by traditional means. Concluding from the examples 

provided in this chapter, the confinement of the catalyst has a clear and positive effect 

on the catalytic activities and/or selectivities. However, while these approaches are 

promising, the precise mode of operation is frequently poorly understood, while this 

understanding is essential for the future development of new capsules by rational 

design. It is relevant to note that microporous materials like metal-organic 

frameworks (MOFs)68 or Porous Organic Polymers (POPs)69 have also been 

demonstrated to be excellent hosts for the confinement of catalysts. One of the 

challenges in this field is to predict the selectivity displayed by a predesigned 

encapsulated catalyst, be it in solution or in the solid state in the form of a MOF. This 

prediction requires detailed knowledge of the effects prompted by a confined space 

imposed by a capsule around a catalyst on its elementary reaction steps, such as 

oxidative addition, migratory insertion and reductive elimination. Obviously, 

understanding how these elementary steps are influenced by a surrounding cage is 

important in order to predict how cage effects can be exploited to increase the activity 

and selectivity of a catalyst, and may allow us to affect the rate determining steps at 

will. With this in mind, the next generation of confined catalysts should become a 

well-accepted new tool to arrive at transition metal catalysts with superior properties.  



An Introduction to Transition Metal Catalysis in Confined Spaces 
 

 
37 

1.8 Research Aim and Outline of this Manuscript. 
 

Catalysis in a confined space is an interesting new strategy to induce new selectivity, 

reactivity and stability in known transformations. Many viable routes are possible to 

embed the metal catalyst in a confined space. This thesis utilizes assemblies that are 

held together by palladium-pyridine or platinum-pyridine interactions. By employing 

strategies developed by the group of Fujita and co-workers we designed and 

synthesized new systems in which different metal complexes are encapsulated in a 

well-defined confined space. Due to the pre-organization in the sphere, a high local 

concentration of metal complexes is obtained. Effects of this high local concentration 

and the ability to control the environment around the active metal species in catalysis 

are reported in this thesis.  

In chapter 2 the techniques to analyze supramolecular cages are discussed. The 

limitations and possibilities of diffusion NMR (DOSY) and mass spectrometry 

applied to spheres based on palladium-pyridine interactions, will be discussed. 

Spectra of spheres with different sizes in a mixture are separated with DOSY. When 

spheres are prepared by using a mixture of different building blocks, statistical 

mixtures of spheres form, which can be analyzed with high resolution mass 

spectrometry. In chapter 3 the enhanced stability and change of reactivity will be 

demonstrated of encapsulated phosphine gold(I) catalysts via the ligand-template 

effect. The higher stability of the platinum spheres compared to the palladium 

analogues makes it possible to convert allene, alkyne and acid functionalities without 

decomposition of the spheres being observed. Cationic gold complexes could be 

obtained by addition of a silver salt and the resulting spheres have been applied in 

different gold catalyzed cyclization reactions. In chapter 4, the formation of spheres 

functionalized with cationic rhodium(I) N-heterocyclic carbenes is reported. The 

environment of the rhodium catalyst can be changed by the formation of statistical 

mixtures using different bispyridine building blocks. By simple mixing of different 

functionalized building blocks the local concentration of the metal complex can be 

controlled. In addition, the local environment can be altered by using building blocks 

with different polar or steric groups. The formed local environment around the 

rhodium catalysts is shown to influence the reaction profile in the cyclization of an 

alkynoic acid. Chapter 5 showcases spheres functionalized with iridium(I) 

complexes. These complexes are pre-organized in the sphere and, upon reduction, 

well-defined small sized nanoparticles are formed. These nanoparticles are trapped in 

a confined space, thus preventing them from forming larger particles, which are 

thermodynamically more stable. The nanoparticles are more active catalysts than the 

mononuclear complexes and can be applied in the hydrogenation of various 

substrates. We move away from the ligand-template encapsulation methodology in 
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chapter 6. Herein, we use the host-guest approach to selectively co-encapsulate 

various metal complexes with aromatic compounds. Due to the formation of a ternary 

complex, charge-transfer bands are observed in UV-Vis spectroscopy. The obtained 

charge transfer band is facilitated by the cage and can be fine-tuned, based on the 

redox properties of the metal complex.  
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Chapter 2: 

 

Characterization of Molecular Spheres through Diffusion 

NMR and Mass Spectroscopy  
 

 
 
 

Abstract: 

This chapter discusses two techniques that are further used in this thesis: Diffusion ordered NMR 

spectroscopy (DOSY) and Cold Spray Ionization Mass Spectrometry (CSI-MS). It is demonstrated 

that based on diffusion coefficients, NMR signals of different spheres can be separated with DOSY. 

Furthermore, the size of spheres can be determined on the basis of their diffusion coefficient. In order 

to be able to separate signals, non-overlapping peaks are required. The exact metal to ligand ratio of 

spheres can be determined with nanospray- or CSI-Mass Spectrometry. When a high resolution is 

obtained even the elemental composition can be determined. Also spheres based on a mixture of 

different building blocks can be characterized with CSI-MS.  
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2.1 Introduction 
 

The analysis of supramolecular assemblies is not always straightforward, especially as 

the weak interactions holding the system together can sometimes easily be broken 

under the conditions required for the technique of the analysis. Many of these 

techniques require high temperatures, vacuum or high energy radiation, which could 

destroy the supramolecular assembly. It is therefore important that gentle or non-

invasive techniques are applied to keep the structures intact and to prevent 

disassembly. While many different techniques can be used, for example X-ray 

techniques (absorption or diffraction), the equipment for these measurements is not 

always in house and single crystalline material is difficult to obtain. This chapter 

discusses two techniques to characterize assemblies with a high molecular weight.  

First, Diffusion Ordered NMR SpectroscopY (DOSY) is explained and 

discussed. Characterization with nuclear magnetic resonance (NMR) techniques can 

sometimes prove to be cumbersome. This is because: 1) Many different sets of signals 

can be observed in an assembly of low symmetry; 2) Only one set of signals can be 

observed in a system with high symmetry and many different structures can be 

proposed that are in line with this symmetry. In order to make sure that multiple 

building blocks have together formed a well-defined system, DOSY can be used to 

measure the diffusion coefficient of the assembly. This value can be compared to the 

free building block and correlated to a hydrodynamic radius. In this chapter, we will 

look into the use of DOSY to separate NMR signals of different assemblies that have 

different sizes.  

The second technique that is investigated in this chapter is mass spectrometry. 

While this technique requires more harsh conditions to measure the assemblies, it 

can be used to exactly determine the molecular weight of the formed assemblies, 

providing their ligand to metal ratio. When signals are obtained with high resolution, 

mass spectrometry can be used to determine the exact elemental composition. We 

will discuss nanospray and cold spray ionization methods.   

This chapter only discusses the analysis of these compounds by the designated 

techniques to confirm the formation of the supramolecular assembly, and the limits 

of these techniques are discussed. The chemistry or applications of these type of 

systems are demonstrated in later chapters.  
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2.2.1 Basic principles of Diffusion Ordered NMR SpectroscopY (DOSY) 
 

Diffusion Ordered NMR SpectroscopY is a technique that allows to correlate the 

diffusion rate to a set of signals in the nuclear magnetic resonance (NMR) 

spectrum.1,2 From the DOSY experiment, a translational diffusion coefficient, termed 

D, can be obtained. This coefficient relates to the size of the particle and can be used 

as an approximation for the radius of a compound. Furthermore, the coefficient can 

be used to calculate association constants in host-guest systems.3-5 Various 

contributions in literature have already extensively discussed the possibilities,6,7 

different pulse sequences8 or even various processing methods9 for DOSY. Therefore, 

only a short and basic introduction is given on DOSY in this chapter.  

The most important aspect of DOSY is that a gradient in the strength of the magnetic 

field is applied. This field gradient allows the labelling of the position of the nuclei 

with NMR. One of the most basic pulse sequences to demonstrate the diffusion of the 

nuclei is the pulsed gradient spin echo (PGSE), shown in Figure 1a. The first 90° 

pulse rotates the spin in the xy plane after which the first gradient pulse is applied for 

a duration of δ giving all the spin a different phase shift. Then, after a 180° pulse to 

inverse the spins, a new gradient pulse is applied after which the spin echo of the 

system can be measured. The effect of the diffusion that the nuclei undergo is 

apparent when Figure 1b is compared to Figure 1c: when no diffusion would occur full 

refocusing should be observed, thus giving a full spin echo intensity. However, when 

the nuclei do diffuse, a loss of spin echo signal is observed, thus giving less intensity 

of the signal.   
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Figure 1: Simplified visual presentation of DOSY. a) The pulsed gradient spin echo (PGSE) pulse program. 

Effects of the gradient pulse program are visualized in b) and c). In the absence of diffusion (b) full signal 

intensity is obtained while in the presence of diffusion (c) a decrease in signal is expected. Parts of this figure 

are adapted from reference [1]. 

 

According to the Stejskal-Tanner equation (1), the lower intensity (I) of the resulting 

signal is depending on the applied gradient (G). Also the duration of the pulses (δ) 

and the delay time (Δ), both parameters that can be fine-tuned with the NMR, play a 

role. Finally, the gyromagnetic ratio is included in the equation (γ).  

∆     (1) 

It can be seen from equation (1) that, when Δ and δ are kept constant, the signal 

decay is related exponentially to the gradient field that is applied. A DOSY 

experiment consists of a number of 1D experiments in which the gradient (G) is 

gradually increased. The increase in gradient thus decreases the signal intensity as 

depicted in Figure 2a for a series of stacked 1H NMR spectra. The decrease in 

intensity (I/I0) can be plotted against the gradient of the magnetic field giving a plot 

like Figure 2b. As apparent from equation (1) a linear line is obtained when G2 is 

plotted against ln(I/I0) which is depicted in Figure 2c. The slope of this line can be 

used to deduce the diffusion coefficient D.  
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Figure 2: After a standard DOSY experiment an array of 1H NMR spectra with different intensity decays are 

obtained (a). The decrease in intensity can be plotted against the gradient of the magnetic field (b). A straight 

line, plotted in (c), is obtained for the signals if the ln of the intensity decrease is plotted against the squared 

gradient. Finally the diffusion coefficient can be obtained from the slope and plotted against a projection of 

the spectra. Shown in d) is an example of the experiment processed with the Topspin software of Bruker 

(Spectra are those of a Pd12OMe24 sphere, depicted in Scheme 1). 

 

In the final processing the DOSY is visualized by a projection of the signal, like a 1H 

NMR on the x-axis and the D or log D on the y-axis. An example of such a plot, 

obtained with Bruker’s Topspin software, is shown in Figure 2d. Note that in this plot 

a negative value of the log D is used. Due to this negative value, the larger species 

(those with a smaller D) appear higher in the plot. The diffusion coefficients obtained 

can be used for various purposes. It can even be used to calculate a hydrodynamic 

radius of the species using the Stokes-Einstein equation (equation (2)).  

             	

	               (2)      

 

Herein kB is the Boltzmann constant, T is the temperature (in K), η is the viscosity of 

the solvent and r is the radius of the particle. When applying the Stokes-Einstein 

equation one must keep in mind that the viscosity is greatly dependent on the 

temperature. Therefore DOSY experiments in this thesis are kept at 25 °C, for this 
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temperature the viscosity and log D values of deuterated solvents are reported in 

literature.10 

   

2.2.2 Molecular Spheres in Diffusion Ordered NMR SpectroscopY (DOSY) 
 

DOSY is a well-established technique to determine the rate of diffusion and thus size 

of the species. Generally, supramolecular assemblies that are in their pure form are 

measured. However, sometimes mixtures can be formed and it is unclear if exchange 

between these mixtures occur on the NMR time scale. For this reason we set out to 

investigate if different diffusion bands can be observed for different species in DOSY 

and what the limitations are to separate spheres with DOSY. In order to see if 

separation of different spheres is possible, DOSY experiments were investigated with 

the known Pd12OMe24 and Pt6OMe12 spheres.11 

 

N N
OMe

0.5 eq, [Pd(CH3CN)4](BF4)2

CD3CN,70 °C,1hO
Me

Pd12OMe24  
Scheme 1: Synthesis of the large Pd12OMe24 spheres (PM3-modeled structure on the right). 

  

The different diffusion coefficients of these spheres have previously been established 

in DMSO (Pd12OMe24 ; log D = -10.5 m2/s) and DMSO/trifluoroethanol (Pt6OMe12 

; log D = -10.2 m2/s). Because the solvent and hence viscosity is different, these 

numbers are not really comparable. Our investigations of the different spheres were 

done in acetonitrile (see Scheme 1) and first the diffusion coefficient of the palladium 

and platinum spheres were determined separately. The DOSY experiment on the 

palladium spheres resulted in a log D of -9.5 m2/s. This value matches with the 

expected radius and reported diffusion constants in acetonitrile (Figure 3).12 The 

corresponding platinum analogue, although expected to give a more positive log D, 

diffuses slower than the palladium sphere. Considering that the diffusion band is 

small and the 1H NMR spectrum resembles the formed sphere in DMSO,11 it is 

expected that no oligomers are present and that a larger spherical species is formed. 

However, the exact species (M6L12 or M12L24) cannot be determined. Another reason 

for the smaller diffusion constant could be that due to the broader peaks on NMR for 
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the platinum spheres, the integration of the proton signals for DOSY becomes more 

difficult and less reliable.  

In order to investigate if the platinum spheres have a different size from the 

palladium spheres, the spheres are prepared separately and then mixed and 

measured with DOSY. From the 1H NMR spectrum it was observed that the pyridine 

peaks overlap and this resulted in an diffusion band with a diffusion coefficient that is 

an average of the separately measured Pd and Pt spheres. This indicates that the 

processing of the spectrum occurs with the expectation that only one species is 

present and only one species is observed in the spectrum. With two species being 

expected this directly shows the weakness of DOSY: when peaks overlap in the 

spectrum, their intensities are considered to be from one species and are therefore 

integrated as one when using the standard software (Bruker’s Topspin).  

 

 
Figure 3: Overlapping DOSY spectra of a platinum sphere (-9.81), Pd12OMe24 sphere(-9.45) and a mixture of 

pre-assembled Pd12OMe24+platinum spheres (-9.57). The solvent is depicted with the band at -8.36. 

 

Having established that overlapping peaks of these two systems are not separable 

with DOSY we switched to a system in which we have spheres of different sizes that 

have separated peaks in the 1H NMR spectra. Therefore building block F with a 

fluorine tail on the 5 position of the backbone was synthesized via a Mitsonobu 

reaction with 3,5-dibromophenol (1). After a Sonogashira coupling of the resulting 

compound 2 the desired building block was obtained (Scheme 2).  
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Scheme 2: Synthesis of building block F and its assembly into a Pd12F24 sphere.  

 

This bipyridine moiety was assembled into nanosphere Pd12F24 by addition of 0.5 

equivalent of [Pd(CH3CN)4](BF4)2 in a CD3CN solution of F. The exohedrally 

functionalized sphere was expected to be significantly larger than the endohedrally 

functionalized methoxy sphere. DOSY showed that with a log D of -9.49 m2/s for the 

Pd12F24 spheres, their size is not much larger than that of the Pd12OMe24 spheres. 

With a small difference in log D of 0.06 m2/s, we measured the DOSY spectrum when 

these two samples are mixed. As depicted in Figure 4 the DOSY yields two species 

with log D values expected for the individual spheres. However, looking more closely 

at the DOSY it can be observed that only the non-overlapping, or isolated peaks (CH2 

peaks of Pd12F24 and OCH3 of Pd12OMe24) give nice separation with DOSY. Again 

the overlapping pyridine and aromatic peaks give average diffusion values in-between 

the values that are expected. Having established that the spheres can be separated 

with DOSY, we used this technique to study ligand exchange. Based on literature, no 

ligand exchange is expected at room temperature over a couple of days.13 Therefore 

we heated the sample with the mixture of spheres overnight at 70 °C to facilitate the 

exchange. The DOSY showed only one diffusion band indicating that exchange has 

occurred. After exchange of building blocks, all the peaks have the same diffusion 

coefficient corresponding to a log D of the fluorous sphere. This suggests that a 

statistical mixture has formed of which Pd12F12OMe12 is the average species. The 

formation of this mixture was also established by mass spectrometry, confirming that 

DOSY can be used in this case to demonstrate the ligand exchange. We were also 

interested if the same separation could be obtained with the platinum analogues of 

the spheres. However the broadness of the peaks hampered the possibility to obtain 

accurate log D values and separation of the spheres. 
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Figure 4: Stacked DOSY spectra of Pd12F24 (red band. -9.49) and Pd12OMe24 (blue band, -9.43) spheres on the 

left. This shows two different species that converge into one species after heating (right spectrum).  

 

As a final case study we looked into the separation of the larger M24L24 type spheres 

(see Scheme 3)14-16 from the Pd12OMe24 sphere. Based on the known log D values in 

literature measured in DMSO the radii of the spheres are almost similar with both 

spheres showing a log D of -10.5 in DMSO17 (note that the Pyr building block is 

smaller than OMe). To see if they really have the same diffusion coefficient, 

bispyridyl-pyrrole building block Pyr was synthesized via a Stetter and subsequent 

Paal-Knorr reaction. The resulting building block was assembled into a large sphere 

(Pd24Pyr48) using a standard palladium precursor, and the formation was confirmed 

by mass spectrometry. To investigate if the M24L48 is really of the same size as the 

M12L24 sphere, they were measured individually with DOSY. Fortunately, the DOSY 

spectra of the pure solutions of the spheres showed that they have significantly 

different log D values (-9.49 m2/s for Pd24Pyr48 vs. -9.45 m2/s for Pd12OMe24), 

indicating that these signals should be separable with DOSY.  

Pyr

0.5 eq, [Pd(CH3CN)4](BF4)2

CD3CN,70 °C,1h

Pd24Pyr48

N
H NN

 
Scheme 3: Synthesis of Pd24Pyr48 sphere in acetonitrile (PM3-modeled structure on the right). 
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Mixing the pre-assembled spheres in the same ratio and measuring DOSY with the 

same settings yields the spectrum displayed in Figure 5.   

 

 
Figure 5: DOSY spectrum of a mixture of Pd12OMe24 and Pd24Pyr48 in acetonitrile. While the overlapping 

peaks again give one average species, clearly two different species can be observed from the non-

overlapping peaks. The spectrum slightly changes after heating to 70 °C for 8 hours. However, still different 

species of different sizes are seen. 

 

From this figure it can be observed that the peaks corresponding to the different 

spheres have other diffusion values. The overlapping peaks however, show a log D 

value which seems to be an average of the individual species, once more showing that 

overlapping peaks cannot be separated with DOSY using the standard software. To 

investigate if exchange is possible between the ligands, the solution with the mixture 

of spheres was heated at 70 °C for 8 hours. The resulting DOSY after heating (Figure 

5, right) shows only a slight change and it still seems that two distinct spheres are 

present. This spectrum suggests that no exchange occurred, however, analysis by 

mass spectrometry shows that no more Pd24Pyr48 species are present (see section 

2.3.2). While there are still Pd12OMe24 species in the solution, all pyrrole spheres 

have been accommodated in the Pd12 sphere, giving a mixture of [Pd12OMe24-xPyrx] 

(x = 1-6) spheres. This corresponds with published work from the Fujita group on the 

formation of Pd12 or Pd24 spheres, that depends on the average bent angle of the 

bispyridine building block used.15 The bands hence observed in Figure 5 are that of 

the Pd12 spheres. Presumably, the larger species (at -9.58 m2/s) is that of a distorted 

sphere, which contains pyrrole building blocks. Hence, this case study shows that, 

although DOSY can be used to give an approximation for the size of the species, the 

exact species cannot be determined.  
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Summarizing, these experiments show that based on DOSY, different species can be 

separated if they have peaks that do not overlap in NMR. While the non-overlapping 

peaks clearly show two distinct species, overlapping peaks give an average of the 

diffusion constants as the integration of the peaks cannot distinguish between the two 

different species. It could be that more elaborate fitting would make it possible to 

distinguish between overlapping peaks. While methods are known to process the 

spectra in a different way like the DOSYToolbox as reported by Nilsson and co-

workers,9 applying these methods yielded no desirable results. Finally we would like 

to state the log D obtained for platinum sphere should be taken carefully. This is 

because the broader peaks give less accurate diffusion determinations. This was also 

observed by measuring the same sample consecutive times, yielding various log D 

values. 

 

2.3.1  Introduction to Cold Spray Ionization Mass Spectrometry (CSI-MS) 
 

While NMR methods are a good in situ way for measuring the spheres in solution, it 

does not allow the determination of the exact molecular weight of the species that are 

present. For the exact molecular weight of the supramolecular assemblies, mass 

spectrometry can give more detail. Unfortunately, mass spectrometry in general is 

more destructive and the difficulty lies in keeping the spheres intact during ionization 

and their flight towards the detector. When using mass spectrometry, different 

parameters can be changed. For instance, the ionization method can be varied and 

many different ionization techniques are currently at a researcher’s disposal.18,19 

Unfortunately, methods like Matrix Assisted Laser Desorption Ionization (MALDI) 

and Field Desorption (FD) are still too destructive for most supramolecular systems. 

ElectroSpray Ionization (ESI) is a more mild ionization technique that can be used to 

analyze assemblies. For the analysis of supramolecular systems also variations of ESI 

can be employed like nanospray ionization, sonic spray ionization and cold spray 

ionization (CSI). Especially for the systems discussed here, those based on palladium-

pyridine interactions, CSI-MS is commonly used.20,21 In this method the ion spray 

and desolvating chamber are cooled so that measurements can be done between -50 

to +15 °C. This low temperature compared to ESI (which can go up to 200 °C) keeps 

the assemblies intact and makes the dissociation of the counter ions easier. The easier 

dissociation is obtained due to the increase in polarizability caused by the higher 

dielectric constant at lower temperatures.21 The group of Fujita has shown that the 

CSI-MS methods can be used to measure a variety of palladium-pyridine systems. 

With different building blocks used, assemblies of the type Pd6L12, Pd12L24 and 

Pd24L48 have been characterized by CSI-MS.22,23,15,16 While characterization of 
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platinum assemblies are less reported (by using CSI-MS)11, Stang et al. have 

characterized multiple platinum-pyridine assemblies with ESI-MS.24,25  

In this part of the chapter we will show different mass spectra of different molecular 

spheres and host-guest interactions. Different techniques will be demonstrated to 

work with these spheres and the effect of solvent and additives on the mass spectra 

are discussed.  

 

2.3.2 Structure determination of assemblies by mass spectrometry 
 

While the M6L4 octahedral sphere, as reported by Fujita et al., has been frequently 

characterized by MS techniques20,21 it should be noted that measuring these systems 

in water is quite challenging. Due to the high surface tension of water it is more 

difficult to form a good spray and ionization is more challenging. Yamaguchi and 

coworkers needed to add additional salts to weaken the coordination of the strongly 

bound nitrate anion in order to detect any charged species of the cage.26 Changing the 

anion to PF6 made the containers soluble in acetonitrile and thus easier to detect by 

MS. However, due to the change of solvent, the hydrophobic interactions and thus the 

driving force for encapsulation is lost. Therefore encapsulated species can only be 

measured in water, unless they are contained via a ship-in-a-bottle approach. In 

order to investigate whether these octahedral molecular containers can be measured 

with MS, we investigated both the palladium and platinum octahedral cages 

(displayed in Figure 6). Using different ESI/CSI-MS spectrometers no cage species 

could be observed, even when additives were used. Interestingly, when changing from 

a time-of-flight (ToF) machine to an Orbitrap (FT-ICR)27,28, the platinum octahedral 

cage could be observed (see Figure 6). This was obtained via a modified set-up in 

which a CSI source was mounted directly for the inlet of the Orbitrap. Unfortunately 

the palladium analogue only showed fragmentation with this method. Figure 6 shows 

that different charged species can be observed for the Pt6L4 species, ranging from 6+ 

to 4+. Although some fragmentation peaks are also observed, the major peak that is 

detected corresponds to the 5+ Pt6L4 species. Worthy to note is that no additive was 

used to weaken the coordination of the nitrate counter-ion, something that was 

earlier reported to be necessary for the measurements of this system in water.21 
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Figure 6: Mass spectrum of self-assembled platinum molecular container in water, measured with a CSI-FT-

ICR spectrometer. Numbers above the m/z values annotate the charge of the peak. 

 

With the possibility to characterize these compounds with MS the next step was to 

investigate if capsules with encapsulated guests can also be observed. Co-

encapsulating (Cp)Rh(cod) (4, Cp = cyclopentadiene, cod = 1,5-cyclooctadiene) 

together with pyrene (5) in the void of the capsule was demonstrated by NMR and 

will be elaborately discussed in chapter 6. When this species was subjected to the 

CSI-FT-ICR spectrometer many different highly charged species were observed as is 

clear from the spectrum, depicted in Figure 7. Importantly, the peak that belongs the 

[3·4·5]4+ species was clearly observed. Next to this peak the mono-encapsulated 

species 3·4 and 3·5 were also observed. As these species are not observed in the 

solution (based on encapsulation studies, see chapter 6), they are likely formed 

during the MS experiment from 3·4·5. Also, the empty container 3 was still detected 

(6+ to 4+), but this is expected as based on the 1H NMR spectrum, 74% of the spheres 

is filled with the guests. 
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Figure 7: Co-encapsulated species of (Cp)Rh(cod) 4 and pyrene (5) in a Pt octahedral cage (3). Measured in 

water with a CSI-FT-ICR mass spectrometer. Numbers above the m/z values annotate the charge of the peak. 

 

The many different species present in the spectrum shows the difficulty of measuring 

these type of systems in water. Still, this is the first time a co-encapsulation in this 

container is observed and therefore cold spray FT-ICR is a promising technique to 

measure these type of compounds in the future.  

Switching the solvent from water to acetonitrile makes mass analysis by spraying 

techniques easier due to the lower surface tension of most organic solvents. Hence, 

the previously discussed Pd12OMe24 spheres (see Scheme 1) were investigated with 

CSI and nanospray MS29 in acetonitrile. Measurements of these spheres in 

acetonitrile at –40 °C with a JEOL machine, equipped with a CSI source resulted in 

the spectrum displayed in Figure 8. Herein, it is observed that peaks with a m/z of 

lower than 1200 are species formed by fragmentation during the ionization. More 
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interesting are the peaks at higher m/z, these peaks are expected to be from the 8+ to 

5+ species (based on simulated spectra). However, the resolution that is obtained 

with the JEOL machine is not sufficient to determine the exact charge and elemental 

composition of these species.  

 

 
Figure 8: Pd12OMe24(BF4)24 spheres in acetonitrile measured with a cold-spray (–40 °C) AccuToF mass 

spectrometer designed by JEOL. Numbers above the m/z values annotate the expected charge of the peak 

when compared to figures 9 to 11. 

 

In order to obtain the exact charge and mass of the spheres, we turned to a machine 

that can obtain much higher resolution, a tripleToF machine designed by Sciex. This 

was equipped with a nanospray ionization method which yielded the expected peaks 

corresponding to the 13+ to 6+ species by loss of the BF4 counterion, as depicted in 

Figure 9. Although still some fragmentation is observed, it can be clearly seen that the 

majority of the peaks correspond to the intact sphere, demonstrating that nanospray 

techniques are able to characterize these spheres. Changing the temperature of the 

nanospray from 50 to 150 °C proved to have no effect on the amount of 

fragmentation. Looking more closely at the detected sphere species a small peak of 

lower intensity was observed at lower m/z regions for each charged species, however 

no structure could be annotated to these peaks. A slightly different spectrum is 

obtained when the experiment is performed in methanol (Figure 10). A similar peak 

pattern can be observed with the addition of a 5+ species at 2074 m/z. Interestingly, 

less fragmentation peaks are observed at lower m/z and the major peak now appears 

to be the [Pd12OMe24(BF4)14]10+ species, which is different from the main peak of 

[Pd12OMe24(BF4)12]12+ in acetonitrile. 
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Figure 9: Pd12OMe24(BF4)24 spheres in acetonitrile measured with a nanospray tripleToF mass spectrometer. 

Numbers above the m/z values annotate the charge of the peak.  

 
Figure 10: Pd12OMe24(BF4)24 spheres in methanol measured with a nanospray tripleToF mass spectrometer. 

Numbers above the m/z values annotate the charge of the peak.  
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The results obtained via nanospray ionization are satisfactory for the structure and 

elemental composition determination of these spheres. The Pd12OMe24 sample was 

also studied in acetonitrile on a UHR-ToF BRUKER Daltonik maXis, equipped with 

cryospray. The spectrum obtained with this machine is displayed in Figure 11.  

 

 
Figure 11: Pd12OMe24(BF4)24 spheres measured in acetonitrile with a Cryospray UHRToF mass spectrometer. 

On the top right the 7+ species is displayed with (top) with its simulated spectrum (bottom). Measurements 

were performed with a spraying temperature of –40 °C.  

 

The measurements were performed at –40 °C and the benefits of the low temperature 

typical for cold spray ionization and high resolution of the machine are evident. 

Hardly any fragmentation is seen and only the expected species with charges between 

14+ to 5+ are detected. This indicates that the sphere is the only species in solution 

and the fragmentation peaks in Figure 9 and Figure 10 are formed during the 

nanospray experiment. Also the major peak now resides in the 7+ species of the 

spheres, which is again different when compared to Figure 9 and Figure 10. The good 

results obtained for the palladium spheres encouraged us to also study the more 

difficult to measure platinum spheres in acetonitrile. Unfortunately the ionization of 

these spheres was rather challenging and only fragmentation or no signal was 

observed. We expect that the ionization is now the difficult part as platinum binds the 

anions stronger than palladium. Therefore spheres were prepared that have different 

anions (BF4, PF6, SbF6 and OTf) and these were studied in MS analysis in the 

presence of various additives to weaken the coordinated anion (DMSO and DMF).26 
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However, none of these samples yielded the desired highly charged species 

corresponding to the platinum spheres. Also measuring the samples in methanol was 

not beneficial and still only fragmentation species are seen. MS spectra of the 

Pt6OMe12 species with the SbF6 anion in acetonitrile have been reported,11 however 

these were diluted from a solution made in DMSO/TFE (trifluoroethanol). Measuring 

an undiluted sample (PF6 anion), formed in DMSO/TFE with cryospray resulted in 

the 9+ to 5+ species of the Pt6OMe12 sphere. In order to investigate if the TFE can act 

as a source to make anion more labile, and hence ionization easier, the spheres were 

assembled in acetonitrile and, before MS measurements, TFE was added as additive. 

However this didn’t result in the detection of any highly charge species.  

Next to the analysis of pure sphere solutions, also solutions of mixtures were 

investigated with CSI-MS. As described in the previous section, if two pure 

assemblies based on different building blocks are combined and heated at high 

temperature, an exchange of the building blocks is observed. Hence a mixture of 

different spheres with different ratios of the separate building blocks is formed. When 

a solution of Pd12F24 spheres was mixed with a solution of Pd12OMe24 spheres in a 

1:1 ratio and heated to 70 °C for overnight, exchange of the building blocks was 

observed indicated by DOSY (see Figure 4). The resulting mixture of spheres was 

analyzed with CSI-MS and a complex spectrum, indicative for the presence of many 

different species, was obtained. Various species in which a number of OMe building 

blocks were exchanged with F (and vice versa) were present in the spectrum. Peaks 

with high resolution ranging from Pd12F9OMe15 to Pd12F17OMe7, all with different 

charges (13+ to 9+), could be identified. Currently, these mixtures of spheres cannot 

be quantified with MS, as different spheres may have a different response in MS, but 

the exchange of building blocks under these conditions is clearly confirmed.  

When the previously discussed Pd24Pyr48 and Pd12OMe24 spheres (see Figure 5) are 

mixed and heated at high temperature, they converge into a mixture of differently 

sized species, according to DOSY NMR. The CSI-MS spectrum of this exchange is 

depicted in Figure 12, and confirms the formation of a mixture. 
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Figure 12: Mass spectrum in which exchange between Pd12OMe24 and Pd24Pyr48 resulted in a mixture of 

Pd12OMe24-xPyrx (x = 0-6). 

 

In this spectrum the differently charged species do not overlap with each other and 

clear m/z regions can be observed for species bearing a charge between 12+ and 6+. 

All of these peaks correspond to M12L24 species. It is known for these type of spheres 

that, based on the average bent angles between the pyridine, either a M12L24 or a 

M24L48 system is formed.15 A switch from M12 to M24 is somewhere expected between 

131° and 134°. With the known bent angle of pyrrole of 135°, and that of the OMe 

building block being 120°, the average angle of less than 131° and results in the 

formation of M12L24 species. From the mass spectrum, HRMS data for species up to 

Pd12OMe18Pyr6 are identified, and Pd12OMe16Pyr8 can still be observed with low 

intensity. Interestingly, while Pd12OMe24 spheres can still be observed, no more 

Pd24Pyr48 is present in the mass spectrum. This indicates that the M24L48 spheres are 

fully converted into Pd12L24 species. These observations are in line with previous 

reports from the Fujita group. 
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2.4 Conclusions 
 

Diffusion NMR is a straightforward technique to determine the diffusion constant of 

a species and thus to analyze the size of assemblies. When different sizes of spheres 

are formed and non-overlapping peaks of the individual spheres can be observed, 

separation of the different species via DOSY is possible. However, if peaks of different 

species are overlapping, the standard software will treat the obtained signal as one 

species. DOSY thus gives no separation of overlapping peaks. Also when the peaks 

broaden, like in the case of the platinum spheres, separation turns out to be 

troublesome. Although diffusion values can still be obtained for the platinum spheres, 

one must keep in mind that they are less accurate.  

For the determination of the exact species, mass spectrometry can be used to analyze 

the formation of the spheres. The spectrum that is obtained is dependent on the 

machine that is used and different ionization methods like cold spray or nanospray 

can be used to detect the discussed spheres. The solvent in which the sample is 

measured has a small influence on which charged species can be observed. Although 

the temperature didn’t show any influence on the measurements with nanospray 

(50–150 °C), measuring the large spheres with cryospray at –40 °C resulted in clear 

spectra and no fragmentation of the spheres was observed. Complex mass spectra are 

obtained when mixtures of spheres are measured with MS, which gives the possibility 

to determine most of the species present in such a mixture.  

 

2.5  Acknowledgements   
  

Arnout Hartendorp is kindly acknowledged for the synthesis and DOSY experiments 

with the fluorous building block. Ludwig Grobe is kindly acknowledged for the 

synthesis of the pyrrole building block. Jan-Meine Ernsting is acknowledged for his 

help with the DOSY experiments. Marc Duursma is acknowledged for helping with 

the CSI-FT-ICR measurements, Petra Jansen is acknowledged for the help with the 

nanospray measurements. Ed Zuidinga is thanked for his help with the mass 

measurements and helpful discussions. Maximilian Dürr is acknowledged for his help 

with the Cryospray measurements (CSI-MS). 

 

 

 

 

 

 

 



Characterization of Molecular Spheres through Diffusion NMR and Mass Spectroscopy 

 
63 

2.6  Experimental Section 
 

General Experimental 

All reactions were carried out under an nitrogen atmosphere using standard Schlenk techniques when 
noted. Solvents were distilled prior to utilization by conventional methods. NMR spectra were 
measured on a Bruker AMX 400, DRX 500 and DRX 300 spectrometer. 1H NMR spectral data were 
referenced to solvent residual signal [7.26 ppm for CDCl3, 4.79 ppm for D2O, 1.94 ppm for CD3CN, 5.32 
for CD2Cl2], 13C NMR chemical shifts are reported relative to deuterated solvents [77.1 ppm for CDCl3, 
53.8 for CD2Cl2, 118.26 for CD3CN]. 2D 1H-DOSY were performed on a DRX 300 with the temperature 
and gradient calibration prior to the measurements, and the temperature was controlled at 298 K 
during the measurements. The log D value of the solvent (CD3CN) was consistent each time and in line 
with the literature.10 Mass spectra were collected on an AccuToF LC, JMS-T100LP Mass spectrometer 
(JEOL, Japan) (for ESI) and AccuToF GC v 4g, JMS-T100GCV Mass spectrometer (JEOL, Japan) (for 
FD). Elemental analysis was performed by Microanalytisches Laboratorium Kolbe (Mulheim an der 
Ruhr, Germany). CSI-MS measurements were recorded on a UHR-ToF Bruker Daltonik (Bremen, 
Germany) maXis, an ESI-ToF MS capable of resolution of at least 40.000 FWHM, which was coupled 
to a Bruker cryospray unit. Detection was in positive-ion mode and the source voltage was between 5 
kV and 6 kV. The flow rates were 280 μL/hour. The drying gas (N2) was held at –35 °C and the spray 
gas was held at –40 °C. The machine was calibrated prior to every experiment via direct infusion of the 
Agilent ESI-ToF low concentration tuning mixture, which provided an m/z range of singly charged 
peaks up to 2700 Da in both ion modes. All reagents were purchased from commercial suppliers and 
used without further purification.  
 

Diffusion Ordered NMR SpectroscopY: 
DOSY was measured on a Bruker DRX 300 with temperature and gradient calibration. The 
temperature was controlled at 298 K during the measurements. The log D value of the solvent 
(CD3CN) was consistent each time and in line with the literature value of Log D = -8.36.10 Parameters 
used for DOSY are: δ=1200 µs (p30), Δ=0.2 s (d20) with an applied gradient from 2% to 98% divided 
over 240 steps. The amount of scans per spectrum is 32. Concentration of the sample for the 
measurement is based on 10 µmol building block in 0.5 mL CD3CN. For the mixed sphere systems 0.25 
mL of pure sphere solutions were combined and measured.  
 
Mass spectrometry: 
Orbitrap measurements were done on a LTQ-FT hybrid mass spectrometer (Thermo Fisher 15 
Scientific, Bremen, Germany) with a self-modified cryospray setup. The machine designed by JEOL for 
CSI measurements was an AccuToF LC, JMS-T100LP Mass spectrometer (JEOL, Japan). For the 
measurement at –40 °C the needle voltage was kept at 2600 V, orifice 1 at 81 V, orifice 2 at 1 V and the 
ring lens at 1 V. Nanospray measurements were done on a TripleToF 5600 from Sciex configured with 
nanospray source. Sample flow rate was kept at 0.5 µL/min, ionspray voltage floating current: 2400 V, 
ion source flow rate: 12, temperate: 150 °C. CSI-MS measurements were recorded on a UHR-ToF 
Bruker Daltonik (Bremen, Germany) maXis, an ESI-ToF MS capable of resolution of at least 40.000 
FWHM, which was coupled to a Bruker cryospray unit. Detection was in positive-ion mode and the 
source voltage was between 5 kV and 6 kV. The flow rates were 280 μL/hour. The drying gas (N2) was 
held at –35 °C and the spray gas was held at –40 °C. The machine was calibrated prior to every 
experiment via direct infusion of the Agilent ESI-ToF low concentration tuning mixture, which 
provided an m/z range of singly charged peaks up to 2700 Da in both ion modes. All the reported 
HRMS data with CSI were measured with the BrukerUHR-ToF.   
 
Synthesis of compounds and building blocks: 
Pyrrole (Pyr)30 and methoxy (OMe)11 building blocks were synthesized according to literature. 
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1,3-dibromo-benzene functionalized with fluorine tail (2) 
A flame dried Schlenk was charged with 3,5-dibromophenol (3.0 g, 11.91 mmol, 1 
equiv.) and triphenylphosphine (3.12 g, 11.91 mmol, 1 equiv.). The solids were 
dissolved in 30 mL of THF to obtain an orange solution, which, after the addition 
of DIAD (2.43 g, 12.0 mmol, 1 equiv.) turned into a dark red solution. After 
stirring the mixture for 30 minutes, 1H,1H,2H,2H-perfluoro-1-decanol (5.57 g, 
12.0 mmol, 1 equiv.) was added and the resulting mixture was stirred at room 
temperature for overnight. Then, the reaction was concentrated to a brown oil and 

purified using column chromatography (SiO2) with 100% hexane to obtain a white powder in 17% yield 
(1.4 g, 2.0 mmol). 1H NMR (400 MHz, CDCl3) δ 7.32 (t, J = 1.6 Hz, 1H), 7.03 (d, J = 1.6 Hz, 2H), 4.26 
(t, J = 6.6 Hz, 2H), 2.65 (tt, J = 18.3, 6.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 159.02, 127.17, 123.15, 
116.82, 60.47, 31.25, 31.03, 30.81. 19F NMR (376 MHz, CDCl3) δ -80.75 (t, J = 10.1 Hz), -113.26 (m), -
121.39 – -121.75 (m), -121.75 – -122.19 (m), -122.52 – -122.90 (m), -123.34 – -123.58 (m), -125.90 – -
126.34 (m). 
 
Building Block F  

A flame dried Schlenk was charged with (PhCN)2PdCl2 (46 mg, 0.12 
mmol, 0.06 equiv.), 0.070 g [HP(t-Bu)3]BF4 (0.24 mmol, 0.12 equiv.) 
and NEt3 (2.93 ml, 21.02 mmol, 10.5 equiv.). A separate flame dried 
Schlenk was charged with 4-ethynlpyridine hydrochloride (0.0726 g, 
5.2 mmol, 2.6 equiv.), copper iodide (0.015 g, 0.08 mmol, 0.04 equiv.) 
and a solution of 2 (1396 mg, 2 mmol, 1 equiv.) in dioxane (12 mL) was 
added. This solution was added to the first solution and placed in a 
preheated oil bath of 45 °C and stirred for 16 hours. The resulting 
suspension was diluted with 36 mL ethyl acetate and 36 mL H2O and 1 
mL ethylene diamine were added. After extraction with ethyl acetate 

(3x36 mL), the combined organic layers were dried over NaSO4. Filtration and concentrated in vacuo 
yielded a brown powder which was purified with column chromatography (SiO2), CHCl3 : methanol 
(100:1) to obtain 0.56 g of a white powder (0.8 mmol, 40%). 1H NMR (400 MHz, CD3CN) δ 8.69 – 
8.57 (m, 4H), 7.53 – 7.46 (m, 4H), 7.44 (t, J = 1.3 Hz, 1H), 7.26 (d, J = 1.4 Hz, 2H), 4.41 (t, J = 6.1 Hz, 
2H), 2.84 – 2.67 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 157.77, 149.70, 130.76, 128.36, 125.47, 123.72, 
118.50, 92.20, 87.36, 60.33, 31.14. 19F NMR (376 MHz, CDCl3) δ -80.73, -112.74 – -113.59 (m), -
121.60, -121.88, -122.70, -123.43, -126.08. HRMS (EI+): calc. for C30H15F17N2O: 742.0913 [M]+ found 
742.0936. 
 
Pd12F24(BF4)24 

A vial was charged with F (7.4 mg, 10 µmol, 1 equiv.) and dissolved in CD3CN (0.8 mL). A solution of 
[Pd(MeCN)4](BF4)2 (2.2 mg, 5 µmol, 0.5 equiv.) in CD3CN (0.2 mL) was added and the resulting clear 
solution was heated at 70 °C for 3 hours. 1H NMR (300 MHz, CD3CN) δ 8.91 (d, J = 6.3 Hz, 4H), 7.64 
(d, J = 6.0 Hz, 4H), 7.45 (s, 1H), 7.26 (d, J = 1.5 Hz, 2H), 4.34 (bs, 2H), 2.93 – 2.57 (m, 2H). 13C NMR 
(75 MHz, CD3CN, NOTE: one C peak is missing and expected underneath solvent peak at 120 ppm) δ 
159.29 , 152.06 , 136.23 , 129.91 , 123.82 , 121.18 , 97.84 , 86.52 , 62.05 – 61.69 (m), 31.49 (t, J = 22.3 
Hz). 19F NMR (282 MHz, CD3CN) δ -81.59 (t, J = 10.6 Hz), -112.68 – -114.12 (m), -121.44 – -122.76 
(m), -123.18 , -123.99 , -126.62 , -150.74. DOSY (CD3CN, 25 °C): log D = -9.49 m2/s. HRMS (CSI+): 
Species Charge Found [m/z] Calculated [m/z]
Pd12F24(BF4)10 14+ 1425.9380 1425.9354 
Pd12F24(BF4)11 13+  1542.3129 1542.3154 
Pd12F24(BF4)12 12+ 1678.0052 1678.0087 
Pd12F24(BF4)13 11+ 1838.4632 1838.4544 
Pd12F24(BF4)14 10+ 2031.0107 2031.0112 
Pd12F24(BF4)15 9+ 2266.3452 2266.3452 
Pd12F24(BF4)16 8+ 2560.5130 2560.5151 
Pd12F24(BF4)17 7+ 2938.5863 2938.5830 
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Pd12OMe24(BF4)24 

A vial was charged with OMe (3.1 mg, 10 µmol, 1 equiv.) and dissolved in CD3CN (0.8 mL). A solution 
of [Pd(MeCN)4](BF4)2 (2.2 mg, 5 µmol, 0.5 equiv.) in CD3CN (0.2 mL) was added and the resulting 
pale yellow solution was heated at 70 °C for 1 hour. 1H NMR (300 MHz, CD3CN) δ 9.03 – 8.84 (m, 
4H), 7.82 – 7.49 (m, 6H), 7.20 (t, J = 8.7 Hz, 1H), 4.11 (s, 3H13C NMR (75 MHz, CD3CN) δ 164.39 (Ar-
C), 151.91 (Py-CH), 137.23 (Ar-C), 136.37 (Ar-CH), 129.68 (Py-CH), 125.34 (Py-C), 116.29 (Ar-CH), 
95.15 (C≡C), 90.37 (C≡C), 62.94 (OCH3). DOSY (CD3CN, 25 °C): log D = -9.45 m2/s. 19F NMR (282 
MHz, CD3CN) δ -150.27. HRMS (CSI+):  

Species Charge Found [m/z] Calculated [m/z]
Pd12OMe24(BF4)10 14+ 685.2533 685.2537 
Pd12OMe24(BF4)11 13+  744.5808 744.5812 
Pd12OMe24(BF4)12 12+ 813.8798 813.8800 
Pd12OMe24(BF4)13 11+ 895.7785 895.7786 
Pd12OMe24(BF4)14 10+ 944.0571 994.0568 
Pd12OMe24(BF4)15 9+ 1114.1750 1114.1747 
Pd12OMe24(BF4)16 8+ 1264.1975 1264.1971 
Pd12OMe24(BF4)17 7+ 1457.2264 1457.2259 
Pd12OMe24(BF4)18 6+ 1714.5968 1714.5975 
Pd12OMe24(BF4)19 5+ 2074.9161 2074.9179 
 
Pt6OMe12(PF6)12 

A vial was charged with OMe (3.1 mg, 10 µmol, 1 equiv.) and dissolved in DMSO:TFE (3:7 ratio, 0.8 
mL). A solution of [Pt(MeCN)4](PF6)2 (3.3 mg, 5 µmol, 0.5 equiv.) in DMSO:TFE (3:7 ratio, 0.2 mL) 
was added and the resulting solution was heated at 70 °C for 24 hours. Due to the use of non-
deuterated TFE not all 1H NMR peaks could be observed. However are clear pyridine peak at δ=9 ppm 
was observed, indicating sphere formation. The resulting solution was injected without dilution in the 
CSI-MS. HRMS (CSI+): 
Species Charge Found [m/z] Calculated [m/z]
Pt6OMe12(PF6)3 9+ 592.1127 592.1121 
Pt6OMe12(PF6)4 8+  684.3724 684.2467 
Pt6OMe12(PF6)5 7+ 802.5626 802.7055 
Pt6OMe12(PF6)6 6+ 960.6506 960.6505 
Pt6OMe12(PF6)7 5+ 1181.7734 1181.7736 
 
Statistical mixture of Pd12F12OMe12(BF4)24 
A mixture of Pd12OMe24 (5/24 µmol) and Pd12F24 (5/24 µmol) was heated in a NMR tube at 70 °C for 
overnight. 1H NMR showed no change in chemical shift but DOSY and HRMS confirmed the statistical 
mixture. 1H NMR (300 MHz, CD3CN) δ 8.92 (s br, 8H, ‘F+OMe’), 7.82 – 7.53 (m, 10H, ‘F+OMe’), 
7.45 (s, 1H, ‘F’), 7.26 (s, 2H, ‘F’), 7.21 (t, J = 7.3 Hz, 1H, ‘OMe’), 4.34 (s, 2H, ‘F’), 4.11 (s, 3H, ‘OMe’), 
2.70 (t, J = 20.0 Hz, 2H, ‘F’). DOSY (CD3CN, 25 °C): log D = -9.49 m2/s. HRMS (CSI+), a selection of 
peaks was made as, due to the statistical mixture, many species were observed:   
Species  Charge Found [m/z] Calculated [m/z]
Pd12OMe13F11(BF4)11 13+ 1110.1823 1110.1805 
Pd12OMe12F12(BF4)11 13+ 1143.4113 1143.4098 
Pd12OMe11F13(BF4)11 13+ 1176.7167 1176.7161 
Pd12OMe13F11(BF4)12 12+ 1209.9475 1209.9459 
Pd12OMe12F12(BF4)12 12+ 1245.9455 1245.9443 
Pd12OMe11F13(BF4)12 12+ 1281.9442 1281.9427 
Pd12OMe13F11(BF4)13 11+ 1327.8523 1327.8505 
Pd12OMe12F12(BF4)13 11+ 1376.1236 1376.1215 
Pd12OMe11F13(BF4)13 11+ 1406.3943 1406.3925 
Pd12OMe13F11(BF4)14 10+ 1469.3375 1469.3360 
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Pd12OMe12F12(BF4)14 10+ 1512.5357 1512.5340 
Pd12OMe11F13(BF4)14 10+ 1555.7342 1555.7321 
Pd12OMe11F13(BF4)14 10+ 1555.7342 1555.7321 
Pd12OMe12F12(BF4)15 9+ 1690.2627 1690.2605 
 
Pd24Pyr48(BF4)48 

A vial was charged with pyrrole Pyr (20 µmol, 4.4 mg, 1 equiv.) and dissolved in 0.8 mL of CD3CN. 
The a solution of 4.4 mg of [Pd(MeCN)4](BF4)2 (10 µmol, 0.5 equiv.) in 0.2 mL CD3CN was added and 
the resulting yellow solution was stirred at 70 °C for 3 hours. 1H NMR (300 MHz, CD3CN) δ 10.38 (d, 
J = 35.0 Hz, 1H), 9.20 – 8.65 (m, 4H), 7.98 – 7.55 (m, 4H), 6.95 (d, J = 33.8 Hz, 2H). 13C NMR (75 
MHz, CD3CN) δ 150.80, 141.53, 132.00, 121.23, 114.59. 19F NMR (282 MHz, CD3CN) δ -150.48 .DOSY 
(CD3CN, 25 °C): log D = -9.49 m2/s. HRMS (CSI+): 
Species Charge Found [m/z] Calculated [m/z]
Pd24Pyr48(BF4)30 18+ 876.7461 876.5576 
Pd24Pyr48(BF4)31 17+ 933.2611 933.2589 
Pd24Pyr48(BF4)32 16+ 997.2148 996.9629 
Pd24Pyr48(BF4)33 15+ 1069.2296 1069.2273 
Pd24Pyr48(BF4)34 14+ 1152.2471 1151.8153 
Pd24Pyr48(BF4)35 13+ 1247.1123 1247.1091 
Pd24Pyr48(BF4)36 12+ 1358.2903 1358.2852 
Pd24Pyr48(BF4)37 11+ 1490.0431 1489.5843 
Pd24Pyr48(BF4)38 10+ 1647.4489 1647.2431 
 
Mixture of Pd12PyrxOMe24-x(BF4)24 (x=1-6) 
In a NMR tube a solution of Pd24Pyr48 (5/24 µmol) and Pd12OMe24 (5/24 µmol) were mixed and at 
70 °C for 8 hours. HRMS (CSI+), only the 12+,10+ and 6+ species are given, due to the statistical 
mixture, many species were observed:   
Species  Charge Found [m/z] Calculated [m/z]
Pd12OMe20Pyr4(BF4)12 12+ 784.2110 784.2081 
Pd12OMe21Pyr3(BF4)12 12+ 791.6285 791.6261 
Pd12OMe22Pyr2(BF4)12 12+ 799.0460 799.0441 
Pd12OMe23Pyr1(BF4)12 12+ 806.4639 806.4620 
Pd12OMe24(BF4)12 12+ 813.8817 813.8800 
Pd12OMe18Pyr6(BF4)14 10+ 940.5490 940.5475 
Pd12OMe19Pyr5(BF4)14 10+ 949.4511 949.4490 
Pd12OMe20Pyr4(BF4)14 10+ 958.3526 958.3506 
Pd12OMe21Pyr3(BF4)14 10+ 967.2540 967.2522 
Pd12OMe22Pyr2(BF4)14 10+ 976.2559 976.2537 
Pd12OMe23Pyr1(BF4)14 10+ 985.1574 985.1553 
Pd12OMe24(BF4)14 10+ 994.0590 994.0568 
Pd12OMe18Pyr6(BF4)18 6+ 1625.5848 1625.5820 
Pd12OMe19Pyr5(BF4)18 6+ 1640.5869 1640.5846 
Pd12OMe20Pyr4(BF4)18 6+ 1655.2565 1655.2538 
Pd12OMe21Pyr3(BF4)18 6+ 1670.0919 1670.0897 
Pd12OMe22Pyr2(BF4)18 6+ 1684.9294 1684.9257 
Pd12OMe23Pyr1(BF4)18 6+ 1699.7646 1699.7616 
Pd12OMe24(BF4)18 6+ 1714.6001 1714.5975 
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Chapter 3: 
 

Gold Functionalized Platinum Nanospheres:  
Their Activity and Selectivity in Cyclization Reactions 

 

 
 
 
 
 
 
Abstract: 
In this chapter we demonstrate the assembly of platinum spheres, functionalized on the inside with a 

gold chloride catalyst. Because 24 complexes are contained in a confined space, we create a local 

high concentration of gold(I) complexes. This high local concentration makes the neutral gold species 

active catalysts. Furthermore, the platinum-gold spheres can be post-modified with a silver(I) salt to 

form cationic gold(I) catalysts. In contrast to the palladium spheres, the platinum assemblies are 

demonstrated to be stable in the presence of various substrates. Several cyclization reactions have 

been carried out using these new spheres as catalysts. Higher conversions in a [4+2] cycloaddition 

are observed for the sphere catalyst compared to the mono-nuclear analogues. Also the cyclization of 

1,6-enynes can be facilitated by the confined gold catalyst and high activity is observed in the 

activation of allenes. For the lactonization of alkynoic acids, different selectivity is observed 

compared to a standard gold(I) catalyst, demonstrating that the high local concentration due to a 

confined space can induce a different selectivity in catalysis.    
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3.1 Introduction 
 

For a future in which new chemicals are made in a sustainable and atom economical 

way, transition metal catalysis is of utmost importance. Complex pharmaceutical 

molecules can be created via shortcuts in synthetic routes through new catalysts. 

Furthermore, waste due to stoichiometric reactions can be prevented with the use of a 

catalyst. In the recent years, gold catalysis has gained increased interest in 

homogeneous and heterogeneous catalysis as it has been demonstrated to facilitate a 

large variety of cyclization, hydration and oxidation reactions,1,2 relevant for the 

formation of valuable compounds. Due to the soft and carbon coordinating character 

of gold it can be used to activate allenes,3 alkenes4 and alkynes.5 By enabling carbon-

carbon or carbon-heteroatom bond formation, gold catalysts can be used to form a 

broad array of cyclic products. However, often different products can be formed in 

gold catalyzed reactions due to the attack of the nucleophile on different positions, 

activated by the gold catalyst. With the emergence of dual gold catalysis, in which two 

gold atoms are active in the catalytic cycle,6,7 gold catalysis can lead to the formation 

of products containing multiple fused rings. Traditional means to control the 

properties of a catalyst involves changing the ligands in the first coordination sphere 

of the active gold species. However, through supramolecular chemistry, a second 

coordination sphere, or a confined space, can be created around the catalyst that also 

controls the properties of the metal complex.8-12 To form a confined space around the 

gold species, either a template-ligand approach can be used,13 or a known catalyst can 

be encapsulated in a preformed cage. Already demonstrated by our group is the 

confinement of gold carbene complexes in hexameric capsules14 and the group of 

Raymond has reported the encapsulation of gold phosphines in tetrahedral molecular 

containers.15 In these examples, the capsule around the catalyst impedes a different 

selectivity, hence resulting in a new product distribution. While in these examples 

only one catalytic center is isolated in a molecular cage it has also been demonstrated 

that having multiple gold species in a sphere is possible, forcing a high local gold 

concentration.16 This high local concentration resulted in aurophilic d10-d10 

interactions, as evidenced by a change in the UV-Vis spectra, resulting in active gold 

catalysts in their neutral form (Au-Cl). In contrast, the monomeric gold building 

block, which does not benefit from a high local concentration, showed no activity in 

gold catalyzed cyclization reactions. The local concentration could also be diluted by 

mixing-in more non-functionalized building blocks and in that way gave the 

opportunity to tune the local concentration of the gold catalyst through 

supramolecular assembly. In this chapter we will elaborate on the molecular sphere 

assembly of the previous reported bispyridyl functionalized gold phosphine building 



Gold Functionalized Platinum Nanospheres and Their Activity in Cyclization Reactions 

 
71 

blocks. Herein, the formation of stable platinum spheres and their application in 

different gold catalyzed intramolecular cyclization reactions will be demonstrated.  

	
3.2  Assembly and characterization of the gold functionalized spheres 
 
Bispyridyl functionalized building blocks have been applied to form different 

supramolecular structures.17-21 By adding either square planar palladium or platinum 

(M) precursors to the building block (L) a large variety of spheres of the type MnL2n 

can in principle be formed, in which n is depending on the building block that is 

used.22 These building blocks can be modified with functional moieties, which gives 

the possibility to decorate the outside or inside of the sphere.23-28 Our group has 

demonstrated that metal complexes can be embedded in these palladium spheres, 

resulting in a high local concentration of the particular complexes.16 The formation of 

the platinum analogues and their utilization in catalysis has, however, not been 

investigated. The group of Fujita has already demonstrated that the platinum sphere 

analogues are more stable to acidic and basic conditions due to the stronger platinum 

pyridine bond.29 The more stable and robust platinum spheres would therefore be 

better suitable for catalysis, as harsher reaction conditions can be employed 

compared to the palladium analogues. To investigate the formation of the platinum 

spheres, the already reported bispyridyl functionalized gold phosphine building block 

was used. It was synthesized from 2,6-dibromophenol in four steps yielding complex 

A (depicted in Figure 1a). The large (Pd)12(A)24(BF4)24 spheres were formed by 

adding 0.5 equivalent of [Pd(MeCN)4](BF4)2 complex in a CD3CN solution to a 

solution of gold complex A. After stirring for one hour at 70 °C, similar coordination 

was observed as our previously reported palladium triflate spheres, according to 1H 

NMR spectra (Figure 1b and c).16 For the formation of the platinum analogue of these 

spheres, the assembly was formed by stirring A with a solution of [Pt(MeCN)4](PF6)2 

for 24 hours at 70 °C. The longer assembly time resulted in the formation of one set 

of pyridine signals in the 1H NMR spectra confirming the formation of one species in 

solution. As reported in literature, the 1H NMR peaks of the deshielded pyridine 

protons are broadened due to the restricted motion of the building blocks on the 

NMR timescale, which is caused by the strong pyridine platinum bond.29,30 Further 

indication of the formation of spheres was given by Diffusion Ordered NMR 

Spectroscopy (DOSY), displayed in Figure 1e, which reveals a diffusion constant of log 

D of -9.51 m2/s, corresponding with the formation of large species having a diameter 

of 3.9 nm.  
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Figure 1: a) Synthesis and PM3 spartan modeled structure of (Pt)12(A)24(PF6)24 spheres. 1H NMR spectra of b) 

free building block A, c) (Pd)12(A)24(BF4)24 spheres and d) (Pt)12(A)24(PF6)24 spheres in CD3CN. Protons indicated 

in the spectra display the shift of the pyridine signals due to metal-pyridine coordination. e) DOSY of 

(Pt)12(A)24(PF6)24 spheres showing a band corresponding with a size of 3.9 nm. 

 

3.3  Activity of the assemblies in gold catalyzed cyclization reactions 
 

To assess the reactivity of the gold containing platinum spheres, we studied them in 

the intramolecular hydroalkoxylation of allenol 1.31,32 The palladium spheres with 24 

neutral gold chloride complexes were previously demonstrated to be active in 

catalysis. This is in contrast to the mono gold-chloride complexes (A), which show no 

conversion of 1. The local high concentration of gold inside the nanosphere facilitates 

gold-gold interactions and hence an active catalyst is formed. Resulting from the use 

of a different palladium salt as precursor for the synthesis of the supramolecular 

sphere, the currently studied palladium spheres have a different anion (BF4 vs. OTf). 

The neutral gold complexes inside the palladium sphere become active as a result of 

the high local concentration, yielding the five-membered ring as sole product (Table 

1). Remarkably, the different anion of the current palladium sphere (BF4) resulted in 

lower conversion of 1 than the previously reported sphere with the triflate anion (51% 

after 24 hours vs. 90% yield after 12 hours). As the inside of both spheres are 
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functionalized with the same neutral gold complex, this indicates that the anions of 

the sphere itself also influence the cyclization of 1, hence the reactivity of the gold 

complex is influenced by the palladium precursor that is used in the assembly 

formation. The analogous gold containing sphere based on platinum is also active and 

converts the substrate solely into the five membered ring product with 39% 

conversion after 24 hours. The reaction continues to proceed as after 72 hours (room 

temperature) 68% of the product is formed.  

 
Table 1: Cyclization of allenol 1 into five membered ring 2, catalyzed by the neutral gold chloride spheres. 

 

Entry Catalyst Conversion (%) 

 24 hours 72 hours 

1 (Pd)12(A)24(BF4)24 51 83 

2 (Pt)12(A)24(PF6)24 39 68 

Conditions: 8 μmol of substrate, 0.11 μmol of sphere. Total reaction volume is 0.3 mL of CD3CN and 0.5 mL of 

CD2Cl2. Reaction was followed by 1H NMR spectroscopy. 

 

To further look into the reactivity of the spheres, functionalized at the inside with 

gold complexes, we investigated its activity in the [4+2] cycloaddition of 3, which is 

reported to be catalyzed by cationic gold(I) complexes.33,34 The palladium based 

assembly of the neutral gold chloride catalyst proved to be almost not active in the 

cyclization of substrate 3 (Table 2, entry 1). Furthermore, the same catalyst based on 

the building block (A) showed a negligible activity of 3% conversion to product 4 

after 24 hours. Interestingly, using the same conditions with the platinum sphere 

showed a higher conversion of 15% to product 4 (entry 3). We investigated the 

reaction mixture during catalysis and observed by NMR spectroscopy that the 

palladium based sphere disassembles during the reaction. In the 1H NMR spectra, the 

formation of the free building block around 8.5 ppm is observed, as depicted in 

Figure 2. This indicates that under reaction conditions the alkyne destabilizes the 

sphere, possibly by coordination to the palladium atoms which hold the sphere 

together. Interestingly, the platinum based assembly showed no formation of the free 

building block under these reaction conditions, and the broad singlet indicative for 

the sphere remains visible in the 1H NMR spectrum during the reaction. This 

corresponds with the expected stability of these spheres, which is based on the 

stronger pyridine-platinum bond, making the assemblies resistant to substrates that 

can also bind to the square planar platinum species.  
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Table 2: [4+2] Cycloaddition of substrate 3 to product 4, catalyzed by neutral gold(I) species. 

DCM/MeCN
rt, 24h

Catalyst 
(5% Au)O

O

Me

H

3 4  

Entry Catalyst Conversion (in % after 24 hours) 

1 (Pd)12(A)24(BF4)24 3 

2 A 4 

3 (Pt)12(A)24(PF6)24 15 

4 Ph3PAuCl 6 

5 [Pt(MeCN)4](PF6)2 6 

6 (Pt)12(B)24 (PF6)24 3 

Conditions: 30 μmol of substrate, catalyst, based on 1.5 μmol of Au or 0.75 μmol of Pt. Total reaction volume 

is 0.3 mL of CD3CN and 0.2 mL of CD2Cl2. Reaction was followed by 1H NMR spectroscopy, conversion given is 

an average of two runs. Pt12B24(PF6)24 (entry 6), is a platinum sphere made of a building block functionalized 

with a methoxy group (B) of which the structure is depicted in Figure 4.  

 

 

Figure 2: Instability of the palladium sphere during the cyclization of substrate 3. The indicated band shows 

the formation of free building block A during catalysis. 

 

The reactivity of the platinum based sphere containing the 24 gold complexes was 

higher than the neutral triphenylphosphine gold(I) chloride catalyst (entry 4). The 

higher conversion of the neutral gold catalyst inside the platinum spheres 

demonstrates that the high local concentration of metal complexes can yield a more 

active catalyst. Control experiments using the platinum(II) building block or a 
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platinum sphere that was functionalized with a methoxy group at the inside (entry 5 

and 6), showed in both cases lower conversion, indicating that the gold species are 

responsible for the activity as the platinum plays no role in the conversion to product 

4.  

With the stability of the platinum based sphere established we looked into increasing 

the turnover numbers of the system. Therefore, we investigated the in situ activation 

of the gold complexes inside these spheres with silver(I) ions to abstract the chloride. 

The assembled sphere, Pt12A24(PF6)24 was therefore mixed with a solution of AgPF6 

to form the cationic gold species. The activity of the cationic gold complexes was 

higher as full conversion of the substrate was observed after 24 hours at room 

temperature (Table 3, entry 1). We confirmed by NMR spectroscopy that the 

platinum sphere remains stable in the presence of AgPF6 and substrate (Figure 3) and 

no free building block was observed over time. The activity of the cationic gold sphere 

was also compared with the cationic gold complex A (entry 2) which showed 

significant lower conversion compared to the sphere and gave only 22% conversion to 

the product. Similar to previous observations with the neutral gold species, the 

palladium based sphere showed similar reactivity as the free building block (17% 

conversion, entry 3), caused by the decomposition of the spheres under these 

conditions due to the weaker palladium-pyridine interactions. To exclude the 

interactions of the pyridine functionalities with the gold that potentially can hamper 

the catalysis, we also evaluated a standard catalyst, (triphenylphosphine gold chloride 

with AgPF6) under these conditions (entry 4). Although higher turnover numbers are 

observed compared to the free building block A (54% conversion versus 22%), it still 

doesn’t reach full conversion as observed with the platinum spheres after 24 hours. 

With the Pt12A24(PF6)48 species being the best catalyst under these conditions, we 

demonstrated that also for this reaction the high local concentration of cationic gold 

species inside the sphere is beneficial for the conversion of 3 into 4. 
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Table 3: [4+2] Cycloaddition of substrate 3 towards product 4, catalyzed by cationic gold(I) species. 

DCM/MeCN
rt, 24h

Catalyst
(5% Au)
AgPF6 (5%)O

O

Me

H

3 4  

Entry Catalyst Conversion after 24 hours (%) 

1 (Pt)12(A)24(PF6)24 97 

2 A 22 

3 (Pd)12(A)24(BF4)24 17 

4 Ph3PAuCl 54 

5 AgPF6 3 

6 (Pt)12(B)24(PF6)24 3 

Conditions: 30 μmol of substrate, catalyst, based on 1.5 μmol of Au and 1.5 μmol of AgPF6. Total reaction 

volume was 0.3 mL of CD3CN and 0.2 mL of CD2Cl2. Reaction was followed by 1H NMR spectroscopy, 

conversion is an average of two runs. Pt12B24(PF6)24 (entry 6), is a platinum sphere made of a building block 

functionalized with a methoxy group (B) which the structure is depicted in Figure 4.  

 

 

Figure 3: Stability of the platinum-based sphere in the presence of AgPF6 under reaction conditions. The 

indicated band shows where the formation of free building block A should appear, if disassembly would 

occur. 

 

We excluded that any of the other metals present in the solution acts significantly as a 

catalyst for this reaction (entry 5 and 6). The higher stability of the cationic gold 

complexes inside the sphere was further demonstrated when a lower catalyst loading 

(1% of gold) was utilized for the [4+2] cycloaddition. Monitoring the cyclization in 
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time with 1% of supramolecular gold(I) complex yielded 41 turnover numbers (TON) 

after one day and the reaction still proceeds (see Figure 4). The activity is 

considerably higher when compared with the achieved TON of the free building block 

(5%) or Ph3PAu+ (19%) under the same conditions, also depicted in Figure 4. We 

expect the local concentration of the gold complex in a confined space to be the 

reason for the higher activity and stability of the catalyst. To investigate if this local 

high concentration of cationic gold(I) complexes is beneficial for the reactivity we 

investigated the local dilution of the gold complex by mixing it in different ratios with 

a non-functionalized building block (B). Via this way statistical mixtures, based on 

the ratio of the building blocks can be obtained, which has already been 

demonstrated by our group with the palladium based spheres.16 Thus, dilutions of the 

catalyst with a statistical ratio of 18:6 and 6:18 (A:B) were formed by mixing in 

additional building block and platinum precursor while keeping the overall 

concentration of gold (building block A) the same. Hence, we diluted the effective 

local concentration of the gold complex. The conversion of substrate 3 with these 

diluted gold complexes was monitored in time and is plotted in Figure 4. The results 

clearly demonstrate that the highest activity is obtained in the experiment with 

higher local gold concentration, which gradually decreases with the lower local 

concentration of the gold complex. This correlation between the local catalyst 

concentration and activity demonstrates that the high local concentration of the gold 

species inside the sphere enhances the activity of the catalyst.  
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Figure 4: Effect of the local concentration of the catalyst on the cyclization of 3 when 1% of gold catalyst is 

used. The conversion of the product is plotted in time. Conditions: 150 μmol of substrate, catalyst, based on 

1.5 μmol of Au and 1.5 μmol of AgPF6. Total reaction volume of 0.3 mL of CD3CN and 0.2 mL of CD2Cl2. 

Reaction was followed by 1H NMR spectroscopy, conversion is an average of two runs. 

 

In addition to [4+2] cycloadditions and allene cyclizations we were also interested in 

the effect of the local high concentration on the cyclization of 1,6-enynes. A model 

substrate, 1,6-enyne 5 was used as, based on literature,5,35,36 this substrate can give 

multiple products depending on the gold(I) catalyst that is used. A 6-endo-dig 

reaction leads to the formation of the 6-membered ring product 6 or, via a 5-exo-dig 
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cyclization, a five membered ring intermediate is formed. This intermediate, known 

to be a gold(I) carbene,35,36 can then undergo proto-deauration to form product 7 or it 

can be attacked by a nucleophile (like water) to give product 8 (see Table 4). 

Interested in the effect of the high local concentration, this cyclization was carried out 

with our gold functionalized nanosphere. When we added the silver additive (AgPF6) 

and subsequent 1,6-enyne 5 in CD3CN to a solution of Pt12A24(PF6)24 we observed no 

conversion of the starting material after 24 hours at room temperature. As 

acetonitrile is an uncommon solvent in gold catalysis, we expect that the coordinating 

character of this solvent hampers the cyclization reaction. We therefore studied the 

possibility of other solvents for the assembly of the spheres. The insolubility of the 

building blocks made the formation of the spheres not possible in various standard 

solvents like dichloromethane, toluene or methanol (see experimental section). One 

of the solvents that is able to solubilize both building blocks was the less-coordinating 

but polar solvent nitromethane. Thus, a combination of the gold chloride building 

block A with a platinum precursor in nitromethane-d3 resulted in a clear solution. 

The shift of the pyridine protons and DOSY experiments confirmed the formation of 

the spheres in this solvent. This nanosphere pre-catalyst was treated with AgPF6 after 

which the substrate was added, all in nitromethane-d3. The use of the gold complexes 

in this less coordinating solvent resulted in the rapid formation of a mixture of 5- and 

6-membered product (see Table 4, entry 3), with full conversion of the starting 

material within 30 min. Due to the presence of small amounts of water in the solvent, 

also some hydrolyzed product (8) is observed. The mononuclear complex A, showed 

no conversion at all under these conditions (entry 4). It is likely that the free pyridine 

moieties of A inhibit the cationic gold(I) complex through coordination, thus 

preventing catalysis. Control experiments confirmed that the other metals present 

(Pt, Ag), which can form these products at elevated temperatures,37-41 are not active 

under these conditions at room temperature (Table 4, entry 5 to 7).    
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Table 4: Gold(I) catalyzed cyclization of 1,6-enyne 5 into 6-membered, 5-membered or hydrolyzed product 6, 

7 and 8 in nitromethane-d3 at room temperature.  

 
Entry Catalyst Conv. (%) 6 7 8 Ratio 6:7 

1 (Pt)12(A)24(PF6)24[a] 0 0 0 0  

2 A[a] 0 0 0 0  

3 (Pt)12(A)24(PF6)24 100 38 (39) 56 (55) 6 (7) 0.68 (0.70) 

4 A 0 0 0 0  

5 (Pt)12(B)24(PF6)24 0 0 0 0   

6 [Pt(MeCN)4](PF6)2 0 0 0  0   

7 AgPF6 0 0 0 0   

8 Ph3PAuCl 100 40 (39) 58 (51) 2 0.69 (0.76) 

Conditions: 30 μmol of substrate, catalyst, based on 1.5 μmol of Au and/or AgPF6 and/or 0.75 μmol of Pt. 

Total reaction volume was 0.5 mL of CD3NO2. Conversion is based on 1H NMR spectroscopy and is an average 

of two runs; numbers in parentheses are isolated yields. [a] Reaction was performed in ACN/DCM mixture (3:2) 

for 24 hours.  

 

To compare our systems to a mononuclear gold complex, we utilized 

triphenylphosphine gold(I) under the same reaction conditions (entry 8). Cyclization 

of substrate 5 by Ph3PAu+ gave also full conversion within half an hour (entry 8). As 

both reactions went to full completion after 30 minutes, no information is available of 

the sphere effect on the activity in this reaction. Based on the 1H NMR spectra, a 

similar ratio of the products with the five- and six-membered ring is obtained, which 

indicates that the assembly doesn’t influence the nucleophilic attack on the alkyne.  

Next, we studied the gold catalyzed conversion of enyne 9.42-44 Our spheres, bearing a 

high concentration of gold complexes, rapidly converted 9 and the 5-membered 

product (12) is formed as major compound (Table 5, entry 1). In addition a low 

amount of the six-membered ring 10 and hydrolyzed product (13) are also formed. 
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Table 5: Cyclization of 1,6-enyne 9.   

 
Entry Catalyst Conv. (%) 10 11 12 13 

1 (Pt)12(A)24(PF6)24 100 9 0 79 12 

2 Ph3PAuCl 100 13 23 63 0 

3[a] (Pt)12(A)24(PF6)24 100 11 28 55 7 

4[a] Ph3PAuCl 100 15 53 32 0 
[a] Ratio of products after 24h. Conditions: 30 μmol of substrate, catalyst, based on 1.5 μmol of Au and AgPF6. 

Total reaction volume was 0.5 mL of CD3NO2. Conversion and ratio are based on 1H NMR spectroscopy and is 

an average of two runs.  

 

Under the same reaction conditions the mononuclear complex, 

triphenylphoshinegold(I), also converted the substrate within 30 minutes. The 

mononuclear complex appears less selective for the formation of 12 (Table 5, entry 

2). While the amount of six-membered ring (10) is the same as with the gold 

functionalized spheres when Ph3PAuCl is used, also the isomerized five-membered 

ring product (11) is observed. This product 11 is not formed under the same 

conditions after 30 minutes at all when the (Pt)12(A)24(PF6)24 catalyst is used. As 

compound 11 could be formed from 12 by isomerization, we investigated the product 

distribution after a prolonged reaction time. As displayed in entry 3 and 4, more of 11 

is formed after 24 hours, also in the catalytic experiment where (Pt)12(A)24(PF6)24 is 

applied, suggesting that the high local concentration of gold complexes has a slower 

isomerization rate and therefore yields a higher selectivity.  

To broaden the scope of the possible transformations by the spheres we utilized them 

in the cyclization of allenol 1,31,32 again in the presence of AgPF6 to generate cationic 

gold complexes inside the sphere. High selectivity with the stable cationic gold 

spheres is still obtained and full conversion to product 2 is observed within two hours 

at room temperature.  
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Scheme 1: Cyclization of allenes 1 and 14, catalyzed by the platinum based gold sphere. Conversions are 

given based on 1H NMR spectroscopy. The numbers in parentheses are isolated yields (Conditions: 30 μmol of 

substrate, catalyst, based on 1.5 μmol of Au and AgPF6. Reaction volume is 0.5 mL of CD3NO2). 

 

Compared to the neutral gold spheres (compare Scheme 1 to Table 1) faster and 

higher conversion to the product is obtained, which is expected for the generally more 

active cationic gold complexes. The higher stability of the platinum based spheres 

allows the use of an acid as nucleophile and thus allenic acid 14 could also be cyclized 

yielding lactone 15 as the sole product.45 As a final case study for our stable 

assemblies with confined gold complexes we investigated the lactonization of 

alkynoic acids. Again the assembly remained stable when either 4-pentynoic acid (see 

experimental section) or hex-4-ynoic acid (16) was used as the substrate, 

demonstrating the stability in the presence of acids. Interestingly, the latter case 

yields a distribution of two different products as indicated by the 1H NMR spectra. 

The spheres with the embedded high local concentration of gold complexes 

(Pt)12(A)24(PF6)24 form the 6-membered ring 17 and 5-membered ring 18 in a 2:1 

ratio (see Table 6, entry 1). Control experiments showed that the active species 

involves a gold complex (entry 3). 
 

Table 6: Gold(I) catalyzed lactonization of hex-4-ynoic acid. Conversions are based on 1H NMR spectroscopy 

and is an average of two independent runs. (Conditions: 60 μmol of substrate, catalyst, based on 1.5 μmol of 

Au and AgPF6. Reaction volume was a total of 0.5 mL CD3NO2) 

 

Entry Catalyst Conv. (%) 17 18 Ratio 17:18 

1 (Pt)12(A)24(PF6)24 100 67 33 2.0 

2 Ph3PAuCl 100 92 8 11.5 

3 (Pt)12(B)24(PF6)24 0 - - - 
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Interestingly, this selectivity is different to that of the mononuclear Ph3PAu+catalyst 

under the same conditions. The clear difference in product ratio of the different 

catalysts shows that the high local concentration of gold complexes influences the 

selectivity of the reaction, resulting in more formation of the 5-membered ring 18.  

3.4  Conclusions 
 

New platinum based assemblies were formed based on ditopic pyridine containing 

ligands and a platinum precursor. Within the assembly, a high local concentration of 

gold(I) is obtained when using building blocks that have gold complexes. The 

platinum based spheres show a higher tolerance for functional groups, enabling a 

broader scope in catalysis which has been demonstrated by their use in various gold 

catalyzed cyclization reactions. We have demonstrated that the high local 

concentration of gold complexes can give a higher conversion in [4+2] cycloadditions. 

More active cationic gold species can be obtained via post modification of the stable 

spheres with silver salts. The high local concentration of cationic gold complex has a 

positive effect on the activity of the gold catalyst in the [4+2] cycloaddition. 

Furthermore, 5-exo- and 6-endo-dig reactions are possible within the spheres 

containing cationic gold complexes in a polar but less-coordinating solvent 

(nitromethane). We observed that with these type of reactions the supramolecular 

catalyst has a lower rate for the isomerization of the product compared to an 

electronically similar but mononuclear catalyst (Ph3PAu+). The sphere catalyst thus 

displays a higher selectivity, especially at short reaction times. The lactonization of 

hex-4-ynoic acid also resulted in a different product distribution with our 

supramolecular catalyst and a higher selectivity for the five-membered ring is 

observed due to the high local concentration. All together we have shown that the 

platinum based spheres are a new versatile type of catalysts. The supramolecular 

spheres remain stable under various conditions. No disassembly of the spheres has 

been observed, hence these highly concentrated gold complexes form a new class of 

catalysts with broad applicability. The observation of a higher reactivity and new 

selectivity of these stable spheres make them promising for the field of 

supramolecular catalysis to induce new selectivity and reactivity.     
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3.6  Experimental Section 
 
General experiment section 

A general experimental section has already been described in Chapter 2. Building blocks A,16 B29 and 
substrates 1,46 3,47 5,48 9,49 1450 and 1651 were prepared according to literature procedures. 
 
3.6.1 Synthesis of building blocks and assemblies 

[Pt(MeCN)4](PF6)2  
Cis-PtCl2(MeCN)2 (250 mg, 0.718 mmol, 1 equiv.)52 was dissolved in 5 mL of MeCN. In a glovebox, a 
separate vial was charged with AgPF6 (1.436 mmol, 2 equiv.) and taken out. The silver salt was 
dissolved in 5 mL of MeCN and transferred to the solution of the platinum complex. The resulting 
suspension was stirred at room temperature for overnight with exclusion from light and filtered over a 
pad of celite. The solution was then concentrated, dissolved again in 5 mL of MeCN and filtered over a 
syringe filter. The resulting clear solution was added dropwise to a stirring solution of Et2O. After 
filtration and washing with Et2O (3x) the product was obtained as a white solid. (307 mg, 66%) 19F 
NMR (282 MHz, CD3CN) δ -72.88 (d, J = 707.4 Hz). 31P NMR (121 MHz, CD3CN) δ -147.55 (hept, J = 
703.5 Hz).Elemental Analysis: found (calcd.) for C8H12F12N4P2Pt: C, 15.47 (14.80); H, 1.64 (1.86), N 
8.51 (8.63). 

 
(Pd)12(A)24(BF4)24  

A vial was charged with A (8.6 mg, 10 µmol, 1 equiv.) and dissolved in 0.3 mL of CD3CN. A separate 
vial was charged with [Pd(MeCN)4](BF4)2 (2.44 mg, 5.5 µmol, 0.55 equiv.), dissolved in 0.2 mL of 
CD3CN and transferred to the first vial. The resulting yellow solution was stirred at 70 °C for 1 hour 
after which NMR spectroscopy showed full conversion towards the sphere. 1H NMR (300 MHz, 
CD3CN) δ 9.01 (d, J = 4.8 Hz, 4H), 7.64 (d, J = 7.9 Hz, 2H), 7.57 (d, J = 5.9 Hz, 4H), 7.47 – 7.10 (m, 
10H), 7.15 – 6.82 (m, 2H), 6.83 – 6.46 (m, 1H), 4.14 (s, 2H), 3.94 (s, 2H), 1.82 (s, 4H). 31P NMR (121 
MHz, CD3CN) δ 32.84 (s). HRMS (CSI+): 

Species  Charge Found [m/z] Calculated [m/z]
(Pd)12(A)24(BF4)14 10+ 2316.0786 2316.0837 
(Pd)12(A)24(BF4)13 11+ 2097.5266 2097.5302 
(Pd)12(A)24(BF4)12 12+ 1915.4827 1915.4857 
(Pd)12(A)24(BF4)11 13+ 1761.4452 1761.4480 
(Pd)12(A)24(BF4)10 14+ 1629.4126 1629.4157 
(Pd)12(A)24(BF4)9 15+ 1514.9854 1514.9877 
 
(Pt)12(A)24(PF6)24 

A vial was charged with A (8.6 mg, 10 µmol, 1 equiv.) and dissolved in 0.3 mL of CD3CN. A separate 
vial was charged with [Pt(MeCN)4](PF6)2 (3.57 mg, 5.5 µmol, 0.55 equiv.), dissolved in 0.2 mL of 
CD3CN and transferred to the first vial. The resulting solution was stirred at 70 °C for 24 hours after 
which NMR spectroscopy showed full conversion towards the sphere. 1H NMR (300 MHz, CD3CN) δ 
8.88 (s br, 4H, Py), 7.56 (s br, 2H (Ar)+ 4H (Py)), 7.31 (s br, 10H, Ar), 6.98 (s br, 2H, Ar), 6.68 (s br, 
1H, Ar), 4.20 (s br, 2H, CH2), 3.92 (s br, 2H, CH2), 1.83 (s br, 4H 2xCH2). 31P NMR (121 MHz, CD3CN) 
δ 32.93 (s), -141.59 (p). 19F NMR (282 MHz, CD3CN) δ -72.40 (d, J = 709.5 Hz). DOSY (CD3CN, 25 
°C): log D = -9.51 m2/s. Authors would like to note that, due to broadening of the peaks, no 13C NMR is 
possible of this assembly.  
(Pt)12(A)24(PF6)2 in CD3NO2: 1H NMR (400 MHz, CD3NO2) δ 9.48 – 8.33 (m, 4H), 8.16 – 6.51 (m, 
17H), 4.12 (s br, 4H), 1.99 (s br, 4H). 19F NMR (282 MHz, CD3NO2) δ -75.52 (d, J = 707.6 Hz). 31P 
NMR (162 MHz, CD3NO2) δ 33.17 , -144.57 (hept, J = 708.1 Hz). DOSY (CD3NO2, 25 °C): log D = -
9.82 m2/s. 
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3.6.2 [4+2] Cycloaddition of 3 
 
Standard procedure for the cyclization of 3 without activation (Table 2): 
A vial was charged with a stock solution of substrate 3 (30 µmol, 100 µL solution in CD2Cl2). Then, a 
solution of catalyst was added (1.5 µmol based on Au. Solution of spheres was added in CD3CN. 
Solution of building block A or Ph3PAuCl was added in CD2Cl2). Then the solution was diluted to a 
total volume of 0.2 mL of CD2Cl2 and 0.3 mL of CD3CN after which the reaction was followed by NMR 
over time.  

 
Standard procedure for the cyclization of 3 catalysis with activation (Table 3 and Figure 
4): A vial was charged with a solution of AuCl complex (1.5 µmol based on Au, A or Ph3PAuCl was 
added as a stock solution in CD2Cl2, sphere was added as a solution in CD3CN). A solution of 1.5 µmol 
AgPF6 (in 75 µL CD3CN) was added and left to stand for 15 min. Then, it was further diluted to a total 
volume of 0.1 mL CD2Cl2 and 0.3 mL CD3CN. Finally a solution of substrate (30 µmol, in 100 µL 
CD2Cl2) was added and the reaction was followed by NMR spectroscopy.  
With the 1% catalyst loading experiments (Figure 4) 150 µmol of 3 was added in 100 µL.  
 
Dilutions of the spheres: 
A vial was charged with building block B (0, 1.667 or 15 µmol corresponding to 0, 0.517 or 4.665 mg) 
and a solution of 5 µmol (4.305 mg in 0.3 mL of CD3CN) of A is added. Then a solution of 
[Pt(CH3CN)4](PF6)2 was added (1.78, 2.38 or 7.14 mg in 0.2 mL of CD3CN) and the solution was heated 
at 70 °C for 24 hours.   

 
3.6.3 Cyclization of 1,6-enynes 5 and 9 

Standard procedure for the cyclization reactions in CD3NO2: 
A NMR tube with a screw cap was flushed 3 times with N2/vacuum. Then under N2 the tube was 
charged with catalyst (1.5 µmol of Au, 150 µL of a sphere solution based on 10 µmol of A in 1 mL of 
CD3NO2 and pre-dried over 3 Å molecular sieves) and a solution of AgPF6 (1.5 µmol in 50 µL, not(!) 
dried over 3 Å molecular sieves) was added. The solution was diluted with 250 µL of CD3NO2 (pre-
dried over 3 Å molecular sieves), shaken and left to stand for 15 minutes at room temperature. Then a 
solution of 30 µmol of substrate in 100 µL of CD3NO2 (pre-dried over 3 Å molecular sieves) was added, 
the NMR tube was sealed, shaken again and measured after 30 minutes. 
 
For the isolation of the products (table 4), the crude reaction mixture was flushed over a plug of silica 
with ethyl acetate and concentrated. A mixture of the products was obtained after which the yield was 
determined with 1H NMR spectroscopy. The spectral data of the products (6,35 7,53 854) corresponded 
with those reported in literature and were confirmed with COSY. For the cyclization of enyne 9, no 
isolation was performed but the spectral data of the products corresponded with those reported in 
literature.44 

3.6.4 Cyclization of allenes 1 and 14: 

A solution containing catalyst was prepared according to the standard procedure, then a solution of 30 
µmol of 1 or 14 in 100 µL of CD3NO2 (pre-dried over 3 Å molecular sieves) was added, the NMR tube 
was shaken again and measured over time. The spectral data of the products corresponded with those 
reported in literature.16 
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3.6.5 Cyclization of alkynoic acids: 

A solution containing catalyst was prepared according to the standard procedure, then a solution of 60 
µmol of pentyoic acid or hex-4-ynoic acid (16) in 100 µL of CD3NO2 (pre-dried over 3 Å molecular 
sieves) was added, the NMR tube was shaken again and measured over time. The spectral data of the 
products corresponded with those reported in literature.55  

When pentynoic acid(I) was used this reacted to the exocyclic double bond product (II, Scheme 2) 
within 5 min. Over time this double bond isomerized to the endocyclic double bond product III. This 
type of reactivity was also observed with Ph3PAuCl in combination with AgPF6.  

 

Scheme 2: Gold catalyzed cyclization of 4-pentynoic acid I.  

 
3.6.6 Formation of the spheres in different solvents: 

Formation of spheres in various solvents: both building blocks were tried to be dissolved in the solvent 
and then combined. Only nitromethane and acetonitrile proved to be suitable solvents and also gave a 
clear solution upon combination of the building blocks. 

Entry Solvent Building block 
soluble 

Pt source 
soluble 

comment

1 THF Yes No Suspension
2 CHCl3 Yes No Suspension
3 Dioxane Yes No Suspension
4 Acetone Yes Yes Suspension upon combining A+Pd
5 Methanol Yes Yes Suspension upon combining A+Pd
6 Nitromethane yes yes Clear solution

 

3.6.7 Additional reactions with the (Pt)12(A)24(PF6)24 spheres 

Studies were also done towards other cyclization reactions. Substrates with amine functionalities still 
proved troublesome and the spheres were unable to facilitate the catalysis.  
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Chapter 4: 
 

Variation of the Local Environment and Concentration  
of a Rhodium Catalyst Inside a Nanosphere 

 
Abstract: 
With the emergence of synthetic cavities through self-assembly, new classes of catalysts are 

accessible by simple mixing of building blocks. In this chapter we demonstrate that new M12L24 (M = 

Pd or Pt) spheres can be formed with different interiors. A new sphere, functionalized with rhodium 

carbene catalysts is reported. The local concentration of rhodium complexes inside the sphere can be 

controlled by mixing-in different building blocks. Depending on the building block that is used, a 

more polar or steric environment around the rhodium complexes can be formed. These different 

environments around the rhodium complex result in different reaction profiles in the cyclization of 4-

pentynoic acid. 
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4.1 Introduction 
 

The ability to control selectivity and reactivity in catalysis and organic synthesis plays 

an important role in chemistry. One way to influence these factors is by changing the 

electronic or steric factors of the ligand that is bound to the active species. This first 

coordination sphere of a catalyst allows for a straightforward way to change the 

sterics and electronics around a metal center.1 With the use of supramolecular 

chemistry it is possible to add new functionalities to the ligands via weak interactions. 

In this way, cofactor like molecules can be bound or even capsules can be formed 

around the catalyst, influencing the reactivity and selectivity of known catalysts. This 

results in the design of a catalyst that goes beyond the first coordination sphere by the 

construction of a second coordination sphere around a catalytic center, thereby 

resembling enzymes.2-5 Different ways can be used to form this second coordination 

sphere, e.g. using the ligand as a template to form a capsule6 or via a pre-assembled 

host and using its affinity to facilitate guest preorganization.7,8 Utilizing this strategy, 

our group has for example already demonstrated that a capsule around a rhodium 

catalyst can influence its regio-9 and enantio-selectivity10 in the hydroformylation 

reaction. These strategies can be used to introduce new reactivity and selectivity in 

catalysis by forming a confined space around the catalytic center and as such have 

contributed to the field of supramolecular catalysis. The confined spaces that are 

formed around the active site pre-organize the substrate around the catalyst thereby 

controlling the activity and selectivity. In literature already many different capsules, 

cavitands and molecular containers are known that can be applied for this 

purpose.11,12 Encapsulation of gold,13 rhodium14 or porphyrin15 moieties has been 

described and their applications in catalysis has been established. In this chapter we 

introduce a new ditopic pyridyl ligand (L) which forms M12L24 nanospheres, in 

combination with palladium or platinum ions (M).16-21 In the previous chapter it was 

demonstrated that functionalization of such a building block with a phosphorus 

ligand and subsequent ligation to a reactive metal, the inside of these M12L24 

nanospheres can be decorated with active sites. In this chapter we describe the 

preparation of an analogous building block with an N-heterocyclic carbene which is 

used to bind rhodium complexes inside the nanosphere. Through the easy assembly 

of these spheres, other non-functionalized ditopic ligands can be mixed in and the 

rhodium species can be diluted and placed in different environments, depending on 

the building blocks that are used. The effect of the local environment on the catalytic 

activity is reported.   
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4.2  Assembly of imidazolium functionalized spheres and their dilution with 
different building blocks 
	
N-heterocyclic carbenes (NHC) are interesting ligands capable of binding various 

metals. As a result, NHC-catalysis and -chemistry has been extensively developed in 

the last decades.22 An easy way to form the NHC functionality is either by 

deprotonation of an imidazolium precursor with a base or by formation of a silver 

carbene. The resulting free carbene or silver(I)-carbene can be reacted with a metal 

precursor, forming a carbene-metal bond. Both synthetic strategies make use of an 

imidazolium precursor and therefore a ditopic building block, functionalized with a 

imidazolium group and two pyridines was synthesized. This ligand, 3, was 

synthesized in three steps as depicted in Scheme 1, following the same approach as 

used previously in our group.23,24 First, a Williamson ether synthesis of 2,6-

dibromophenol with 1,4-dibromobutane resulted in compound 1 in 83% yield. Next, 

the pyridine functionalities were introduced via a Sonogashira reaction giving 

product 2 in 91% yield after column chromatography. This compound 2 was refluxed 

with 1-methylimidazole in acetonitrile to form 3, which was obtained as a stable solid 

via precipitation in diethyl ether. 

 

 
Scheme 1: Synthetic route for the bispyridine functionalized imidazolium building block A. 

 

This synthetic route yielded the bromide salt of the imidazolium building block, 3, 

which was combined with a palladium(II) precursor to investigate its sphere 
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formation. However, no quantitative conversion towards the large supramolecular 

assembly was observed by NMR spectroscopy. The formation of a precipitate suggests 

that PdBr2 species are formed. Therefore, the counterion of the ligand was changed to 

the soft and less coordinating triflate anion by adding one equivalent of silver triflate. 

This resulted in the formation of building block A, and upon addition of 0.5 

equivalent of [Pd(CH3CN)4](OTf)2 to a solution of this triflate salt, full conversion to 

the spheres was observed. Sphere formation was indicated by deshielding of the 

characteristic pyridine peaks (signals a and b, Figure 1b) of the imidazolium building 

block A in the 1H NMR spectrum.  

 

 
Figure 1: a) Self-assembly of 24 imidazolium building blocks A into a Pd12L24 sphere of which the PM3-

modelled structure is depicted on the top right (inside the imidazolium linker is depicted in space filling red 

spheres). b) 1H NMR spectra of free ligand A (top), Pd12A24 (middle) with indicated shifts and Pt12A24 sphere 

(bottom). c) Overlaid DOSY spectra of Pd12A24 sphere (band at -9.59) and free ligand in CD3CN (band at -8.97). 

The band at -8.39 corresponds to the solvent, acetonitrile. 

 

The formation of the spheres was also confirmed by diffusion NMR (DOSY) which 

gave a characteristic diffusion coefficient that is similar to previously formed spheres 

reported by our and Fujita’s group.24 As indicated in Figure 1c (which shows an 

overlay of a DOSY of Pd12A24 and mononuclear A), the sphere has a log D of -9.58 

m2/s which is representative for a species of 4.8 nm, significantly larger than the 

radius of the free ligand on DOSY (Figure 1c, band at log D = -8.97 m2/s). The sphere 
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formation was further unambiguously confirmed with cold spray ionization mass 

spectrometry (CSI-MS), indicating different highly charged species of the formula 

[M-x(OTf)]x+ (x = 5-11, Figure 2) that all correspond to the expected mass of a Pd12L24 

sphere. Similar to previously reported spheres containing functionalized guanidine 

moieties,23 this indicates that highly charged spheres can be formed bearing a total 

charge of 48+ with 48 counterions.  

 

 
Figure 2: CSI-MS spectrum (left) of Pd12A24 with indicated charge of the species and zoomed spectra (with 

simulations) of the 11+ and 5+ species on the right. 

 

Imidazolium salts are frequently used as ionic liquids,25,26 and as such these spheres 

containing 24 imidazolium moieties can be considered as a confined ionic liquid 

phase inside a sphere. With this in mind we were also wondering if these building 

blocks could be mixed-in with other building blocks, hence yielding statistical 

mixtures of spheres and different phases inside a sphere. To investigate mixtures of 

spheres, the previously reported methoxy (C)27 and guanidinium (B)23 functionalized 

building blocks were mixed with building block A in different ratios (18:6 or 6:18, see 

Figure 3). This resulted in spheres in which statistical mixtures of the type Pd12A6C18, 

Pd12A18C6, Pd12A6B18 and Pd12A18B6 are formed, which were analyzed with NMR 

spectroscopy and CSI-MS. Similar to previous dilutions of a gold catalyst with these 

spheres,24 the 1H NMR spectrum shows that a symmetrical species is formed by the 

indication of one, albeit broader, pyridine signal. Confirmation of the statistical 

mixtures was therefore investigated with CSI-MS, which displayed a complex 

spectrum for each species with many differently charged species. For each mixture, 

charged species ranging from 11+ to 6+ for the Pd12AxC24-x species and 14+ to 7+ for 

the Pd12AxB24-x species were observed with high resolution. For every charged species 

an array of peaks is observed and every peak has a different ratio of building blocks. 

Displayed in Figure 3 is a selection of multiple species having the same charge. Clear 
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from these experiments is that, depending on the ratio of the mixed building blocks in 

the solution, different spheres that reflect the ratio of used building blocks are 

identified in the mass spectrum. For the Pd12A6B18 mixture (Figure 3a) species 

ranging from Pd12A1B23 to Pd12A7B17 can be observed. For the Pd12A18B6 mixture 

(Figure 3b) this changes to species ranging from Pd12A3B11 to Pd12A18B6. Similar 

distributions of species are also observed with the Pd12A6C18 and Pd12A18C6 mixtures 

(Figure 3c and d). From these mass experiments we conclude that based on the ratio 

of building blocks that are mixed, different mixtures of spheres are formed. The 

possibility to use different types of buildings blocks results in an easy methodology to 

change the inside of these spheres.    

To further investigate the sphere formation with the bispyridyl imidazolium 

compound A, we looked into the formation of spheres, formed with a platinum 

triflate precursor [Pt(CH3CN)4](OTf)2. The formation of Pt12A24 spheres was 

indicated by shifts of the pyridine signals on 1H NMR spectroscopy (Figure 1). A 

distinctive broadening of the NMR signals was observed, similar to previously related 

systems,23,27 which is a result of the restricted tumbling of the platinum-pyridine 

bonds. Confirmation of the formation of the Pt sphere came from DOSY as a single 

diffusion band was observed at log D = -9.98 m2/s. 
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Figure 3: Formation of mixtures of spheres by mixing different amounts of building block B and C with 

building block A. 
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4.3  Rhodium functionalized spheres and their application in catalysis 
 

With the confirmation of the endohedrally functionalized imidazolium spheres, and 

mixtures of these spheres, we explored the related assemblies with the metal 

complexes based on the NHC’s of these type of building blocks. Formation of the 

silver carbene from the imidazolium bromide ligand was realized by stirring a 

solution of imidazolium salt 3 with silver(I) oxide overnight at room temperature. 

After filtration over Celite the silver(I) complex was isolated in 96% yield (Scheme 2). 

 

 

Scheme 2: Synthesis of rhodium carbene complex D for sphere formation. 
 

Transmetallation of the silver carbene was achieved using 0.5 equivalent of 

[Rh(cod)Cl]2 resulting in the rhodium carbene in 97% isolated yield. The presence of 

a coordinating chloride counterion (complex 5) turned out to again hamper the 

sphere formation. The chloride anion of complex 5 was therefore exchanged for a 

non-coordinating triflate. The rhodium triflate complex D was obtained by anion 

exchange with silver(I)triflate and could be isolated after filtration over Celite. Mixing 

complex D with 0.5 equivalent of [Pd(MeCN)4](OTf)2 resulted in sphere formation as 

evidenced by the downfield shifts of the pyridine protons in the 1H NMR spectrum 

(Figure 4). The DOSY of the spheres showed a log D of -9.54 m2/s which supports the 

formation of M12L24 species. 
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Figure 4: a) Assembly of palladium and platinum spheres with bispyridinyl-rhodium complex D and the 

modelled Pd12D24 in which the rhodium atoms are depicted as green spheres. b) 1H NMR spectra of non-

assembled ligand D (top), Pd12D24 sphere (middle) and platinum sphere of the rhodium carbene (bottom). c) 

DOSY spectrum of platinum spheres (band at log D = -9.81 m/s2).  

 

When investigating the sphere formation with CSI-MS, no clear peaks could be 

assigned. A closer look at the mass spectra indicated the coordination of various 

amounts of solvent (acetonitrile) to the sphere (most likely to the cationic rhodium), 

broadening the signals and making it impossible to accurately determine the 

molecular weight of the assemblies. 

Based on 1H NMR and DOSY spectra, nanospheres functionalized with rhodium 

complexes at the inside are formed and we investigated their reactivity in catalysis. 

Rhodium carbene complexes are known as active catalysts for a variety of 

transformations including borylation,28 silylation29 and cyclization reactions.30 We 

started exploring the sphere catalysts in the lactonization of 4-pentynoic acid (6) into 

enol lactone 7 (see Figure 5), which is also known to be feasible with rhodium(I).31,32 

Using the palladium sphere as catalyst (containing 5 mol% rhodium catalyst with 

respect to 6) gave conversion to lactone 7 as the only product. Although product 7 is 

formed, decomposition of the Pd12D24 sphere is also observed by 1H NMR 

spectroscopy, probably due to the labile pyridine-palladium bond (free ligand D was 

observed). Fortunately, the more stable platinum sphere proved to be active and 

stable under the applied reaction conditions and induced the intramolecular reaction 
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in 64% yield after 240 hours of reaction time (based on 1H NMR spectroscopy using 

an internal standard). The catalyst in the sphere is slower than the mononuclear 

complex D.  

Control experiments show that the rhodium complex is the active catalyst and 

platinum does not participate in the reaction. This is demonstrated by the non-

functionalized Pt12A24 sphere which showed no conversion under the same 

conditions (see experimental section for Table 1, which contains additional control 

experiments). Interestingly, the reaction rate could be significantly improved by 

adding a catalytic amount triethylamine (2.5 mol%, 0.5 equiv. compared to the 

rhodium catalyst). Under these conditions full conversion is obtained after 7 hours 

(see Figure 5). Higher amounts of base (5 or 10 mol%) increased the rate even further 

and resulted in full conversion after 3 and 1.5 hours when Pt12D24 was used as 

catalyst (see Figure 10 in the experimental section). To get a better understanding of 

the kinetic profiles, 2.5 mol% of base was utilized in further experiments. Control 

experiments reveal that experiments without rhodium gave no conversion in all 

combinations of spheres, building blocks and base (see Table 1, experimental 

section). 

 

OH

O
O

OCD3CN
rt

catalyst (5% Rh)
NEt3 (2.5%)

6 7  

 
Figure 5: Kinetic profile of the conversion of 6 to 7 catalyzed by different spheres and mononuclear 

complexes. In the presence of base the reaction is much faster. Reaction conditions: 100 μmol of substrate 6, 

10 μmol of internal standard (1,3,5-trimethoxybenzene), 2.5 μmol of NEt3 and catalyst (5 μmol of Rh) in a total 

volume of 0.7 mL of CD3CN. 

 

Only small differences between the reaction profile with catalyst Pt12D24, the sphere 

with the 24 rhodium complexes, and that of the mononuclear building block are 
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observed. In the initial phase the sphere seems slightly more active, whereas after 

three hours the reaction becomes slower. At the end both reactions go to completion. 

Both reactions are carried out in the presence of base and we propose that there are 

two functions of the base: 1) It speeds up the reaction that occurs at the metal site, as 

for both the mononuclear complex and the sphere catalyst we see large 

enhancements. 2) The base deprotonates the substrate, giving it a high affinity for the 

sphere (that has a high polarity at the inside) when it is in its anionic form. 

Comparing the rates of catalysis it is observed that the 2.5 mol% of base 

(triethylamine) increases the rate for the formation of 7 (TOFini) by mononuclear 

complex D from 1.2 h-1 to 5.4 h-1, which corresponds with an increase of a factor of 

4.6. The increase of rate, facilitated by the base, with the supramolecular catalyst 

Pt12D24 is much higher and rises from 0.12 h-1 to 4.8 h-1 corresponding with a 39-fold 

increase. This big increase in rate can probably be ascribed to the more polar 

environment around the catalyst that is present inside the sphere. 

Interested by the effect of the base on the catalysis we wanted to demonstrate that the 

pyridines of complex D are a weak base and play no role in the conversion of 6. 

Hence, an analogue bearing phenyl groups instead of pyridines was synthesized (8, 

for synthetic route of this compound, see Scheme 3 in the experimental section). This 

complex shows the same kinetic profile as the rhodium complex (D) under basic 

conditions, demonstrating that the free pyridines have no effect on the catalysis when 

another base is present (see Figure 5). 

Next, we looked into the effect of the dilution of the rhodium catalyst inside the 

confined space which we demonstrated previously with gold(I) complexes (see 

reference [24] and chapter 3). By mixing-in an amount of non-functionalized 

building block, a statistical mixture of different spheres is obtained which lowers the 

effective local concentration of the rhodium catalyst while the overall concentration 

remains the same. As shown in Figure 6 the local concentration of the rhodium 

complex influences the kinetic profile of the conversion of 6.  
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Figure 6: a) Dilution of the active rhodium catalyst inside the nanosphere. Different non-functionalized 

building blocks were used to change the environment around the catalyst: b) methoxy building block C and 

c) imidazolium building block A. All dilutions have the same overall rhodium concentration and are 

performed in the presence of base. The kinetic profile changes depending on the local concentration and 

environment of the rhodium complex. 

 

Mixing the methoxy building block C with rhodium complex D in a ratio of 3:21 

resulted in a slower conversion of 6 (Figure 6b). This demonstrates the effect of the 

dilution of the high local concentration. Spheres with a ratio of C:D of 6:18 and 12:12 

lead to similar rates and conversions, indicating that dilution with an apolar building 

block has a small influence on the catalysis. Only the sphere catalyst with the lowest 

local rhodium concentration (18:6 ratio of C:D) shows a much slower conversion to 

7, resulting in a mere 10% conversion after 8 hours of reaction time. The nonpolar 

group of C has a small influence on the reaction profile of the catalyst. The conversion 

of the deprotonated substrate, or carboxylate moiety thus isn’t significantly 
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influenced by these dilutions. Mixing in a polar group like imidazolium building block 

A is expected to have a different effect on the environment of the catalyst. Hence the 

same mixing experiments were repeated with A utilizing the same ratios of building 

blocks. These mixtures of spheres were applied under the same reaction conditions 

and the conversion over time for each mixture is depicted in Figure 6c. Interestingly, 

the ratio of building blocks A:D of 3:21 converts the substrate slower than the same 

ratio of C:D. The use of a mixture of spheres with a ratio of 6:18 (A:D) results in a 

slower rate of conversion. These dilutions with the polar building block A show a 

more pronounced effect on the reaction rate than similar dilutions with building 

block C. The ratio of 12:12 of the building blocks shows a slightly higher conversion of 

the substrate compared to 6:18, which we consider to be within the experimental 

error. The mixture in which the rhodium is the most diluted (18:6, A:D) resulted in a 

similar reaction profile, compared to the dilution with building block C. Looking at 

the different reaction profiles of the dilution of the rhodium complexes with A or C it 

is observed that the dilution with the polar imidazolium building block A has a bigger 

effect on the conversion of 6. In this case, depending on the amount of mixed polar 

building block, different kinetic profiles are observed. The local environment around 

the rhodium complex is thus different and the building blocks, C or A, have a 

different effect on the rates. Interested by the effect of a polar group around the 

catalyst, further dilution experiments were performed with guanidinium building 

block B, depicted in Figure 7. The guanidinium moiety is expected to have a strong 

affinity for the deprotonated form of substrate 6 and can pre-organize the substrate 

for catalysis, which has already been demonstrated by our group.23 The dilution with 

this building block in a ratio of 3:21 (B:D) results in the slowest conversion of 6, 

compared to other dilutions with the same ratio. 

 

 
Figure 7: Dilution of the active rhodium catalyst inside the nanosphere with building block B.  

 

Interestingly, further dilution with B seems to have no significant effect on the 

conversion of the substrate, indicated by similar kinetic profiles with both the 6:18 
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and 12:12 ratio of B:D. The largest dilution (ratio of 18:6) is a slower catalyst for the 

formation of 7, however the rate is higher compared to similar dilutions with A or C. 

This indicates that the affinity of the polar guanidinium functionality influences the 

catalysis differently than that of the polar imidazolium moiety. To make the effect of 

the different dilutions more clear, the turnover frequencies (TOFs) were calculated 

from these plots (see Figure 8). 

 

 
Figure 8: Comparison of the different turnover frequencies (TOFs) after 30% conversions (if applicable). On 

the x-axis are the different building blocks. The y-axis represents the TOF. On the z-axis the dilution of the 

effective concentration of rhodium is displayed. The amount of rhodium catalyst is the same in all 

experiments and the TOFs are calculated from Figure 6 and 7. 

 

From this it is observed that the dilution with methoxy (C) or imidazolium (A) 

building block result in different turnover frequencies, in which dilution with the 

imidazolium building block shows a faster decrease in TOF by dilution. This is in 

contrast with the methoxy building block in which the TOF only drastically decreases 

with a 6:18 (D:C) dilution. Addition of the guanidinium building block B results in 

similar TOFs, that are only slightly influenced by the local concentration of rhodium 

complex. The mixing of the different building blocks result in different effects on the 

rate of the conversion of the substrate. This demonstrates the ability to tune the 

catalyst by changing the local environment around the catalyst.  
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4.4  Conclusions 
 

Concluding, herein we have shown that large supramolecular spheres can be 

functionalized at the inside with both imidazolium salts and N-heterocyclic carbenes. 

By mixing different ratios of two different building blocks, statistical mixtures of 

spheres with different environments at the inside can be formed in a facile way. The 

M12L24 supramolecular structures have a high local concentration of rhodium catalyst 

and are active in the cyclization of 4-pentynoic acid. By addition of non-

functionalized building blocks the environment and concentration of the catalyst can 

be changed, showing different reactivity patterns based on the amount and type of 

building blocks used. The different functionalities with which the rhodium complexes 

are diluted have a different effect on the kinetic profile of the conversion of the 

substrate, showing that the environment around the catalysts can be influenced by 

simple mixing-in of other building blocks. 
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4.6  Experimental Section 
 
General experimental section 
A general experimental section is already described in Chapter 2. [Pd(MeCN)4](OTf)2,33 
[Pt(MeCN)4](OTf)2,33 methoxy functionalized building block C34 and guanidinium functionalized 
building block B23 were prepared according to literature procedures. 
 
4.6.1 Synthesis of building blocks  

1,3-dibromo-2-(4-bromobutoxy)benzene (1) 
Synthesized according to a modified literature procedure35: 2,6-dibromophenol (5 g, 
20 mmol, 1 equiv.) was combined with potassium carbonate (3.3 g, 24 mmol, 1.2 
equiv.) in 250 mL of N,N-dimethylformamide and stirred at room temperature for 4 
hours. Then, 1,4-dibromobutane (21,5 g, 24 mL, 100 mmol, 10 equiv.) was added and 
the reaction mixture was stirred for overnight at room temperature. The solution was 
poured into ice cold water, extracted with diethyl ether (3 x 500 mL) and dried over 
MgSO4. After filtration and concentration in vacuo the excess of 1,4-dibromobutane 

was distilled by vacuum distillation (70 °C, 10-2 mbar). The crude product was then purified with 
column chromatography (SiO2, petroleum ether) affording the pure product as a colorless liquid in 
83% yield (6.4 g, 16.5 mmol). Spectral data are in correspondence with literature.35  
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Bispyridyl bromide (2) 
Synthesis was done according to a modified literature procedure35: A 
flame dried Schlenk was charged with 1 (3.28 g, 8.487 mmol, 1 equiv.), 
4-ethynylpyridine hydrochloride (3.10 g, 22.35 mmol, 2.6 equiv.), 
copper iodide (0.065 g, 0.3413 mmol, 0.04 equiv.) and dissolved in 
distilled dioxane (24 mL). A separate flame dried Schlenk was charged 
with HP(t-Bu)3BF4 (0.297 g, 1.024 mmol, 0.12 equiv.) and 
[PdCl2(PhCN)2] (0.195 g, 0.5084 mmol, 0.06 equiv.) and dissolved in 

dioxane (6 mL). To this solution, distilled NEt3 (12.4 mL) was added and the resulting solution was 
added to the Schlenk containing the substrate. The reaction was then heated overnight at 50 °C after 
which it was cooled down and diluted with EtOAc (900 mL). The dark brown solution was filtered over 
sand, dried with Na2SO4, filtered and concentrated in vacuo. The resulting residue was purified by 
column chromatography (SiO2, DCM/MeOH, 100 : 1) to yield the product as a brown liquid (3.34 g, 
7.746 mmol, 91% yield). 1H NMR (300 MHz, CDCl3) δ 8.64 (d, J = 4.8 Hz, 4H), 7.55 (d, J = 7.7 Hz, 
2H), 7.44 – 7.35 (m, 4H), 7.13 (t, J = 7.7 Hz, 1H), 4.35 (t, J = 5.9 Hz, 2H), 3.48 (t, J = 6.7 Hz, 2H), 2.35 
– 2.13 (m, 2H), 2.10 – 1.96 (m, 2H). 
  
Bispyridyl imidazolium bromide (3) 

A Schlenk flask was charged with bromide 2 (3.504 g, 8.124 mmol, 1 
equiv.) and dissolved in acetonitrile (40 mL). Then 1-methyl-imidazole 
(0.972 mL, 1.0 g, 12.19 mmol, 1.5 equiv.) was added and the solution 
was stirred under nitrogen to a reflux for 72 hours and cooled down. 
After concentration in vacuo the crude was taken up in a little amount 
of dichloromethane (approx. 20 mL), filtered and slowly added to a 
stirring solution of diethylether (approx. 1400 mL). The suspension 
was filtered and the solid was dried to give 2.429 g of light pink 
product (4.731 mmol, 58% yield). Rf (Al2O3, DCM: MeOH, 100 : 5) = 

0.13. 1H NMR (500 MHz, CD2Cl2) δ 10.31 (s, 1H; C-H), 8.72 – 8.44 (m, 4H; Py), 7.57 (d, J = 7.7 Hz, 
2H; Ar), 7.42 – 7.36 (m, 4H; Py), 7.17 (d, J = 7.7 Hz, 1H; Ar), 7.14 (q, J = 1.9 Hz, 2H; Im), 4.43 (t, J = 
7.6 Hz, 2H; CH2), 4.38 (t, J = 5.7 Hz, 2H; CH2), 3.98 (s, 3H; CH3), 2.30 – 2.20 (m, 2H; CH2), 2.00 – 
1.90 (m, 2H; CH2). DOSY (CD2Cl2, 25 °C): log D = -8.911 m2/s. 13C NMR, ATP (126 MHz, CD2Cl2) δ 
161.56 (Ar-C-O), 150.51 (Py-CH), 135.30 (Ar-CH), 131.32 (Py-C), 125.88 (Py-CH), 124.63 (Ar-CH), 
123.46 (Im-CH), 122.05 (Im-CH), 117.37 (Ar-C), 91.64 (C≡C), 89.91 (C≡C), 74.37 (CH2), 37.06 (CH3), 
28.18 (CH2), 27.45 (CH2). (Note: Imidazolium C-H is missing due to ATP) 13C NMR (75 MHz, CD2Cl2) 
δ 161.35, 150.37, 137.77 (Im-CH), 135.08, 130.95, 125.65, 124.40, 123.66, 122.28, 117.09, 91.47, 89.66, 
74.13, 49.88, 36.75, 27.91, 27.28. HRMS (CSI+): calc. for C28H25N4O 433.2028 [M-Br]+ found 
433.2044 (∆ppm = 3.7). Anal.: found (calcd.) for C28H25BrN4O+H2O: C, 63.54 (63.28); H, 4.79 (5,12); 
N, 10.59 (10.54). 
 
Bispyridyl imidazolium triflate (A) 

A flame dried Schlenk flask was charged with 3 (1.0 g, 1.948 mmol, 1 
equiv.) and AgOTf (500 mg, 1.948 mmol, 1 equiv.). The vial was purged 
with N2/vacuum for 3 times. Then CH2Cl2:CH3CN (40 mL, 1:1 ratio) 
was added and the suspension was stirred with exclusion from light for 
overnight. The suspension was then filtered over a small bed of Celite 
and concentrated in vacuo. Taken up again in a small amount of 
dichloromethane (5 mL) and added dropwise to a stirring solution of 
diethyl ether (1000 mL) and filtered. This was repeated with pentane 
as solvent and filtration yielded 878 mg of a brown oil/sticky foam. 

(1.506 mmol, 77%).1H NMR (400 MHz, CDCl3) δ 9.05 (s, 1H), 8.60 (dd, J = 4.4, 1.7 Hz, 4H), 7.54 (d, J 
= 7.8 Hz, 2H), 7.40 – 7.32 (m, 4H), 7.25 – 7.16 (m, 2H), 7.13 (t, J = 7.8 Hz, 1H), 4.38 – 4.30 (m, 2H), 
4.28 (t, J = 7.5 Hz, 2H), 3.86 (d, J = 1.3 Hz, 3H), 2.25 – 2.13 (m, 2H), 1.97 – 1.85 (m, 2H).1H NMR 
(500 MHz, CD3CN) δ 8.61 – 8.59 (m, 4H, Py), 8.45 (s, 1H, Im-H), 7.61 (d, J = 7.7 Hz, 2H, Ar), 7.42 – 
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7.37 (m, 4H, Py), 7.32 (t, J = 1.8 Hz, 1H, Im), 7.28 (t, J = 1.9 Hz, 1H, Im), 7.20 (t, J = 7.8 Hz, 1H, Ar), 
4.33 (t, J = 5.9 Hz, 2H, CH2), 4.20 (t, J = 7.4 Hz, 2H, CH2), 3.76 (s, 3H, CH3), 2.20 – 2.08 (m, 2H, 
CH2), 1.92 – 1.81 (m, 2H, CH2).13C NMR (126 MHz, CD3CN) δ 162.29 (Ar-C-O), 151.20 (Py-CH), 
137.19 (Im-CH), 136.05 (Ar-CH), 131.73 (Py-C), 126.35 (Py-CH), 125.41 (Ar-CH), 124.86 (Im-CH), 
123.39 (Im-C), 117.86 (Ar-C), 92.23 (C≡C), 90.30 (C≡C), 74.99 (CH2), 50.54 (CH2), 37.00 (CH3), 28.10 
(CH2), 27.85 (CH2). 19F NMR (282 MHz, CD3CN) δ -79.30. DOSY (CD3CN, 25 °C): log D = -8.968 
m2/s. HRMS (FD+): calc. for C29H25F3N4O4S 583.16268 [M+H]+ found 583.15687.  
 
Bispyridyl functionalized silver carbene (4) 

A flame dried Schlenk was charged with 3 (200 mg, 0.390 mmol, 1 
equiv.), Ag2O (100 mg, 0.467 mmol, 1.2 equiv.) and flushed with 
N2/vacuum for 3 times. Dichloromethane (10 mL) was added and the 
solution was stirred with exclusion from light overnight at room 
temperature. The suspension was then filtered over a thin pad of Celite 
and concentrated in vacuo to yield 233 mg (0.376 mmol) of a light 
brown foam corresponding to 96% yield. 1H NMR (500 MHz, CD2Cl2) 
δ 8.66 – 8.50 (m, 4H; Py), 7.54 (d, J = 7.7 Hz, 2H; Ar), 7.36 – 7.29 (m, 
4H; Py), 7.12 (t, J = 7.7 Hz, 1H; Ar), 6.95 – 6.90 (m, 2H; Im), 4.32 (t, J 

= 5.8 Hz, 2H; CH2), 4.13 (t, J = 7.5 Hz, 2H; CH2), 3.71 (s, 3H; CH3), 2.18 – 2.08 (m, 2H; CH2), 1.92 – 
1.83 (m, 2H; CH2). 13C NMR (126 MHz, CD2Cl2) δ 181.26 (s br; Ag-C), 161.92 (Ar-C-O), 150.65 (Py-
CH), 135.44 (Ar-CH), 131.54 (Py-C), 125.90 (Py-CH), 124.50 (Ar-CH), 122.84 (NHC-CH), 121.42 
(NHC-CH), 117.51 (Ar-C), 91.93 (C≡C), 90.23 (C≡C), 74.54 (CH2), 52.40 (CH2), 39.29 (CH3), 29.25 
(CH2), 28.08 (CH2). HRMS (CSI+): calc. for C28H24N4OAg 539.10010 [M-Br]+ found 539.0888. Calc. 
for C28H24N4OAgC28H24N4O 973.29595 [M]+ found 973.2904. 
 
Bispyridyl functionalized rhodium chloride carbene (5) 

A vial was charged with silver carbene 4 (47 mg, 0.0758 mmol, 1 
equiv.), [Rh(cod)Cl]2 (19 mg, 0.0379 mmol, 0.5 equiv.) and flushed 
with N2/vacuum for 3 times. Then dichloromethane (1 mL) was added 
and the resulting suspension was stirred for 2 hours at room 
temperature. After filtration over a syringe filter and concentration in 
vacuo, this yielded 50 mg of pure product as a brown foam (0.0736 
mmol, 97%). 1H NMR (500 MHz, CD2Cl2) δ 8.78 – 8.51 (m, 4H, Py), 
7.63 (d, J = 7.6 Hz, 2H, Ar), 7.47 – 7.40 (m, 4H, Py), 7.20 (t, J = 7.7 Hz, 
1H, Ar), 6.81 (s, 2H, NHC), 4.99 – 4.91 (s br, 2H, COD-CH), 4.78 – 
4.68 (m, 1H, CH2), 4.56 – 4.49 (m, 1H, CH2), 4.49 – 4.41 (m, 2H, CH2), 

4.08 (s, 3H, CH3), 3.42 – 3.28 (m, 1H, COD-CH), 3.28 – 3.16 (m, 1H, COD-CH), 2.47 (td, J = 7.3, 3.2 
Hz, 2H, COD-CH2), 2.42 – 2.26 (m, 4H, CH2+COD-CH2), 2.11 – 2.01 (m, 2H, COD-CH2), 2.01 – 1.83 
(m, 4H, CH2+COD-CH2). 13C NMR (75 MHz, CD2Cl2) δ 182.30 (d, J = 51.2 Hz, (NHC-C-Rh), 161.48 
(Ar-C), 149.98 (Py-CH), 134.75 (Ar-CH), 130.91 (Ar-C), 125.37 (Py-CH), 123.84 (Ar-CH), 122.07 (NHC-
CH), 119.93 (NHC-CH), 116.92 (Ar-C), 97.94 (d, J = 3.3 Hz, COD-CH), 97.85 (d, J = 4.1 Hz, COD-CH), 
91.11 (C≡C), 89.60 (C≡C), 74.29 (CH2), 68.16 (d, J = 13.8 Hz, COD-CH), 67.46 (d, J = 14.1 Hz, COD-
CH), 50.21 (CH2), 37.60 (CH3), 33.15 (COD-CH2), 32.59 (COD-CH2), 29.12 (CH2), 28.56 (CH2), 27.85 
(COD-CH2), 27.47 (COD-CH2). HRMS (FD+): calc. for C36H36ClN4ORh 678.16327 [M]+ found 
678.16996.   
 

 

 

 

 

 

 

 



Chapter 4  
 

 
106 

Bipyridyl functionalized rhodium triflate carbene (D) 
In a glovebox, a vial was charged with AgOTf (15 mg, 0.0571 mmol, 1 
equiv.). The vial was taken out, dissolved in acetonitrile (0.5 mL) and a 
solution of rhodium carbene 5 (39 mg, 0.0571 mmol, 1 equiv.) in 
dichloromethane (0.5 mL) was added. The resulting suspension was 
stirred at room temperature for overnight with exclusion from light, 
filtered over a syringe filter and concentrated in vacuo to yield 38 mg of 
an orange solid (0.0479 mmol, 84%). 1H NMR (300 MHz, CD3CN) δ 
8.71 – 8.56 (m, 4H, Py), 7.65 (d, J = 7.8 Hz, 2H, Ar), 7.46 – 7.35 (m, 
4H, Py), 7.34 – 7.20 (m, 1H, Ar), 7.12 – 7.01 (m, 2H, NHC), 4.78 – 4.66 
(m, 2H, COD-CH), 4.66 – 4.57 (m, 1H, CH2), 4.51 – 4.33 (m, 3H, CH2), 

4.07 (s, 3H, CH3), 3.89 – 3.64 (m, 2H, COD-CH), 2.63 – 2.21 (m, 3H), 2.06- 2.00 (m, 8H). (NOTE: 
CH2 of alkyl chain and COD are overlapping with CD3CN peaks and water) 13C NMR (126 MHz, 
CD3CN) δ 177.48 (d, J = 51.1 Hz, NHC-C-Rh), 162.31 (Ar-C), 151.38 (Py-CH), 136.21 (Ar-CH), 132.19 
(Ar-C), 129.47 (Ar-CH), 126.78 (Py-CH), 125.40 (NHC-CH), 124.48 (NHC-CH), 122.24 (Ar-C), 117.54 
(C≡C), 98.10 (d, J = 6.7 Hz, COD-CH), 97.77 (d, J = 6.9 Hz, COD-CH), 91.57 (C≡C), 91.30 (d, COD-
CH2) 86.13 (d, J = 12.01 Hz, COD-CH) , 78.52 (d, J = 11.8 Hz, COD-CH), 75.23 (CH2), 51.10 (CH3), 
38.28 (COD-CH2), 32.87 (COD-CH2), 32.28 (COD-CH2), 31.15 (COD-CH2), 29.97 (COD-CH2), 29.95 
(COD-CH2), 29.49 (COD-CH2), 29.03 (COD-CH2), 28.60 (CH2), 28.21 (CH2). 19F NMR (282 MHz, 
CD3CN) δ -79.18. DOSY (CD3CN, 24 °C): log D = -9.10 m2/s. HRMS (FD+): calc. for C36H36N4ORh 
643.1944 [M-OTf]+ found 643.18785. Anal.: found (calcd.) for C36H36F3N4O4RhS+CD2Cl2: C, 52.78 
(51.89); H, 5.08 (4.58); N, 6.21 (6.37). 
 

 
Scheme 3: Synthetic route for the phenyl analogue 8. 

 
((2-(4-bromobutoxy)-1,3-phenylene)bis(ethyne-2,1-diyl))dibenzene (9) 

A flame dried Schlenk flask, equipped with a stirring bar, was charged 
with 1 (2.1 g, 5.169 mmol, 1 equiv.), phenylacetylene (1.4 g, 1.5 mL, 
13.44 mmol, 2.6 equiv.), CuI (39 mg, 0.207 mmol, 0.04 equiv.) and 
dissolved in distilled dioxane (15 mL). A separate Schlenk flask was 
charged with triethylamine (7.6 mL, 10.5 equiv.), (tBu)PHBF4 (180 
mg, 0.620 mmol, 0.12 equiv.), [Pd(MeCN)2Cl2] (119 mg, 0.310 mmol, 
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0.06 equiv.) and dissolved in 3.6 mL dioxane. This solution was stirred for 1 hour under nitrogen after 
which it was transferred to the Schlenk with substrate. The resulting reaction mixture was stirred for 
overnight at 50 °C. The black solution was then diluted with ethylacetate (150 mL) and filtered over a 
pad of sand. After concentration in vacuo the crude product was purified by column chromatography 
(SiO2, 1:80  1:60 (EtOAc : cyclo-hexane). The product was taken up in a minimum amount of hot n-
hexane and crystallized from at -80 °C to yield 1.47 g of a pale yellow solid (3.438 mmol, 67%). 1H 
NMR (400 MHz, CDCl3) δ 7.65 – 7.54 (m, 4H), 7.51 (d, J = 7.7 Hz, 2H), 7.47 – 7.34 (m, 6H), 7.10 (t, J 
= 7.7 Hz, 1H), 4.39 (t, J = 5.9 Hz, 2H), 3.51 (t, J = 6.7 Hz, 2H), 2.34 – 2.22 (m, 2H), 2.14 – 1.99 (m, 
2H). 13C NMR (75 MHz, CDCl3) δ 160.92 (Ar-O), 133.69 (Ar-CH, 2x), 131.65 (Ar-CH,4x), 128.64 (Ar-
CH,2x), 128.59 (Ar-CH, 4x), 123.73 (Ar-CH, 1x), 123.25(Ar-C), 117.94 (Ar-C), 93.94 (C≡C), 85.49 
(C≡C), 73.23 (CH2), 33.99 (CH2), 29.77 (CH2), 29.20 (CH2). HRMS (FD+): calc. for C26H21BrO 
428.07758 [M]+ found 428.07830. Anal.: found (calcd.) for C26H21BrO: C, 72.76 (72.73); H, 4.91 (4.93). 
 
1-(4-(2,6-bis(phenylethynyl)phenoxy)butyl)-3-methyl-1H-imidazol-3-ium bromide (10) 

A flame dried Schlenk flask was charged with 9 (1474 mg, 3.433 mmol, 1 
equiv.) and dissolved in acetonitrile (11 mL). Then 1-methylimidazole 
(423 mg, 410 μL, 1.5 equiv.) was added and the resulting solution was 
refluxed for 2 days under nitrogen. The reaction mixture was then 
concentrated in vacuo and purified by column chromatography (SiO2, 
pure DCM  5:100 MeOH : DCM) to yield a pale yellow liquid. A gray 
solid was obtained by azeotrope co-evaporation with toluene to yield 
pure product ( 1235 mg, 2.414 mmol, 70 %). 1H NMR (400 MHz, 
CD2Cl2) δ 10.02 (s, 1H, C-H Im), 7.48 – 7.40 (m, 6H, Ar), 7.40 (d, J = 7.7 

Hz, 2H, CH-Im), 7.37 – 7.25 (m, 6H, Ar), 7.01 (t, J = 7.7 Hz, 1H, Ar), 4.28 (dt, J = 9.6, 6.6 Hz, 4H, 
CH2), 3.83 (s, 3H, CH3) 2.14 (p, J = 7.6 Hz, 2H, CH2), 1.82 (p, J = 5.9 Hz, 2H, CH2). 13C NMR (101 
MHz, CD2Cl2) δ 160.43 (Ar-C-O), 136.95 (Im-CH), 133.67 (Ar-CH), 131.46 (Ar-CH), 128.76(Ar-CH), 
128.72 (Ar-CH), 124.00 (Im-CH), 123.47 (Im-CH), 122.75 (Ar-CH), 121.90 (Ar-C), 117.61 (Ar-C), 93.79 
(C≡C), 85.32 (C≡C), 73.48 (CH2), 49.43 (CH2), 36.35 (CH3), 27.63 (CH2), 26.89 (CH2). HRMS (CSI+): 
calc. for C30H27N2O 431.21234 [M]+ found 431.21025. Anal.: found (calcd.) for C30H27BrN2O: C, 68.31 
(70.45); H, 5.29 (5.32); N, 5.33 (5.48). 
 
Bisphenyl functionalized silver carbene (11) 

A vial with a stirring bar was charged with imidazolium salt 10 (100 mg, 
0.196 mmol, 1 equiv.), Ag2O (54 mg, 0.235 mmol, 1.2 equiv.) and purged 
with N2/vacuum for 3 times. Then dichloromethane (2 mL) was added 
and the suspension was stirred without light for overnight. The 
suspension was filtered over a small pad of Celite and concentrated in 
vacuo to yield the pure product as a yellow foam (100 mg, 0.162 mmol, 
83%). 1H NMR (400 MHz,CD2Cl2) δ 7.55 – 7.42 (m, 6H, Ar), 7.41 – 
7.30 (m, 6H, Ar), 7.07 (t, J = 7.7 Hz, 1H, Ar), 6.84 (d, J = 8.2 Hz, 2H, 
NHC), 4.33 (t, J = 5.8 Hz, 2H, CH2), 4.12 (t, J = 7.4 Hz, 2H, CH2), 3.67 

(s, 3H, CH3), 2.15 (p, J = 8.7 Hz, 2H, CH2), 1.92 – 1.80 (m, 2H, CH2). 13C NMR (101 MHz, CD2Cl2) δ 
181.29 (NHC-Ag), 161.03 (Ar-C-O), 134.08 (Ar-CH), 131.87 (Ar-CH), 129.10 (Ar-CH), 129.03 (Ar-CH), 
124.26 (Ar-C), 123.42 (Ar-CH), 122.55 (NHC-CH), 121.31 (NHC-CH), 118.19 (Ar-C), 94.19 (C≡C), 85.80 
(C≡C), 74.04 (CH2), 52.09 (CH2), 39.05 (CH3), 29.17 (CH2), 27.70 (CH2). HRMS (CSI+): calc. for 
C60H52N4O2Ag (dimer) 967.3151 [2xM-AgBr2]+ found 969.3183. Anal.: found (calcd.) for 
C30H26AgBrN2O: C, 58.43 (58.27); H, 4.16 (4.24); N, 4.58 (4.53). 
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Bisphenyl functionalized rhodium chloride carbene (12) 
A vial with a stirring bar was charged with silver carbene 11 (88 mg, 
0.143 mmol, 1 equiv.) and [Rh(cod)Cl]2 (35 mg, 0.0714 mmol, 0.5 
equiv.). The vial was purged 3 times with N2/vacuum and 
dichloromethane (1 mL) was added. The immediate resulting 
suspension was stirred for 1 hour. After filtration over Celite the solution 
was concentrated to yield 84 mg of yellow foam as pure product (0.124 
mmol, 87%). 1H NMR (400 MHz, CD2Cl2) δ 7.53 (dd, J = 4.9, 2.6 Hz, 
6H, Ar), 7.44 – 7.27 (m, 6H, Ar), 7.10 (t, J = 7.7 Hz, 1H, Ar), 6.80 – 6.68 
(m, 2H, NHC), 4.88 (s, 2H, CH2), 4.63 – 4.48 (m, 2H, COD-CH), 4.51 – 

4.36 (m, 2H, CH2), 3.99 (s, 3H, CH3), 3.26 (s br, 1H, COD-CH), 3.19 (s br, 1H, COD-CH), 2.50 – 2.34 
(m, 2H, COD-CH2), 2.36 – 2.20 (m, 4H, CH2+COD-CH2), 2.08 – 1.96 (m, 2H, CH2), 1.97 – 1.74 (m, 
4H, COD-CH2). 13C NMR (101 MHz, CD2Cl2) δ 182.70 (d, J = 51.2 Hz, NHC), 161.40 (Ar), 134.13 (Ar-
CH), 131.99 (Ar-CH), 129.06 (Ar-CH), 129.03 (Ar-CH), 124.17 (Ar), 123.59 (NHC), 122.41 (Ar), 120.62 
(Ar), 118.33 (NHC), 98.42 (d, J = 7.0 Hz, COD-CH), 98.27 (d, J = 6.9 Hz (COD-CH)), 94.24 (C≡C), 
85.92 (C≡C), 74.40 (CH2), 68.61 (d, J = 14.5 Hz, COD-CH), 67.97 (d, J = 14.3 Hz, COD-CH)), 50.78 
(CH2), 38.06 (CH3) , 33.41 (d, J = 63.8 Hz, COD-CH2), 29.63 (CH2), 29.07 (CH2), 28.19 (d, J = 31.1 Hz, 
COD-CH2). HRMS (FD+): calc. for C38H38N2O1RhCl 676.17277 [M]+ found 676.17657. Anal.: found 
(calcd.) for C38H38ClN2ORh: C, 67.22 (67.41); H, 5.70 (5.66); N, 4.12 (4.14). 
 
Bisphenyl functionalized rhodium triflate carbene (8)  

In a glovebox a vial with a stirring bar was charged with AgOTf (28 mg, 
0.109 mmol, 0.9 equiv.). the vial was taken out and acetonitrile was 
added (1mL). A solution of rhodium carbene 12 (82 mg, 0.121 mmol, 1 
equiv. in 1 mL dichloromethane) was added to the AgOTf solution and 
the resulting suspension was stirred at room temperature for one hour. 
After filtration over a pad of Celite and concentration in vacuo the 
product was obtained as a yellow foam (89 mg, 0.113 mmol, 93%). 1H 
NMR (400 MHz, CD2Cl2) δ 7.56 – 7.45 (m, 6H, Ar), 7.42 – 7.33 (m, 6H, 
Ar), 7.12 (t, J = 7.7 Hz, 1H, Ar), 6.95 (d, J = 2.0 Hz, 1H, NHC), 6.90 (d, J 

= 2.1 Hz, 1H, NHC), 4.86 – 4.67 (m, 2H, CH2), 4.67 – 4.52 (m, 1H, COD-CH), 4.48 – 4.39 (m, 2H. 
CH2), 4.40 – 4.30 (m, 1H, COD-CH), 4.00 (s, 3H, CH3), 3.78 – 3.67 (m, 1H, COD-CH), 3.70 – 3.59 (m, 
1H, COD-CH), 2.52 – 2.33 (m, 2H, CH2), 2.36 – 2.19 (m, 4H, COD-CH2), 2.05 – 1.91 (m, 6H, COD-
CH2+CH2). 13C NMR (101 MHz, CD2Cl2) δ 175.35 (d, J = 50.2 Hz, NHC-Rh), 160.37 (Ar-C-O), 133.67 
(Ar-CH), 131.21 (Ar-CH), 128.68 (Ar-CH), 128.48 (Ar-CH), 123.88 (Ar-C), 123.23 (Ar-C), 122.82 
(NHC-CH), 121.24 (NHC-CH), 117.64 (Ar-CH), 97.38 (d, J = 7.2 Hz COD-CH), 97.10 (d, J = 7.1 Hz, 
COD-CH), 93.59 (C≡C), 85.19 (C≡), 78.09 (d, J = 13.5 Hz, COD-CH), 77.06 (d, J = 13.4 Hz, COD-CH), 
73.40 (CH2), 50.38 (CH2), 37.53 (CH3), 31.95 (d, J = 40.7 Hz, COD-CH2), 28.82 (d, J = 35.4 Hz COD-
CH2), 28.12 (CH2), 27.43 (CH2). HRMS (FD+): calc. for C39H38N2O4RhS 790.15594 [M]+ found 
790.16764. Anal.: found (calcd.) for C39H38F3N2O4RhS+CH3CN: C, 57.93 (59.21); H, 4.55 (4.97); N, 
4.71 (5.05). 
 
4.6.2 Sphere assemblies 
 
(Pd)12(A)24(OTf)48 

A vial, equipped with a stirring bar, was charged with 
ligand A (10 mg, 0.0172 mmol, 1 equiv.) and purged with 
N2/vacuum for 3 times. Then, it was dissolved in CD3CN 
(0.5 mL) and a solution of [Pd(MeCN)4](OTf)2 in CD3CN 
was added (0.176 M, 0.00858 mmol, 49 μL). The 
resulting clear solution was stirred at 70 °C for overnight 
after which it showed quantitative formation of the 
assembly on NMR spectroscopy. 1H NMR (500 MHz, 
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CD3CN) δ 9.02 (d, J = 6.1 Hz, 4H Py), 8.72 (s, 1H C-H), 7.70 – 7.59 (m, 6H Py+Ar), 7.52 (s br, J = 1.9 
Hz, 1H Im), 7.43 (s br, J = 1.9 Hz, 1H Im), 7.22 (t, J = 7.8 Hz, 1H Ar), 4.38 – 4.23 (m, 4H 2xCH2), 3.84 
(s, 3H CH3), 2.12 (m, J = 7.6 Hz, 2H CH2), 1.91 – 1.81 (m, 2H CH2). DOSY (CD3CN, 25 °C): log D = -
9.58 m2/s. 13C NMR (75 MHz, CD3CN) δ 163.28 (Ar-C-O), 152.15 (Py-CH), 146.20 (Py-C), 137.44 (Py-
CH), 137.33 (Im-CH), 136.28 (Ar-CH), 129.67 (Ar-CH), 124.67 (Im-CH), 123.34 (Im-CH), 116.66 (Ar-
C), 95.24 (C≡C), 90.52 (C≡C), 75.41 (CH2), 50.18 (CH3), 36.83 (CH2), 27.68 (CH2), 27.61 (CH2). HRMS 
(CSI+): 
Species Charge Found [m/z] Calculated [m/z]
Pd12Im24(OTf)37 11+ 1563.3608 1563.3597 
Pd12Im24(OTf)38 10+ 1734.5916 1734.5909 
Pd12Im24(OTf)39 9+ 1943.8741 1943.8735 
Pd12Im24(OTf)40 8+ 2205.4777 2205.4768 
Pd12Im24(OTf)41 7+ 2541.8257 2551.8238 
Pd12Im24(OTf)42 6+ 2990.2922 2990.2865 
Pd12im24(OTf)43 5+ 3618.1525 3618.1343 
 
(Pt)12(A)24(OTf)48 

 A vial, equipped with a stirring bar, was charged with 
ligand A (10 mg, 0.0172 mmol, 1 equiv.) and purged with 
N2/vacuum for 3 times. Then, it was dissolved in CD3CN 
(0.5 mL) and a solution of [Pt(MeCN)4](OTf)2 in CD3CN 
was added (0.176 M, 0.00858 mmol, 49 μL). The 
resulting clear solution was stirred at 70 °C for 24 hours 
after which it showed quantitative formation of the 
assembly on 1H NMR spectroscopy. 1H NMR (500 MHz, 
CD3CN) δ 9.03 (s br, 4H), 8.72 (s br, 1H), 7.67 (s br 6H), 

7.45 – 7.27 (m, 3H), 4.31 (s br, 4H), 3.85 (s br, 3H). COSY reveals that other CH2 groups are 
overlapping with solvent. 13C NMR is not possible due to the broadness of the peaks. DOSY (CD3CN, 
25 °C): log D = -9.98 m2/s. 
 
(Pd)12(A)18(C)6(OTf)42 

A vial was charged with building block C (1.03 mg, 3.33 µmol) and a solution of building block A in 
CD3CN (5.83 mg, 10 µmol in 100 µL)was added. The solution was further diluted to 0.3 mL of CD3CN 
and a solution of [Pd(MeCN)4](OTf)2 was added (3.79 mg, 6.67 µmol in 200µl CD3CN). The resulting 
solution was stirred for 24 hours at 70 °C. The mixture of spheres was confirmed with CSI-MS, many 
species were observed of which a selection is given here. HRMS (CSI+):  

Species  Charge Found [m/z] Calculated [m/z]
Pd12A11C13(OTf)25 10+ 1380.6355 1380.6332 
Pd12A12C12(OTf)26 10+ 1407.9400 1407.9377 
Pd12A13C11(OTf)27 10+ 1435.0448 1435.0421 
Pd12A16C8(OTf)31 9+ 1701.8366 1701.8341 
Pd12A17C7(OTf)32 9+ 1732.0631 1732.0612 
Pd12A16C8(OTf)32 8+ 1933.3100 1933.3074 
Pd12A17C7(OTf)33 8+ 1967.3158 1967.3130 
Pd12A15C9(OTf)32 7+ 2191.7690 2191.7667 
Pd12A16C8(OTf)33 7+ 2230.7759 2230.7731 
Pd12A17C7(OTf)34 7+ 2269.7820 2269.7795 
Pd12A15C9(OTf)33 6+ 2581.8880 2581.8866 
Pd12A16C8(OTf)34 6+ 2627.3949 2627.3940 
Pd12A17C7(OTf)35 6+ 2672.7354 2672.7348 
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(Pd)12(A)6(C)18(OTf)30 

A vial was charged with building block C (9.31 mg, 30 µmol) and a solution of building block A in 
CD3CN (5.83 mg, 10 µmol in 100 µL)was added. The solution was further diluted to 0.8 mL of CD3CN 
and a solution of [Pd(MeCN)4](OTf)2 was added (11.38 mg, 20 µmol in 200µl CD3CN). The resulting 
solution was stirred for 24 hours at 70 °C. The mixture of spheres was confirmed with CSI-MS, many 
species were observed of which a selection is given here. HRMS (CSI+): 

Species  Charge Found [m/z] Calculated [m/z]
Pd12AC23(OTf)14 11+ 994.0861 994.0851 
Pd12A2C22(OTf)15 11+ 1018.8177 1018.8164 
Pd12A3C21(OTf)16 11+ 1043.6400 1043.6387 
Pd12A4C20(OTf)17 11+ 1068.3713 1068.3700 
Pd12A5C19(OTf)18 11+ 1093.1021 1093.1013 
Pd12A6C18(OTf)19 11+ 1117.8338 1117.8326 
Pd12A4C20(OTf)18 10+ 1190.1034 1190.1022 
Pd12A5C19(OTf)19 10+ 1217.3086 1217.3066 
Pd12A5C19(OTf)20 9+ 1369.1142 1369.1132 
Pd12A6C18(OTf)21 9+ 1399.4528 1399.4515 
Pd12A5C19(OTf)21 8+ 1558.8725 1558.8714 
Pd12A6C18(OTf)22 8+ 1592.8782 1592.8769 
Pd12A5C19(OTf)22 7+ 1802.8473 1802.8462 
Pd12A6C18(OTf)23 7+ 1841.8536 1841.8526 
Pd12A5C19(OTf)23 6+ 2128.3133 2128.3127 
Pd12A6C18(OTf)24 6+ 2173.6539 2173.6534 

 
(Pd)12(A)18(B)6(OTf)48 

A vial was charged with building block B (1.77 mg, 3.33 µmol) and a solution of building block A in 
CD3CN (5.83 mg, 10 µmol in 100 µL)was added. The solution was further diluted to 0.3 mL of CD3CN 
and a solution of [Pd(MeCN)4](OTf)2 was added (3.79 mg, 6.67 µmol in 200µl CD3CN). The resulting 
solution was stirred for 24 hours at 70 °C. The mixture of spheres was confirmed with CSI-MS, many 
species were observed of which a selection is given here. HRMS (CSI+): 

Species  Charge Found [m/z] Calculated [m/z]
Pd12A12B12(OTf)34 14+ 1152.6940 1152.6903 
Pd12A13B11(OTf)34 14+ 1156.2676 1156.2643 
Pd12A14B10(OTf)34 14+ 1159.9123 1159.9098 
Pd12A15B9(OTf)34 14+ 1163.5573 1163.5552 
Pd12A16B8(OTf)34 14+ 1167.2023 1167.2007 
Pd12A17B7(OTf)34 14+ 1170.9196 1170.9176 
Pd12A18B6(OTf)34 14+ 1174.5653 1174.5630 
Pd12A17B7(OTf)35 13+ 1272.3707 1272.3691 
Pd12A18B6(OTf)35 13+ 1276.2960 1276.2950 
Pd12A17B7(OTf)36 12+ 1390.8975 1390.8959 
Pd12A18B6(OTf)36 12+ 1395.1501 1395.1489 
Pd12A17B7(OTf)38 10+ 1698.8673 1698.8656 
Pd12A18B6(OTf)38 10+ 1704.0708 1704.0692 
Pd12A17B7(OTf)39 9+ 1904.1802 1904.1787 
Pd12A18B6(OTf)39 9+ 1909.9616 1909.9605 
Pd12A17B7(OTf)40 8+ 2160.8214 2160.8201 
Pd12A18B6(OTf)40 8+ 2167.2003 2167.1996 
Pd12A17B7(OTf)41 7+ 2490.7877 2490.7876 
Pd12A18B6(OTf)41 7+ 2498.0783 2498.0785 
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(Pd)12(A)6(B)18(OTf)48 

A vial was charged with building block B (15.95 mg, 30 µmol) and a solution of building block A in 
CD3CN (5.83 mg, 10 µmol in 100 µL)was added. The solution was further diluted to 0.8 mL of CD3CN 
and a solution of [Pd(MeCN)4](OTf)2 was added (11.38 mg, 20 µmol in 200µl CD3CN). The resulting 
solution was stirred for 24 hours at 70 °C. The mixture of spheres was confirmed with CSI-MS, many 
species were observed of which a selection is given here. HRMS (CSI+): 

Species  Charge Found [m/z] Calculated [m/z]
Pd12A2B22(OTf)35 13+ 1213.4831 1213.4811 
Pd12A3B21(OTf)35 13+ 1217.4856 1217.4839 
Pd12A4B20(OTf)35 13+ 1221.3345 1221.3329 
Pd12A5B19(OTf)35 13+ 1225.2601 1225.2587 
Pd12A6B18(OTf)35 13+ 1229.1858 1229.1846 
Pd12A7B17(OTf)35 13+ 1233.0348 1233.0335 
Pd12A6B18(OTf)36 12+ 1344.1138 1344.1127 
Pd12A7B17(OTf)36 12+ 1348.1167 1348.1157 
Pd12A6B18(OTf)37 11+ 1479.7561 1479.7550 
Pd12A7B17(OTf)37 11+ 1484.3961 1484.3946 
Pd12A6B18(OTf)38 10+ 1642.7268 1642.7257 
Pd12A7B17(OTf)38 10+ 1647.6302 1647.6293 
Pd12A6B18(OTf)39 9+ 1841.8020 1841.8011 
Pd12A7B17(OTf)39 9+ 1847.4726 1847.4718 
Pd12A6B18(OTf)40 8+ 2090.5207 2090.5202 
Pd12A7B17(OTf)40 8+ 2096.9004 2096.8998 
Pd12A2B22(OTf)41 7+ 2381.2817 2381.2813 
Pd12A3B21(OTf)41 7+ 2388.7149 2388.7151 

 
(Pd)12(D)24(OTf)48 

A vial was charged with rhodium carbene D (7.9 mg, 1 
equiv., 0.01 mmol) and flushed with N2/vacuum for 3 
times. Then, it was dissolved in 0.5 mL of CD3CN. To 
this solution was added a solution of 
[Pd(MeCN)4](OTf)2 (2.8 mg, 0.5 equiv., 0.005 mmol) in 
CD3CN (0.2 mL). The resulting solution was stirred at 
60 °C for 1 hour to give quantitative sphere formation. 
1H NMR (500 MHz, CD3CN) δ 9.16 (s br, 4H, Py), 7.98 
– 7.49 (m, 6H, Py+Ar), 7.26 (t, J = 7.8 Hz, 1H, Ar), 7.05 
(d, J = 27.6 Hz, 2H, NHC-H), 4.61 (d, J = 20.5 Hz, 2H), 

4.56 – 4.18 (m, 4H), 4.03 – 3.38 (m, 5H). NOTE: CH2 of cod and linker could not be determined due 
to broadening of peaks and overlap with MeCN. 19F NMR (282 MHz, CD3CN) δ -78.90. DOSY 
(CD3CN, 25 °C): log D = -9.54 m2/s. 13C NMR was note possible as not all signals could be resolved. 
HRMS of this species was not possible due to broadening of the charge species due to coordination of 
acetonitrile. 
 
(Pt)12(D)24(OTf)48 

A vial was charged with rhodium carbene D (7.9 mg, 1 
equiv., 0.01 mmol) and flushed with N2/vacuum for 3 
times. Then it was dissolved in 0.5 mL of CD3CN. To this 
solution was added a solution of [Pt(MeCN)4](OTf)2 (3.3 
mg, 0.5 equiv., 0.005 mmol) in CD3CN (0.2 mL). The 
resulting solution was stirred at 70 °C for 24 hours to 
give a clear orange solution which showed quantitative 
sphere formation on NMR. NOTE! As described in 

literature27 signals broadened out therefore no 
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integration was done and CNMR was not possible. 1H NMR :(300 MHz, CD3CN) δ 8.91, 7.67, 7.30, 
4.51, 4.38, 4.03, 1.99, 1.99, 1.97. 19F NMR (282 MHz, CD3CN) δ -78.96. DOSY (CD3CN, 25 °C): log D 
= -9.81 m2/s.  
 
(Pt)12(D)24(OTf)48 

A vial was charged with 7.9 mg of Rh complex D (10 µmol) and dissolved in 0.3 mL of CD3CN. A 
separate vial was charged with 3.3 mg of [Pt(MeCN)4](OTf)2 (5 µmol) and dissolved in 0.2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)21(C)3(OTf)45 

A vial was charged with 7.9 mg of Rh complex D (10 µmol), 0.44 mg of OMe building block C (1.4 
µmol) and dissolved in 0.3 mL of CD3CN. A separate vial was charged with 3.8 mg of 
[Pt(MeCN)4](OTf)2 (5.78 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was transferred to 
the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)18(C)6(OTf)42 

A vial was charged with 7.9 mg of Rh complex D (10 µmol), 1.03 mg of OMe building block C (3.33 
µmol) and dissolved in 0.3 mL of CD3CN. A separate vial was charged with 4.4 mg of 
[Pt(MeCN)4](OTf)2 (6.66 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was transferred to 
the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)12(C)12(OTf)36 

A vial was charged with 7.9 mg of Rh complex D (10 µmol), 3.10 mg of OMe building block C (10 µmol) 
and dissolved in 0.3 mL of CD3CN. A separate vial was charged with 6.57 mg of [Pt(MeCN)4](OTf)2 (10 
µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was transferred to the rhodium solution and 
stirred at 70 °C for 24h.   
 
(Pt)12(D)6(C)18(OTf)30 

A vial was charged with 7.9 mg of Rh complex D (10 µmol), 9.31 mg of OMe building block C (30 
µmol) and dissolved in 3 mL of CD3CN. A separate vial was charged with 13.1 mg of [Pt(MeCN)4](OTf)2 

(20 µmol) and dissolved in 2 mL of CD3CN. The platinum solution was transferred to the rhodium 
solution and stirred at 70 °C for 24h. The solution was then concentrated to 0.5 mL and used in 
catalysis. 
 
(Pt)12(D)21(A)3(OTf)48 

A vial was charged with 1.42 µmol of building block A (27.6 µl of stock solution: 30 mg, 51.4 µmol in 1 
mL CD3CN of 1.42 µmol), 10 µmol of Rh complex D (200 µL of stock solution: 31.7 mg in 0.8 mL 
CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A separate vial was charged with 
3.8 mg of [Pt(MeCN)4](OTf)2 (5.78 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was 
transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)18(A)6(OTf)48 

A vial was charged with 3.33 µmol of building block A (64.6 µl of stock solution: 30 mg, 51.4 µmol in 1 
mL CD3CN of 1.42 µmol), 10 µmol of Rh complex D (200 µL of stock solution: 31.7 mg in 0.8 mL 
CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A separate vial was charged with 
4.4 mg of [Pt(MeCN)4](OTf)2 (6.66 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was 
transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)12(A)12(OTf)48 

A vial was charged with 10 µmol of building block A (194 µl of stock solution: 30 mg, 51.4 µmol in 1 mL 
CD3CN of 1.42 µmol), 10 µmol of Rh complex D (200 µL of stock solution: 31.7 mg in 0.8 mL CD3CN 
µmol) and further diluted to a total of 0.3 mL with CD3CN. A separate vial was charged with 6.6 mg of 
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[Pt(MeCN)4](OTf)2 (10 µmol) and dissolved in 0.2 mL of CD3CN. The Pt solution was transferred to the 
rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)6(A)18(OTf)48 

A vial was charged with 30 µmol of building block A (583 µl of stock solution: 30 mg, 51.4 µmol in 1 
mL CD3CN of 1.42 µmol), 10 µmol of Rh complex D (200 µL of stock solution: 31.7 mg in 0.8 mL 
CD3CN µmol) and further diluted to a total of 3 mL with CD3CN. A separate vial was charged with 13.1 
mg of [Pt(MeCN)4](OTf)2 (20 µmol) and dissolved in 2 mL of CD3CN. The Pt solution was transferred 
to the rhodium solution and stirred at 70 °C for 24h. The solution was then concentrated to 0.5 mL 
and used in catalysis. 
 
(Pt)12(D)21(B)3(OTf)48 

A vial was charged with 1.42 µmol of building block B (0.76 mg), 10 µmol of Rh complex D (200 µL of 
stock solution: 31.7 mg in 0.8 mL CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A 
separate vial was charged with 3.8 mg of [Pt(MeCN)4](OTf)2 (5.78 µmol) and dissolved in 0.2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)18(B)6(OTf)48 

A vial was charged with 3.33 µmol of building block B (1.77 mg), 10 µmol of Rh complex D (200 µL of 
stock solution: 31.7 mg in 0.8 mL CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A 
separate vial was charged with 4.4 mg of [Pt(MeCN)4](OTf)2 (6.66 µmol) and dissolved in 0.2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)12(B)12(OTf)48 

A vial was charged with 10 µmol of building block B (5.31 mg), 10 µmol of Rh complex D (200 µL of 
stock solution: 31.7 mg in 0.8 mL CD3CN µmol) and further diluted to a total of 0.3 mL with CD3CN. A 
separate vial was charged with 6.6 mg of [Pt(MeCN)4](OTf)2 (10 µmol) and dissolved in 0.2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h.   
 
(Pt)12(D)6(B)18(OTf)48 

A vial was charged with 30 µmol of building block B (15.94 mg), 10 µmol of Rh complex D (200 µL of 
stock solution: 31.7 mg in 0.8 mL CD3CN µmol) and further diluted to a total of 3 mL with CD3CN. A 
separate vial was charged with 13.1 mg of [Pt(MeCN)4](OTf)2 (20 µmol) and dissolved in 2 mL of 
CD3CN. The Pt solution was transferred to the rhodium solution and stirred at 70 °C for 24h. The 
solution was then concentrated to 0.5 mL and used in catalysis. 
 
4.6.3 Catalysis 
 
Standard procedure for the cyclization of 4-pentynoic acid 
A vial was charged with 9.8 mg (0.1 mmol) of 4-pentynoic acid 6 and 100 µL (=0.01 mmol) of a 
solution of internal standard (1,3,5-trimethoxy benzene, 0.100 mmol, 16.8 mg in 1 mL CD3CN) was 
added. Then 50 µL of a solution of NEt3 (7 µl, 0.05 mmol in 1 mL CD3CN) and CD3CN (0.2 mL) were 
added. The solution was transferred to a NMR tube with screw cap under nitrogen and catalyst was 
added (250 µL, 5 µmol of rhodium). The NMR tube was quickly closed, shaken and measured over 
time at 25 °C in the NMR spectrometer. The spectrometer was set to measure every 20 minutes. 
Processing was done at the same integration intervals and yields are determined via the internal 
standard. 
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Figure 9: Example of an catalysis run with Pt12D24 and 2.5% NEt3 in CD3CN. Reactions are followed with 1H 
NMR (300 MHz) measuring at certain intervals, here shown are 0h (0% conv.) , 2h (65%) and 8h (100%). 
 
Table with additional control experiments: 
Table 1: Table with conversions after 3 hours showing the effect of base on the catalysis and additional 
control experiments (entry 7 to 12). 

Entry Conditions[a] Amount of NEt3 (µmol) Conversion after 3 h (%)[b]

1 D 0 29

2 D + base 2.5 88

3 8 0 22

4 8 + base 2.5 76

5 Pt12D24 0 5

6 Pt12D24 + base 2.5 79

7 Pt12A24 0 0

8 Pt12A24 + base 2.5 2

9 Pt12C24 + base 2.5 1

10 [Pt(CH3CN)4](OTf)2 + base 2.5 1

11 C ligand + base 2.5 0

12 base 2.5 0
[a] Reaction conditions: 100 μmol of substrate 6, 10 μmol of internal standard (1,3,5 trimethoxybenzene), 2.5 
μmol of NEt3 and catalyst (5 μmol of Rh, if added) in a total volume of 0.7 mL of MeCN-d3. [b] Conversion is 
calculated based on 1H NMR by using 1,3,5-trimethoxybenzene as internal standard.  
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Influence of base on catalysis: 

 

Figure 10: Effect of the base concentration as co-catalyst on the formation of 7 using Pt12D24 spheres. 
Reaction conditions: 100 μmol of substrate 6, 10 μmol of internal standard (1,3,5 trimethoxybenzene), 
indicated amount of NEt3 and catalyst (5 μmol of Rh) in a total volume of 0.7 mL of CD3CN. 
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Chapter 5: 
 

Pre-organization, Formation and Stabilization of  
Small Sized Iridium Nanoparticles Inside a Nanosphere 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract: 
Forming a bridge between heterogeneous and homogeneous catalysis, small iridium(0) 

nanoparticles were made in a confined space. The small clusters were synthesized via post-

modification of pre-organized iridium complexes inside the confined space of a M12l24 sphere. The 

sphere around the iridium clusters stabilizes the nanoparticles and prevents the formation of 

thermodynamically more stable larger species. The nanoparticle catalyst proved to be more active in 

the hydrogenation of styrene than the analogues mononuclear complexes. Studies showed that the 

nanoparticles were capable of hydrogenating various double bonds and nitro groups.     
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5.1 Introduction 

 

In a world in which new chemicals need to be produced in an efficient, selective and 

sustainable manner, catalysis plays an important role. The use of catalysts results in 

the production of less waste and can induce different selectivity and reactivity as a 

result of changes in the kinetic profile of a reaction. Due to the broad applicability 

and interest in catalysis, different subfields have emerged like biocatalysis, which 

primarily uses enzymes, homogeneous catalysis in which the active species is in the 

same phase as the reaction mixture and heterogeneous catalysis where the active 

species is in a different phase from the reaction.1,2 Colloidal metal nanoparticles are 

small heterogeneous catalysts that can achieve high turnover numbers and turnover 

frequencies in different types of reactions. The particles can be formed via various 

methods,3-5 and thermodynamics state that, through Ostwald ripening, large colloidal 

nanoparticles are favored. This results in the formation of larger species via the 

agglomeration of small particles. The difficulty to obtain a narrow distribution of 

small nanoparticles (< 2 nm)5 motivated us to investigate whether supramolecular 

strategies can facilitate the controlled formation of small nanoparticles, thereby 

generating a bridge between heterogeneous and homogeneous catalysis. Confined 

spaces have already been demonstrated to stabilize catalysts and can prevent the 

dimerization of active catalytic species via encapsulation in a well-defined cavity, 

hence preventing individual catalysts to come in close contact with each other.6-8 

Furthermore, the confined space around a catalyst can impede new selectivity and 

reactivity in homogeneous catalysis by changing the possibilities of how a substrate 

can react at the metal center, generating bio-inspired homogeneous catalysts.9-11 It 

would therefore be interesting to investigate if the formation of nanoparticles can be 

controlled when its formation is performed inside a confined space. We envision that, 

due to the size and restrictions of a synthetic capsule around the nanoparticles, a 

certain amount of metal precursor can come in contact with each other and hence 

only particles of a certain size can be formed. Herein we demonstrate the 

combination of 24 iridium functionalized building blocks (L) with 12 square planar 

metal ions (M = Pd2+ or Pt2+) to form M12L24 spheres, that upon reduction lead to the 

formation of particles inside the sphere. The group of Fujita has already extensively 

demonstrated the functionalization of spheres via synthetic modifications of the 

building blocks.12-14 Alteration of the spheres after assembly has also been proven 

possible15-17 and our group has utilized the M12L24 type of spheres for catalysis. Via 

functionalization of the building block, different metal complexes can be located at 

the inside.18 The ability to embed 24 metal complexes at the inside of these spheres 

makes it interesting to investigate if it is possible to pre-organize metals in the sphere 

for nanoparticle formation. This could then lead to a new method to make 
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nanoparticles of a selective size of 24 atoms. The sphere around the metal cluster 

could then protect it, preventing further agglomeration into larger particles. 

 
5.2  Assembly of the Iridium functionalized spheres  
 
For the formation of the confined nanoparticles we started out with the synthesis of 

an iridium complex as a vast number of iridium nanoclusters have already been 

reported in literature.19-22 To prepare a sphere with 24 iridium complexes, our 

imidazolium bispyridinyl building block 1 (for synthesis and their sphere assembly, 

see chapter 4) was converted into the silver(I) carbene 2 with Ag2O (see Scheme 1). 

This compound was transmetallated with [Ir(cod)Cl]2 (cod = 1,5-cyclooctadiene) to 

yield an iridium chloride carbene functionalized with two pyridine functionalities. 

 

 
Scheme 1: Synthesis of the ditopic iridium complex A from the imidazolium salt 1. 

 

Stirring a solution of the iridium complex 3 at 70 °C with 0.5 equivalent of palladium 

precursor [Pd(CH3CN)4](OTf)2 resulted in a suspension and the sphere formation 

was not quantitative, according to 1H NMR spectroscopy. The formation of a 

suspension is an indication that insoluble palladium (di)chloride species are formed 

by abstraction of the chloride from the iridium complex. To prevent this, the chloride 

counterion was exchanged to a soft anion, in this case triflate (OTf), by adding one 

equivalent of AgOTf in a solution of acetonitrile to complex 3. This resulted in the 

isolation of iridium complex A (see Scheme 1).      
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Figure 1: a) Structure of iridium complex A and its assembly in the large spheres, on the right is a Spartan 

PM3 modeled structure of an M12A24 sphere (iridium atoms are displayed as orange spheres). The 1H NMR 

spectra of building block A and spheres 4a and 4b are displayed in b) to d) showing the indicative shift of the 

pyridine protons. e) Displays an overlay of two DOSY experiments demonstrating that the structure 4b is a 

significant larger structure compared to the free building block A in CD3CN. 

 

The sphere formation with complex A in presence of 0.5 equivalent of palladium(II) 

did not result in a suspension (see Figure 1a). An indicative downfield shift of the 

pyridine protons upon coordination of 0.5 equivalent of palladium complex was 

observed in the 1H NMR spectrum (Figure 1b and c). The log D established by DOSY, 

is indicative for the formation of a M12L24 sphere.18 In a similar experiment, a 

platinum precursor is utilized and a comparable shift is observed for the pyridine 

signals. In addition, a broadening of the signals occurs due to the slow tumbling of 

the pyridine platinum bond on NMR timescale.23 The formation of the large sphere 

was confirmed by DOSY of which a overlaid spectrum with the mononuclear iridium 

complex A is displayed in Figure 1e. The formation of the spheres was also 

investigated with cold spray ionization mass spectrometry (CSI-MS), and highly 

charged species (13+ to 7+) corresponding to a structure with a high molecular 

weight were observed. However, the exact determination of the species was not 

possible as, per charged species, different amounts of acetonitrile remained 

coordinated to the iridium atoms. This resulted in many species in the mass spectrum 



Pre-organization, Formation and Stabilization of Small Sized Iridium Nanoparticles 
 

 
121 

and broadening of the observed peaks, making it impossible to determine the exact 

elemental composition of the spheres.   

 

5.3  Formation and characterization of small nanoparticles via reduction of the 

iridium nanospheres 

 

Based on 1H NMR and DOSY spectra, the iridium complexes were assembled in the 

large spheres. In order to obtain iridium clusters inside the spheres, the chemical 

reduction of the confined iridium complexes was performed with molecular 

hydrogen, which is a viable way to form nanoparticles.4,21,24,25 A solution of the 

palladium spheres (4a) was pressurized with 10 bars of hydrogen gas in an NMR 

tube. However, we observed that the palladium spheres are not stable under these 

conditions and with the formation of black particles it is likely that the palladium is 

also reduced under these conditions. The same experiment with more stable 

platinum analogues of the spheres (4b) displayed no decomposition under the 

reducing conditions showing the benefits of the stronger platinum pyridine bond. In 

order to convert all the confined iridium complexes into nanoparticles the solution 

was heated under 10 bars of hydrogen at 70 °C for 24 hours (see Scheme 2). 

Indication for the reduction of the 1,5-cyclooctadiene ligand to cyclooctane was 

observed by 1H NMR spectroscopy (δ = 1.58 ppm). A visual representation of the 

nanoparticle formation is depicted in Scheme 2, which we will refer to as the confined 

nanoparticle (4b*). 

  

 
Scheme 2: Visual representation of the formation of small active nanoparticles inside a M12L24 sphere. Models 

are made with Spartan. For catalyst 4b*, the imidazolium linkers are omitted for clarity.  

  

The analysis of the nanoparticles was performed with cryogenic transmission electron 

microscopy (Cryo-TEM) to prevent drying of the material.26,27 The cryo-TEM images 

are displayed in Figure 2 and show the formation of small nanoparticles. Although 
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some large species are observed of approximately 5 nm, the majority of the species 

are of approximately 1 nm in size. This is in line with the anticipated small 

nanoparticles consisting of 24 iridium atoms from the modeled system (4b* in 

Scheme 2) of which the longest iridium to iridium distance is 1.3 nm.  

  

 
Figure 2: Cryo-TEM images of the activated spheres 4b*. Different sizes of nanoparticles can be observed of 

which the majority of the particles are approximately 1 nm in size.  

 

Next, the confined nanoparticles were studied with dynamic light scattering (DLS) 

experiments, a non-invasive technique that can be used to determine the size of the 

particles in solution. Measurements of a solution of activated spheres, 4b*, resulted 

in no signal with DLS. The accuracy of the applied apparatus is the limiting factor in 

these measurements and was not high enough to determine the exact size of the 

particles. Therefore, these experiments only prove the absence of particles with a size 

between 10 and 600 nm, the window in which the DLS measurements are accurate. 

This therefore is in line with the cryo-TEM images of the expected particles with a 

size of 1 nm. Furthermore, the individual components (activated A and the platinum 

precursor) also showed no scattering. Only when a solution of 4b* was heated at 70 

°C for 7 days we observed the formation of large species, which are approximately 80 

nm in size (see experimental section). This indicates that, with a prolonged exposure 

to high temperature, the formation of large nanoparticles are observed as a result of 

sphere decomposition or nanoparticle leaching. The formation of the large particles 
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after extended times could also explain the observation of a small amount of larger 

nanoparticles (5-10 nm), which are observed with cryo-TEM (depicted in Figure 2). 

Subsequently, the activity of 4b* as catalyst in the hydrogenation of styrene (5) was 

investigated. Low conversion of styrene was observed at 40 °C with the pre-catalyst 

4b (containing 1 mol% of Ir, based on complex A), confirming that the confined 

iridium complexes must first be activated at high temperatures to reduce the 

cyclooctadiene ligand and form the active species. Raising the temperature to 70 °C 

resulted in a rapid conversion of the substrate with full conversion to ethylbenzene 

(6) after 5 hours (Table 1, entry 1). The rapid increase in conversion suggests that the 

high temperature is required to convert the iridium complexes into nanoparticles. 

The formed highly active species may be able to catalyze the hydrogenation at lower 

temperatures. Hence, we pressurized a solution containing only 4b with 10 bars of 

hydrogen and heated the solution at 70 °C for 24 hours. After cooling down, styrene 

was added under an nitrogen atmosphere, and the solution was pressurized again 

with 10 bars of hydrogen. This resulted in the fast reduction of substrate 5, leading to 

full conversion after six hours at 40 °C (Table 1, entry 2). Interestingly, the reactivity 

of the mononuclear complex A (1 mol%) is much lower than the confined iridium 

complexes under the same reaction conditions and only 35% conversion at high 

temperature (70 °C) is observed (entry 3). When the mononuclear catalyst was pre-

activated in a similar fashion as the catalyst in the confined space, only 5% conversion 

was observed after six hours at 40 °C (entry 4). 

 
Table 1: Hydrogenation of styrene (5) to ethylbenzene (6) with mononuclear complex A and assembly 4b. 

 

Entry Catalyst Temp (°C) Time (h) Conversion (%)[b] 

1 4b 70 5 100 

2[a] 4b* 40 6 100 

3 A 70 24 35 

4[a] A 40 6 5 
[a] Solution of catalyst was first heated under 10 bars of hydrogen at 70 °C for 24 hours, then cooled down, 5 

was added and pressurized again with 10 bar of H2. [b] Conversion is based on 1H NMR spectroscopy using 

1,3,5-trimethoxybenzene as internal standard. Reaction conditions: styrene (100 μmol), catalyst based on 1 

μmol of Ir and 1,3,5-trimethoxybenzene (10 μmol) as internal standard.  

 

Comparison of the mononuclear complex (A) to the activated confined complexes 

(4b*) suggests that, only inside the sphere, the high local concentration or pre-

organization of iridium complexes facilitates the formation of a more active species, 
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presumably nanoparticles. These nanoparticles are more active in the hydrogenation 

of styrene than the mononuclear complexes.  

To further proof that the activity is induced by the iridium nanoparticles, additional 

experiments were performed to investigate the active species in catalysis. Methods 

were applied as designed by the group of Crabtree28 and the group of Finke29 to 

determine if we have a heterogeneous or homogeneous catalyst. No single method is 

able to unambiguously determine the active species and thus we used a combination 

of mercury poisoning studies and partial poisoning studies with CS2. 

Mercury poisoning tests have already been demonstrated to give an indication for the 

presence of catalytically active colloidal metal particles via the formation of amalgam 

species.30-32 To look into the effect of mercury on our system, we first activated a 

solution of spheres (4b*) with 10 bars of hydrogen at 70 °C. After cooling down and 

addition of the substrate, the activity of the catalyst was compared in the presence 

and absence of an excess (30 fold) of mercury at 40 °C. A similar experiment was 

done with mononuclear complex A at 70 °C. From these experiments we observe that 

the addition of mercury has little effect on the mononuclear catalyst A. After 6 hours 

at 70 °C, 5% (A) and 6% (A+Hg) of conversion was observed. After 12 hours of 

reaction time the conversion, induced by the mononuclear complex is hardly affected 

by mercury (14 and 21% conversion, see Table 2 entry 1 and 2). This indicates that, 

for the mononuclear catalyst, a molecular or homogeneous catalyst is the active 

species. In contrast to these results, the mercury poisoning has a detrimental effect 

on the catalyst in the sphere (4b*, Table 2 entry 3 and 4). While without poison a 

conversion of more than 50% is observed after 2 hours at 40 °C, the presence of 

mercury inhibits the catalyst and induces low conversion (5%). Studies, based on 1H 

NMR spectroscopy, demonstrate that the spheres remain stable with the addition of 

mercury. This indicates that the active species involves a nanoparticle when the 

spheres are applied as catalyst and that these are inhibited by mercury via the 

formation of amalgam species. 
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Table 2: Mercury poisoning experiments with iridium nanoparticles and mononuclear iridium complexes. 

 

Entry Catalyst Poison (30 eq. to Ir) Temp (°C) Time (h) Conversion (%)[a] 

1 A - 70 12 14 

2 A Hg 70 12 21 

3 4b* - 40 2 53 

4 4b* Hg 40 2 5 
[a] Conversion is based on 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. Reaction 

conditions: 100 μmol of styrene, 10 μmol of 1,3,5-trimethoxybenzene as internal standard, and 1 μmol of Ir 

catalyst.  

 

Further confirmation that small nanoparticles are the active species came from 

quantitative poisoning studies.28,29,33-35 The addition of various amounts of poison 

can give an indication of the number of iridium atoms that are active in a cluster. 

Therefore this gives an indication of the ratio between surface atoms and atoms in the 

cluster. Most particle catalysts require only a small amount of poison to fully inhibit 

the catalysis as only a limited amount of active catalyst is on the surface.33,35-37 

Homogeneous catalysts generally require 1 equivalent with respect to the poison, 

because every metal complex is supposed to be active in catalysis. For small 

nanoparticles the number of surface atoms is high, and therefore also relatively a 

larger amount of poison is needed. Partial poisoning studies were carried out by 

adding various equivalents (0-1) of CS238 compared to the amount of iridium present 

and the activity after 2 hours was compared to the conversion without CS2 (see Figure 

3). We observed that, for our confined iridium cluster 4b*, a remarkable high amount 

of poison is needed to completely inhibit the conversion which is in line with very 

small clusters. In the presence of 0.7 equivalents of CS2 the catalyst is still active in 

the hydrogenation of styrene. Based on extrapolation, we estimate that 0.79 

equivalents of poison are needed to fully inhibit all the catalytic sites. Indeed, in the 

presence of 0.9 or 1.0 equivalents of CS2 no conversion of the substrate is obtained. 

The high amount of poison that is necessary to fully inhibit the reaction is a strong 

indication that small particles are the active species. The small nanoparticles within 

the spheres consist of 24 iridium atoms of which about 20 are at the surface (based 

on the model of 4b* in Scheme 2). 
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4b* (1% Ir)
CS2 (x equiv.)
H2 (10 bar)

40 °C, 2h
CD3CN5 6

 
Figure 3: Quantitative partial poisoning studies of confined nanoparticles (4b*) with CS2 showing the 

relative activity as a function of equivalents of poison compared to the amounts of iridium. Reaction 

conditions: 50 μmol of styrene, 5 μmol of 1,3,5-trimethoxybenzene as internal standard, and 0.5 μmol of Ir 

catalyst. The iridium catalyst was first heated for 24 hours at 70 °C under 10 bars of hydrogen after which 

styrene and poison was added. Conversion was determined utilizing the internal standard with 1H NMR 

spectroscopy.    

 

Once we established that the activity comes from the iridium nanoparticles, we 

explored if even smaller particles would give higher activities. Therefore, the local 

concentration of the iridium complexes inside the sphere were changed to see its 

effect on the activity. Our group has already demonstrated that by keeping the overall 

concentration of a gold catalyst the same, but by diluting it with a non-functionalized 

building block, spheres can be formed with a lower local concentration of metal 

complex.18 This strategy was applied to control the average number of iridium 

complexes inside the spheres, and as a result the size of the nanoparticles. Dilution of 

the local concentration of iridium was achieved by mixing of the non-functionalized 

building block (B), in different amounts, resulting in different local concentrations of 

iridium complex. These solutions with different local concentrations of iridium were 

all activated with 10 bars of hydrogen at 70 °C for 24 hours. The activated catalysts 

were then applied in the hydrogenation of styrene at 40 °C of which the conversion 

after 2 hours is given in Table 3.  
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Table 3: Dilution of the local iridium concentration by using mixtures of building blocks A and B during 

sphere formation, resulting in smaller iridium nanoparticles. 

 

Entry Ratio A:B Calc. Local [Ir][a] Conversion (%)[b] 

1 0:1 0 0 

2 1:1 0.54 3 

3 7:3 0.76 33 

4 9:1 0.98 38 

5 1:0 1.07 53 
[a] Based on the average of iridium atoms in the sphere with a radius of 2.6 nm, previously reported by our 

group.18 [b] Conversion is based on 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard. 

Conditions: 100 μmol of styrene, 10 μmol of 1,3,5-trimethoxybenzene as internal standard, and 1 μmol of Ir 

catalyst.  

 

From this table it can be seen that when the iridium complex is mixed in a 1:1 ratio 

with building block B, a low activity is observed, similar to mononuclear complex A 

(compare Table 3, entry 2 with Table 1, entry 4). This ratio corresponds with an 

statistical mixture of spheres having an average of 12 iridium atoms inside, which are 

not very active in catalysis. Raising the local concentration of the iridium complexes 

we observe that a ratio of 7:3 (A:B), and hence an average of 17 iridium atoms in the 

sphere, is much more active in the hydrogenation of styrene, resulting in 33% of 

ethylbenzene after 2 hours at 40 °C (Table 3, entry 3). With the total amount of 

iridium complex being the same in both cases, it is observed that a sudden increase in 

activity occurs at a higher local concentration of iridium complex. Further increase of 

the local concentration of iridium complex resulted in even faster conversion with the 
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maximum activity being achieved when the spheres are completely functionalized 

with iridium complexes (entry 5). As a control experiment, we also investigated a 

sphere which doesn’t contain any iridium complexes (entry 1). These non-

functionalized spheres, made of solely building block B, proved to be not active in the 

hydrogenation of styrene. This demonstrates that the platinum atoms are strongly 

bound by the pyridines and are not active in the hydrogenation reaction.  

All the results indicate that we form small iridium nanoparticles when the iridium 

containing sphere is subjected to reduction conditions, and that these nanoparticles 

are active hydrogenations catalysts. In the next section we explore the scope of the 

catalyst with different substrates. 

 

5.4  Application of the small nanoparticles in various hydrogenation reactions 
 
The reactive small nanoparticles were explored as catalysts in the hydrogenation of 

various substrates. Substrates with different substitutions on the double bond were 

studied and the conversion was monitored in time using 1H NMR spectroscopy (see 

Figure 4). 
4b* (1% Ir)
H2 (10 bar)

40 °C
CD3CN  

 

Entry Substrate TOFini (h-1) 

1 Styrene (5) 25.2 

2 1-Octene (7) 30.9 

3 c-Hexene (8) 16.9 

4 Methyl-c-hexene (9) 2.21 

5 2,3-Dimethylbutene (10) 1.34 

Figure 4: Hydrogenation of substituted double bonds with 4b*. Reaction conditions: 50 μmol of styrene, 5 

μmol of 1,3,5-trimethoxybenzene as internal standard, and 0.5 μmol of Ir catalyst. Conversion was 

determined by 1H NMR spectroscopy using an internal standard. TOFini is determined after 1 hour.  
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Mono-substituted double bonds like in styrene (5) and 1-octene (7) are rapidly 

hydrogenated. The initial turnover frequency (TOFini) of these substrates are slightly 

different and when looking more closely at the curves we observe that the conversion 

of 1-octene appears to be faster at the start but slows down after 2 hours. This is 

slightly different, compared to the conversion of styrene (5), which seems to be more 

constant over time. Both substrates reach about full conversion after 6 hours, 

indicating that mono-substituted olefins are easily hydrogenated. Cyclohexene (8), a 

less reactive substrate, is converted with a lower TOFini (16.9 h-1) and only 50% 

conversion is obtained after 6 hours. Tri- and tetra-substituted olefins were also 

investigated by looking into the reduction of methyl-cyclohexene (9) and 2,3-

dimethylbutene (10). For these double bonds, only slow hydrogenation is observed, 

which results in 10% and 5% of the hydrogenated product after 6 hours of reaction 

time.  

Confined spaces have been demonstrated to influence the reactivity of different 

sterically hindered styrene derivatives in cyclopropanation reactions with a caged 

cobalt catalyst.39 We anticipated that, along these lines, steric bulk close to the double 

bond may hamper the entrance of the substrates in the cavity of the sphere and this 

would result in a slower hydrogenation of more bulky styrene derivatives. Therefore 

the hydrogenation of styrene (5), 4-benzylhydrylstyrene (11) and a derivative with 

two tert-butyl groups (12) were investigated (Table 4). The smallest substrate, 5, 

resulted in 88% conversion after one hour at 60 °C with the confined nanoparticles 

(4b*). Increase of the steric bulk close to the olefin resulted in a lower conversion and 

11 and 12 are hydrogenated with respectively 67 and 27% conversion. While this 

seems like a clear effect of the confined space on the catalyst, we wanted to exclude 

any electronic effects of the different substrates. Therefore, the mononuclear complex 

A was also utilized as the catalyst under the same conditions (Table 4, entry 2).  
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Table 4: Hydrogenation of sterically hindered styrene derivatives at 60 °C with confined (4b*) and 

mononuclear (A) catalysts. 

 
Entry Catalyst[a] Time (h) Conversion of substrate (%)[b] 

 

 

 

 
1 4b* 1 88 67 27 

2 A* 25 28 11 2 
[a] Catalysts were activated with 10 bars of hydrogen for 24 hours at 70 °C. [b] Reaction conditions: 50 μmol of 

substrate, 5 μmol of 1,3,5-trimethoxybenzene as internal standard and 0.5 μmol of Ir catalyst. Conversion was 

determined by 1H NMR spectroscopy using an internal standard.  

 

The hydrogenation reaction is generally a lot slower for the mononuclear complex, 

when compared to the nanoparticle. A similar trend is observed for a homogeneous 

catalyst as for the nanoparticle, substrate 12 displayed the lowest conversion (2% 

after 25 hours). 4-Benzylhydrylstyrene was converted in 11% and again the highest 

conversion was observed for styrene (28%). From these results it cannot be 

concluded that the sphere gives rise to selective substrate catalysis based on the size. 

The performance of the iridium nanoparticle was further evaluated in the 

hydrogenation of other functional groups.  

To investigate the reduction of nitro groups, nitrobenzene (13) was added to a 

solution of 4b*. Rapid conversion of the substrate (13), was observed and only 8% of 

the starting material is remaining after 24 hours (see Figure 5). The substrate is not 

directly converted to the fully reduced product (aniline, 15), but instead, N-

phenylhydroxylamine (14) is formed as an intermediate. This intermediate has also 

been observed during the hydrogenation with platinum and palladium nanoparticle 

catalysts.40,41 For our catalyst, this intermediate is rapidly formed with a maximum of 

approximately 40% conversion, from which it reaches a steady state as it is further 

converted into the final product 15. Eventually, almost full conversion (93%) to 

aniline is observed after 72 hours at 40 °C. To the best of our knowledge, it is not 

possible to reduce nitro aromatics with homogeneous iridium catalysts, therefore this 

is another indication that an iridium nanoparticle is the active species.     
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NO2 NH2
H
N

OH
H2

13 14 15

4b* (1% Ir)
10 bar H2

40 °C
CD3CN  

 
Figure 5: Reduction of nitrobenzene (13) with the confined nanoparticle catalyst, monitored in time. 

Reaction conditions: 50 μmol of 13, 5 μmol of 1,3,5-trimethoxybenzene as internal standard, and 0.5 μmol of 

Ir catalyst. Conversion was determined utilizing the internal standard with 1H NMR spectroscopy.  

 

The slower reduction of the nitro group, compared to the C=C double bond, suggests 

that it is possible to selectively reduce the olefin bond during the reduction of 3-

nitrostyrene (16, see Scheme 3) with 4b*.  

 

NO2 NH2
4b* (1% Ir)
10 bar H2

40 °C, 72 h
CD3CN

16 18
69%

H
N

OH

19
26%

NO2

17

 

Scheme 3: Reduction of 3-nitrostyrene, conversions given are those after 72 hours of reaction time 

 

From the 1H NMR spectra we observe that both the nitro and the olefin groups get 

hydrogenated from the start of the reaction leading to a complex mixture of products. 

Also, the nitro group is again first converted into the N-hydroxylamine, which is 

subsequently further reduced to the amine. After 7 hours almost all C=C double 

bonds are hydrogenated. At this reaction time, the mixture consists of 45% of nitro-

intermediate 17 and 46% of N-hydroxyl intermediate 19 (rest being the final product 

18). After that, the remaining nitro and hydroxylamine groups get hydrogenated 

which results in a mixture of 18 (69%) and 19 (26%) after 72 hours at 40 °C.  
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5.5  Conclusions 
 
New iridium complexes, functionalized with pyridine moieties self-assemble with a 

palladium or platinum precursor in large spheres. The spheres, that contain 24 

iridium complexes, can be reduced to form small iridium(0) nanoparticles. The 

formation of these nanoparticles, approximately 1 nm in size, have been characterized 

with various techniques. These systems are active catalysts in hydrogenation 

reactions. The sphere around the iridium clusters can act as a protective 

environment, hence preventing the formation of larger and thermodynamically more 

stable clusters. The confined nanoparticles were proven to be more active than the 

mononuclear complexes and could hydrogenate various substrates containing olefins 

and nitro groups. As such, pre-organization of metal complexes by self-assembly into 

a sphere provides a new way to selectively form small nanoparticles, bridging the 

fields of homogeneous and heterogeneous catalysis.  
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5.7  Experimental Section 
 
A general experimental section has already been described in chapter 2. In addition to this, Dynamic 
Light Scattering experiments were performed with an ALV/LSE 5003 light scattering electronics and 
multiple Tau digital correlator. Building block B,23 [Pd(CH3CN)4](OTf)2 and [Pt(CH3CN)4](OTf)2 were 
prepared according to literature procedures.42 The synthesis of silver carbene 2 has already been 
described in chapter 4. 
 
5.7.1 Synthesis of building blocks and assemblies 
 
Bispyridyl functionalized iridium chloride carbene 3 

A vial was charged with [Ir(cod)Cl]2 (55 mg, 0.082 mmol, 0.5 equiv.) 
and dissolved in 2 mL dichloromethane. A solution of silver carbene 2 
(101 mg, 0.163 mmol, 1 equiv.) in dichloromethane (5 mL) was added 
and the resulting suspension was stirred at room temperature for 3 
hours. The suspension was then filtered over a pad of celite and 
concentrated in vacuo. The crude product was then taken up again in a 
dichloromethane (1 mL) and flushed over a pad of basic Al2O3 using 
dichloromethane as the eluent. After elution of a black fraction the 
alumina was eluted with methanol to give a brown fraction. This was 
concentrated to yield 104 mg of a brown solid (0.135 mmol, 83%). 1H 

NMR (300 MHz, CD2Cl2) δ 8.58 (d, J = 5.2 Hz, 4H, Py), 7.56 (d, J = 7.8 Hz, 2H, Ar), 7.37 (d, J = 6.0 
Hz, 4H, Py), 7.14 (t, J = 7.7 Hz, 1H, Ar), 6.79 – 6.72 (m, 2H, NHC), 4.55 (dt, J = 13.4, 7.7 Hz, 1H, COD-
H), 4.49 – 4.20 (m, 5H), 3.89 (s, 3H), 3.00 – 2.86 (m, 1H), 2.86 – 2.69 (m, 1H), 2.39 – 2.01 (m, 5H), 
2.02 – 1.87 (m, 2H), 1.81 – 1.41 (m, 4H). 13C NMR (75 MHz, CD2Cl2) δ 180.61 (NHC-C), 161.96 (Ar-C), 
150.46 (Py-CH), 135.25 (Ar-CH), 131.38 (Ar-C), 125.89 (Py-CH), 124.38 (Ar-CH), 122.33 (NHC-CH), 
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120.17 (NHC-CH), 117.44 (Py-C), 91.63 (C≡C), 90.07 (C≡C), 84.31 (CH2), 84.08 (CH2), 74.74 (COD-
CH) , 52.13 (COD-CH), 51.60 (COD-CH), 50.38 (COD-CH), 37.81 (CH3), 34.29 (COD-CH2), 33.71 
(COD-CH2), 30.36 (COD-CH2), 29.75 (COD-CH2), 28.30 (CH2), 27.86 (CH2). HRMS (CSI+): calc. for 
C36H36N4OIr 733.2520 [M-Cl]+ found 733.2609. calc. for C72H72ClIr2N8O2 1501.4723 [2M-Cl]+ 
1501.5221. Anal.: found (calcd.) for C36H36ClN4OIr: C, 55.47 (56.27); H, 5.01 (4.72); N, 6.89 (7.29). 
 
Iridium functionalized building block A 

A flask was charged with iridium chloride carbene 3 (95 mg, 0.123 
mmol, 1 equiv.) and purged with N2/vacuum for 3 times. The 
compound was then dissolved in dry dichloromethane (3 mL). In a 
glovebox, a vial was charged with AgOTf (32 mg, 0.123 mmol, 1 equiv.). 
The vial was taken out and the compound was dissolved in acetonitrile 
(3 mL). The solution was added to the iridium carbene and stirred at 
room temperature for 6 hours. The formed suspension was filtered over 
a short pad of celite and concentrated in vacuo. Then dissolved in 
acetonitrile and filtered over a syringe filer. After concentration in 
vacuo and washing with pentane (3x) 82 mg of an orange solid was 

obtained (0.0930 mmol, 76%). 1H NMR (400 MHz, CD3CN) δ 8.59 (dd, J = 4.8, 1.6 Hz, 4H, Py), 7.61 
(d, J = 7.8 Hz, 2H, Ar), 7.37 (dd, J = 5.0, 1.4 Hz, 4H, Py), 7.22 (t, J = 7.7 Hz, 1H, Ar), 7.04 (dd, J = 11.5, 
2.0 Hz, 2H, NHC), 4.58 – 4.43 (m, 1H, COD), 4.43 – 4.33 (m, 2H, CH2), 4.34 – 4.23 (m, 1H, CH2), 4.23 
– 4.09 (m, 1H, CH2), 4.02 (s, 3H, CH3), 3.98 – 3.87 (m, 1H, COD), 3.67 – 3.49 (m, 2H, COD), 2.42 – 
2.23 (m, 3H, COD+CH2), 2.08 – 2.01 (m, 9H, COD+CH2), 1.84 – 1.69 (m, 2H, CH2). 13C NMR (75 
MHz, CD3CN) δ 175.89 (NHC), 162.41 (Ar-C), 151.29 (Py-CH), 136.33 (Ar-CH), 132.42 (Ar-C), 127.45 
(Py-CH), 125.43 (NHC-CH), 124.32 (NHC-CH), 121.82 (Ar-C), 117.43 (Ar-CH), 91.97 (COD-CH), 91.41 
(COD-CH), 84.49 (C≡C), 83.83 (C≡C), 75.25 (CH2), 65.54 (COD-CH), 64.69 (COD-CH), 50.86 (CH2), 
38.04 (CH3), 33.73 (CH2), 32.40 (CH2), 31.12 (COD-CH2), 29.91 (COD-CH2), 29.09 (COD-CH2), 28.19 
(COD-CH2). 19F NMR (282 MHz, CD3CN) δ -79.28. DOSY (CD3CN, 25 °C): log D = -9.07 m2/s. 
HRMS (CSI+): calc. for C36H36N4OIr 733.2520 [M-OTf]+ found 733.2609. calc. for C73H72F3Ir2N8O5S 

1615.4566 [2M-OTf]+ 1615.4874. Anal.: found (calcd.) for C37H36F3N4O4SIr+CD2Cl2: C, 45.85 (47.10); 
H, 3.99 (4.16); N, 5.37 (5.78).  
 
[(Pd)12(A)24(OTf)48] spheres (4a) 

A vial, equipped with a stirring bar, was charged with 
iridium complex A (8.8 mg, 1 equiv., 10 µmol) and 
flushed with N2/vacuum for 3 times. The solid was 
dissolved in CD3CN (0.7 mL) by sonication and heating 
after which a solution of [Pd(CH3CN)4](OTf)2 (2.84 mg 
in 0.3 mL CD3CN, 0.5 equiv., 5 µmol) was added. The 
resulting orange solution was heated for 1 hour at 60 °C 
to yield quantitative sphere formation. 1H NMR (400 
MHz, CD3CN) δ 9.12 (s, 4H, Py), 7.87 – 7.45 (m, 6H, 
Py+Ar), 7.27 – 7.18 (m, 1H, Ar), 7.04 (d, J = 24.8 Hz, 

2H, NHC), 4.49 – 4.27 (m, 2H), 4.27 – 4.10 (m, 2H), 3.71 (s, 2H), 3.42 (q, J = 7.0 Hz, 0H), 3.21 (s, 1H), 
1.89 – 1.74 (m, 23H), 1.52 (s, 0H), 1.38 (t, J = 7.2 Hz, 0H), 1.27 (s, 1H). 13C NMR spectrum could not be 
obtained due to the low intensities of the signals. DOSY (CD3CN, 25 °C): log D = -9.45 m2/s. 
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[(Pt)12(A)24(OTf)48] spheres (4b) 
A vial, equipped with a stirring bar, was charged with 
iridium complex A (8.8 mg, 1 equiv., 10 µmol) and 
flushed with N2/vacuum for 3 times. The solid was 
dissolved in CD3CN (0.7 mL) by sonication and heating 
after which a solution of [Pt(CH3CN)4](OTf)2 (3.28 mg 
in 0.3 mL CD3CN, 0.5 equiv., 5 µmol) was added. The 
resulting orange solution was heated for 24 hour at 70 
°C after which is was filtered over a syringe filter. 1H 
NMR (300 MHz, CD3CN) δ 8.96 (s, br), 7.69 (s, br), 
7.31 (s, br), 4.74 (s, br), 4.53 – 4.13 (m, 1H), 3.96 (s, br). 

Peaks at lower than 2 ppm could not be assigned due to broadening out. 13C NMR spectrum could not 
be obtained due to broadening of the peaks. DOSY (CD3CN, 25 °C): log D = -9.74 m2/s. 
 
Formation of confined nanoparticles 4b* 
A high pressure NMR tube was flushed 3 times with N2/vacuum. Under a nitrogen atmosphere, a 
solution of 4b (0.5 µmol of Ir in 50 µL CD3CN), internal standard 1,3,5-trimethoxybenzene (5 µmol in 
50 µL CD3CN made from 16.8 mg in 1 mL) and CD3CN (400 µL) were added. The tube was closed, 
shaken and pressurized with 10 bars of H2. After gentle shaking of the NMR tube, the tube was heated 
at 70 °C for 24 hours. The tube was cooled down and depressurized under nitrogen. Based on 1H NMR 
spectroscopy cyclooctane was formed, indicated by a peak at δ=1.58 ppm.  
 
5.7.2 Determination of the active species 
 
Cryogenic transmission electron microscopy (Cryo-TEM) 
Samples were vitrified on R2/2 Quantifoil TEM grids (Quantifoil Micro Tools GmbH, Jena, Germany) 
using an automated vitrification robot (FEI VitrobotTM Mark III, FEI company). Graphene oxide layers 
were applied by diluting a 0.01 mg/ml solution 2 times prior to vigorous stirring. Before application of 
the GOx solution, the TEM grids were hydrophilized by glow discharge using a Cerssington 208 
carbon-coater for 40 seconds. 
A 3 µL drop of the solution was applied to these grids in the environmental chamber of the vitrobot at 
22 oC and the grid was blotted with 2 filterpapers to remove the excess of liquid. Subsequently, the grid 
was plunged in liquid nitrogen and transferred to the autoloader of the TU/e cryoTITAN (FEI, FEG, 
300kV, Gatan energy Filter, 2k x 2k Gatan CCD camera). 
The grids were dried in the autoloader by warming up the autoloader overnight to room temperature 
at high vacuum and imaged at room temperature.  
 
Dynamic light scattering studies 
Dynamic Light Scattering experiments were done in duplo and control experiments were done of the 
individual components. The spheres and building blocks showed scattering below 10 nm. At this range, 
the scattering studies are not accurate and hence no sizes could be determined. Only when the sphere 
solution (4b*) was heated for 7 days at 70 °C species were observed corresponding with a size which is 
bigger than 40 nm (see Figure 6), indicating that leeching of the nanoparticles occurs at prolonged 
times at high temperatures. 



Pre-organization, Formation and Stabilization of Small Sized Iridium Nanoparticles 
 

 
135 

 
Figure 6: DLS spectrum of the spheres 4b*, heated for 7 days at 70 °C. 
 
Mercury poisoning studies 
To a solution of 4b* or A (1 µmol and 10 µmol internal standard), first styrene (100 µmol) and then Hg 
(one droplet via syringe) were added. The tube was sealed, shaken and pressurized with 10 bars of 
hydrogen. The NMR tube was heated at 40 °C (for 4b*) or 70° C (for A) for the indicated time and 
measured with 1H NMR spectroscopy. 
 
Quantitative poisoning studies with CS2 
To a solution of 4b*, first styrene (50 µmol) and then CS2 (0.5, 0.7 , 0.9 or 1 equiv.) were added. The 
tube was sealed, shaken and pressurized with 10 bars of hydrogen. The NMR tube was heated at 40 °C 
for the indicated time and measured with 1H NMR spectroscopy. 

Equivalents of CS2 Conversion after 2 hours (%) Relative activity 
0 57.6 1

0.5 22.8 0.396
0.7 6.0 0.104
0.9 0 0

1 0 0
 
5.7.3  Catalysis 
 
Standard procedure for the catalysis experiments 
After the formation of 4b*, a solution of substrate (50 µmol) in 100 µL CD3CN was added under a 
nitrogen atmosphere. The NMR tube was then pressurized with 10 bars of hydrogen, shaken and 
heated at 40 °C for the indicated time. The conversion of the substrate was calculated based on the 
internal standard. Spectra of the products corresponded with those commercially available or reported 
in literature. 
Figure 4 was made by following the reaction in a preheated NMR spectrometer (300 MHz), when 
possible the product peaks were followed in time, if this was not possible (for example with 1-octene) 
the decline of the double bond peaks was followed in time.  
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Chapter 6: 

Selective Co-encapsulation Inside a M6L4 Cage Using 

Tunable Charge Transfer Complexes 

 

 

 

 

Abstract: 

Selective co-encapsulation of metal complexes and aromatic compounds in a capsule was achieved. A 

charge transfer complex is observed with the formation of the ternary complex and can be fine-tuned 

according to the oxidation potentials of the metal complexes which act as donors in this system. 

Therefore different charge transfer bands can be observed, based on the electronic properties of the 

electron donor. 
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6.1 Introduction 
 

In the previous chapters a ligand template approach was demonstrated as a way to 

form a confined space around a metal center. This approach consists of using a 

functionalized ditopic building block for the assembly. One part of the building block 

can bind the metal center (i.e phosphine or carbene moiety) while the other part 

(pyridine functionality) of the building block is used in the formation of the assembly. 

In this chapter we describe the exploration of the host-guest approach wherein the 

host is pre-assembled and after assembly the guests are embedded through weaker 

interactions. Hence, the hosts have well-defined and rigid confined spaces, which 

makes them interesting objects for exploring chemistry with specific organic and 

organometallic compounds that are enclosed inside.1-4 Forming a micro-environment 

around the guests by the hosts has shown to be a feasible approach to induce new 

selectivity in organic reactions and catalysis.5-7 Furthermore, when metal catalysts are 

captured inside a capsule the cages resemble to some extend the second coordination 

sphere in enzymes, and as such new reactivity and selectivity may be displayed by the 

catalysts.8-11 Also in the photosynthetic apparatus in nature the second coordination 

sphere is of importance, and in analogy chromophoric guests have been encapsulated 

and subjected to detailed studies. As such, induced charge transfer (CT) complexes or 

exciplexes have been enforced by the close proximity of different guests that have 

been co-encapsulated. It has been demonstrated that selective encapsulation of 

guests in a preformed host like cyclodextrins,12 cucurbit[8]urils,13,14 pillar[5]arenes,15 

porous coordination polymers16,17 and metallocages18 can be used to obtain new 

charge transfer complexes. Additionally, the formation of charge transfer complexes 

can be used as driving force to form new supramolecular assemblies.19,20 In this 

chapter, we investigate the formation of ternary complexes and how the redox 

properties of the guest that is the electron donor influences the obtained charge 

transfer complexes. Via this way ternary complexes can be obtained in which a metal 

complex is in close proximity to an aromatic guest inside a metallocage. 

Understanding and achieving selective co-encapsulation can form a stepping stone in 

bringing a metal complex and substrate together in the confined space, which is 

important for future studies on catalysis in these confined spaces.  
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6.2  Characterization of the selective co-encapsulation 
 

A self-assembled nanosphere, already reported in literature (Figure 1) has recently 

been demonstrated to facilitate exciplex formation with different guests21-23 and also 

metal complexes could be enclosed, after which a charge transfer band was 

observed.24 While the charge transfer complex is only considered as a weak 

interaction between the donor and acceptor, they can often be easily observed and 

characterized due their intense colors. 

 

 
Figure 1: Octahedral shaped nanospheres 1 and guests for co-encapsulation. 
 

The water soluble octahedral nanosphere 1 (Figure 1) has been studied in detail and it 

has been demonstrated to bind a large variety of guests, mostly on the basis of 

hydrophobic effects and interactions with the electron poor sidewalls of the cavity. 

The broad array of guests that have been accommodated in this molecular container 

include metal complexes,24-26 substrates for organic reactions,27,28 halogens29,30 and a 

variety of molecules with interesting spectroscopic properties.31,21-23 Generally, the 

procedure for encapsulation in this metallocage is easy and the host-guest complexes 

are formed by mixing the components. We investigated whether (CpMe)Rh(cod) 3 

(Cp = cyclopentadiene, cod = 1,5-cyclooctadiene) could be encapsulated. Upon 

stirring a suspension of 3 and 1a in D2O at 100 °C for prolonged reaction times, no 

encapsulation of 3 was indicated by NMR spectroscopy under these conditions. 
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Previously, it has been reported that cage 1 only binds some guests in the presence of 

an appropriate second molecule that is co-encapsulated.32-34 As such, we investigated 

the binding of the metal complex in presence of triphenylene (6) as co-guest. Heating 

a suspension of 1a, 3 and 6 in D2O at 100 °C for one hour resulted in a suspension 

with a colored solution. Interestingly, after cooling down and filtration of the excess 

of guests a purple colored solution was obtained indicating that the ternary complex 

1a•3•6 was formed (Scheme 1).  

 

 
Scheme 1: Co-encapsulation of complexes 3 and 6 in the cavity of 1. 

 

Both the rhodium complex and the triphenylene have a solubility in water that is too 

low to be detected by 1H NMR spectroscopy, but in the presence of the cage their 

signals are clearly visible. The binding was confirmed by the clear upfield shifts 

displayed by the guest molecules in the 1H NMR spectrum, depicted in Figure 2. The 

shielding caused by the aromatic rings of the cage resulted in a typical shift of the 

triphenylene signals of 1.7 and 1.4 ppm, whereas the signals of the metal complex 

shifted in the range of 2.4-3.3 ppm. Another sign of guest encapsulation is the change 

of symmetry34 of the metallocage from Td to effectively C3 (on the NMR timescale), as 

is clear from 1H NMR spectroscopy. The loss of symmetry of the capsule occurs 

because each guest occupies one half of the capsule. The guests are closely packed 

against the triazine panel and on the NMR timescale the cage loses its Td symmetry35 

(See Figure 2c). For the empty cage, all pyridine rings are equivalent (because of the 

Td symmetry), and only two signals for the pyridine protons are expected. However, 

for the cage with the two guests inside, eight sets of pyridine protons are observed. 

Importantly, the symmetry of the guest molecules is not affected by the 

encapsulation, indicating that these can still freely rotate inside the void of the 

capsule. Additional support for guest encapsulation is provided by diffusion ordered 

NMR (DOSY) showing that the diffusion of the guests matches that of the capsule.24 

Due to the enforced close proximity of the two different guests, also NOE signals can 

be observed between the two guests in the 2D NOESY spectrum. In addition, the 

guests also display NOE contacts with the capsule 1a, suggesting a tight fit of the 

compounds in the metallocage.   
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Figure 2: Clear upfield shifts observed in the 1H NMR spectra of guests 3 and 6: spectrum of a mixture of 

guests in CDCl3 (a, top) and inside molecular container 1 in D2O (b, bottom). c) On the right a modeled 

structure is displayed showing the loss of symmetry of the metallocage. Annotation of the proton signals is 

done with help of COSY experiments. 

 

Attempts to crystallize the ternary product using metallocage 1a did not yield suitable 

crystalline material for X-ray diffraction. However, when we changed the nanosphere 

to its palladium analogue with a 2,2’-bipyridine cis-capping ligand (metallocage 

1b),36 and guest 3 for its iridium analogue complex 5, suitable crystals for X-ray 

diffraction were obtained. It can be observed from the crystal structure that the 

guests occupy the void of the sphere together (Figure 3) showing a tight fit of both 

guests inside the cage. The guest pair (5·6) was disordered in three positions, hence 

only the 33.3% occupancy is displayed, to clearly show the host-guest structure. 

Although the solid state structure cannot be directly compared with the structure in 

solution, the disorder in three positions corresponds with the effective C3-symmetry 

of the host-guest assembly on the NMR timescale, as derived from the NMR spectra 

in solution at room temperature.  
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Figure 3: Solid state structure of ternary complex 1b·5·6 (33.3% occupancy). The metal complex 5 is shown 

in green and triphenylene 6 is shown in purple. Solvent molecules and nitrate anions have been omitted for 

clarity. 

 

The crystal structure shows that the triphenylene guest (6) is close to the triazine 

panel. However, it is not stacked completely parallel to the panel. The distance of 6 

(central ring) to the central ring of the triazine panel is 3.48 Å and that from 

triphenylene to the iridium atom is 4.84 Å. Furthermore, we observe that the angles 

between the pyridines that are connected to the palladium have an average of 86.4°. 

This is similar to an average of 86.6°, which has been reported for the crystal 

structure of the cage when an adamantoid cluster of water is inside.36b   

 

6.3 Scope of the co-encapsulation by changing the steric on the guests 
 

With the observation that the two guests are only together embedded inside the cavity 

of the metallocage and no individual encapsulation occurs, the scope of the metal 

complexes and aromatic moieties that can be co-encapsulated was explored. The 1H 

NMR spectrum of 1c·3·6 shows that no full encapsulation takes place as empty cage 

1c is still present. Integration of the pyridine proton signals and comparison of these 

to the aromatic signals allows the determination of the efficiency of the formation of 
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the ternary complex, expressed in a percentage of occupied cage, which is 78% for 

1c·3·6. The metal complex was changed to the sterically similar, but electronically 

different iridium complex 5, which resulted in a similar amount of ternary complex 

(see Table 1). Studies of the steric influences on the amount of co-encapsulation were 

done with complex 2 and 4. A minimal increase in the formation of ternary complex 

1c·2·6 was observed when no methyl groups are present on the cyclopentadiene 

ligand, however a large decrease in co-encapsulation is observed when four methyl 

groups are present, resulting in 28% of complex 1c·4·6 (Table 1).      

  
Table 1: Formation of the of the ternary complexes in metallocage 1c, all encapsulation studies were done 

with the same equivalents of guests for 1 hour at 100 °C. Percentages are based on integration of the 

pyridine signals in 1H NMR spectroscopy. 

Aromatic  

Guest 

Metal donor 

Triphenylene (6) Pyrene (7) Perylene (8) 

Co-encapsulation (%) Co-encapsulation (%) Co-encapsulation (%)

(CpMe4)Rh (4) 28 81 14 

(CpMe)Rh (3) 78 98 37 

(Cp)Rh (2) 84 97 43 

(CpMe)Ir (5) 75 98 32 

 

Interested by this difference in the formation of the co-encapsulated species the 

aromatic guest was changed to pyrene (7) or perylene (8). The ternary complexes 

formed with pyrene all result in a higher amount of co-encapsulation. For this guest 

(7) also a high formation of ternary complex with the sterically hindered 

(CpMe4)Rh(cod) is observed (81%). Opposite to this, co-encapsulation with perylene 

results in less of the ternary complexes of which 1c·4·6 is the lowest, forming a mere 

14% of ternary complex.  

The higher formation of ternary complexes with pyrene, compared to triphenylene, 

made us investigate if there is a preference for ternary complexes with pyrene instead 

of triphenylene. A solution of the triphenylene ternary complex 1c•2•6 was therefore 

mixed with 10 equivalents of pyrene at 100 °C for 1 hour (depicted in Scheme 2, top). 

After cooling down and filtration of the excess guest, this resulted in an exchange of 

aromatic guest and the ratio of 1c•2•6 to 1c•2•7 was determined to be 1:6.3. In a 

similar way, a solution of 1c•2•7 was mixed with triphenylene (6) at 100 °C for 1 

hour. In this case the ratio of 1c•2•6 to 1c•2•7 is 1:36.0, indicating that pyrene easily 

displaces triphenylene and has a higher affinity for the cavity of the metallocage.  
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Scheme 2: Exchange studies of preformed ternary complexes with pyrene (top) or triphenylene (bottom). 

Observed from these experiments is that the metallocage has a preference for binding pyrene. 

 

To further prove that perylene is thermodynamically the least favored in the void of 

metallocage 1, an excess of all three the aromatic guests were stirred at the same time 

in the presence of 2 and 1c. After 1 hour at 100 °C, this resulted in a ratio of 1c•2•6 : 

1c•2•7 of 1:9.1 (see Scheme 3) and no perylene was encapsulated.  

 

 
Scheme 3: Competition experiments of three aromatic compounds with metal complex 2 showing that the 

metallocage 1c has a strong preference to bind pyrene. 

 

Heating the suspension with the guests for a longer time (6 hours) slightly influenced 

the ratio (1:10.3) and still didn’t result in the encapsulation of 8. This demonstrates 

that the metallocage has different affinities for the aromatic guests and that this is 

represented in the amount of the ternary complex that is formed. 
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6.4 Tuning of the charge-transfer band through co-encapsulation 
 

Intrigued by the different colors that were observed with the different ternary 

complexes, the co-encapsulated species were studied by UV-Vis spectroscopy. Upon 

co-encapsulation of rhodium complex 3 and triphenylene, the pale yellow solution of 

empty cage 1c turned to purple and a new absorption band at 555 nm (2.23 eV) was 

observed. This new band is indicative for the formation of a charge transfer complex 

(see Figure 4). To confirm that the cage facilitates the new absorption band we 

combined the compounds in chloroform. The absence of a charge transfer band in 

UV-Vis for this solution demonstrates that the metallocage is responsible for the 

exciplex formation.  

 

 
Figure 4: a) UV-Vis absorption spectra indicating the charge transfer complexes in capsule 1c with 

triphenylene (250 μM). b) Photo of the different colored solutions of the ternary complexes demonstrating 

that the metal complex changes the color of the solution (in metallocage 1a). 

 

The formation of charge transfer complexes of soluble molecules in supramolecular 

complexes based on cucurbit[8]uril have been previously reported.13,15,37 In the 

current system, the formation of the host-guest system is based on extraction of the 

guests which are insoluble in water. The metal complexes that are encapsulated by 

this metallocage makes it possible to investigate the effect of the redox potential on 

the charge transfer complex. As such, other pairs of guests for the formation of 

ternary complexes were investigated. The donor in the charge transfer complex is 

expected to be the metal complex, hence various complexes with different steric and 

electronic properties were studied. The same steric structure was retained and only 

the electronic properties were changed by utilizing (CpMe)Ir(cod) (5) for the 

encapsulation studies. When 5 was co-encapsulated with triphenylene, the charge 

transfer band was shifted to higher energy (513 nm, 2.42 eV, see Table 2) compared 

to that obtained with the rhodium complex (3). This blue shift of the charge transfer 
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band by 0.19 eV was anticipated as the oxidation potential of 5 (0.02 V vs. Fc0/+) is 

higher than that of 3 (0.12 V vs. Fc0/+), as indicated by the redox potentials of the 

complexes in chloroform, that were established by cyclic voltammetry measurements 

(see Table 2 and experimental section 6.7.4).  

 
Table 2: Charge transfer energies (ΔECT) of the ternary complexes facilitated by metallocage 1c. Energies are 

based on fitting of the charge transfer peaks in UV-Vis spectroscopy (λCT). The charge transfer energies are in 

line with the redox properties of the metal complex (Eox) which were determined with cyclic voltammetry.  

Pyrene (7) Triphenylene (6) Perylene (8) 

 Eox (V)[a] 

 
ΔECT (eV) ΔECT (eV) ΔECT (eV) 

(CpMe4)Rh (4) -0.28 1.88 2.13 2.22 

(CpMe)Rh (3) 0.02 2.03 2.23 2.40 

(Cp)Rh (2) 0.07 2.01 2.34 2.50 

(CpMe)Ir (5) 0.12 2.04 2.42 2.38 
[a] Oxidation potentials are referenced to ferrocene (Fc0/+). 

 

The same trend was observed when changing the electronic properties of the rhodium 

complex by substituting it with four methyl groups. Complex (CpMe4)Rh(cod) 4 has a 

lower oxidation potential (-0.28 V vs. Fc0/+, a difference of 0.3 V, compared to 3) and 

therefore gave a charge transfer band at lower energy (586 nm, 2.13 eV). When the 

smallest complex with no substituents on the Cp ring was encapsulated, it was 

expected to give a charge transfer band slightly higher in energy than 1c•3•6, based 

on the slightly higher oxidation potential of 2 (0.07 V vs. Fc0/+, a difference of 0.05 V 

compared to 3). Indeed, for this smaller complex the location of the CT band at 530 

nm (2.34 eV) corresponds with these expectations. Based on the charge transfer 

energies and the oxidation potentials of the metal complexes, a trend is visible that 

shows that metal complexes with a higher oxidation potential yield a charge transfer 

band with triphenylene at lower wavelength. To the best of our knowledge this is the 

first time that metal complexes have been used to fine tune the charge transfer bands 

via the formation of ternary complexes, based on their redox potentials. We were 

therefore interested if similar trends would be observed if other aromatic guests were 

co-encapsulated. For this purpose pyrene (7) and perylene (8) were used to form the 

ternary complexes. Pyrene resulted in almost quantitative formation of the ternary 

complexes (see Table 2), including the sterically demanding 4. However, the location 

of the charge transfer band was difficult to exactly determine as it partially overlaps 

with the absorption of pyrene (see Figure 5).  
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Figure 5: UV-Vis absorption spectra of the charge transfer complexes in capsule 1c with pyrene (7, left) and 

perylene (8, right). 

 

Although the exact energies are therefore less accurate, still a similar trend can be 

observed as with triphenylene, but now all shifted to lower energies as a consequence 

of the lower lying LUMO of pyrene. Similar with triphenylene, co-encapsulation of 

pyrene with the most electron rich complex, 4, gave the lowest charge transfer band 

(658 nm, 1.88 eV). Changing the donor to 2, 3 or 5 gave small changes in charge 

transfer energy (see Figure 5 and Table 2).  

The aromatic co-guest was next changed to perylene (8), and again we observe a 

recurring trend of the charge transfer energy, corresponding with the redox potential 

of the metal complex (see Figure 5 and Table 2). In general, the charge transfer bands 

are at higher energy with perylene. Only one exception on the trend based on the 

redox potentials is observed which is with iridium complex 5. In this case the charge 

transfer energy of 1c•5•8 is difficult to determine due to the overlap with the UV 

band of perylene and is therefore not accurate.  

While it could be argued that the exciplex could be formed from the electron donor 

with the triazine panels of the cage 1c we would like to note that different CT bands 

were observed with the different aromatic compounds, thus indicating that the 

encapsulated aromatic guest surely plays a role in the exciplex formation. We propose 

that the metal complex can act as electron donor for the LUMO of the aromatic 

compound and that the interaction is facilitated by placing the components in 

confined space. The thus formed charge transfer complex is stabilized due the 

electron poor cavity of the molecular container. The ability to fine tune the charge 

transfer band with different donors and acceptors also exclude the role of 

intramolecular charge transfer complexes and indicates that this is a pure 

intermolecular process, facilitated by the octahedral cage 1. Based on these finding we 

constructed a schematic energy diagram for the charge transfer interactions, which is 

depicted in Figure 6.  
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Figure 6: Schematic energy diagram of the charge transfer energies facilitated by cage 1c. The ordering of 

the donor and acceptor species is based on measured charge transfer energies.  

 

6.5 Conclusions 
 

In summary, we have demonstrated the formation of ternary complexes in 

metallocage 1, in which one metal complex and one flat aromatic guest are co-

encapsulated. The amount of the co-encapsulation is depending on the guests and 

changes with different steric properties. In the UV-Vis spectra of these complexes, 

clear charge transfer bands are observed of which the energy is controlled by the 

electronic properties of the donor (metal complex) and the acceptor (aromatic guest). 

The electronic properties can be fine-tuned through the metal complex which is a new 

and interesting way to rationalize and form different kind of charge transfer 

complexes. The void of the metallocage makes it possible to study these very subtle 

interactions. Understanding these interactions makes it possible to take them into 

account in the future design of novel host-guest complexes and catalytic systems.  
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6.7 Experimental Section 
 

See Chapter 2 for the general experimental section and experimental setup for the DOSY experiments. 

 

6.7.1 Synthesis of building blocks, cages and guests 

 

Pt(en)Cl238 

K2PtCl4 (2 g, 4.818 mmol, 1 equiv.) was dissolved in water (20 mL) and acidified to a pH 

of 3 with 1M HCl. Then a solution of ethylenediamine (320 µL, 288 mg, 4.787 mmol, 

0.99 equiv.) in water (20 mL) was added. After stirring for 2 hours at room temperature 

a yellow suspension was formed which was filtered. Further washing with water, ethanol 

and diethyl ether yielded pure product as a yellow solid (1297 mg, 3.978 mmol, 83%). Spectral data in 

correspondence with literature38: 1H NMR (300 MHz, DMSO-d6) δ 5.33 (s, 4H), 2.22 (s, 4H). 

 

Pt(en)(NO3)2 

Pt(en)Cl2 (1100 mg, 3.373 mmol, 1 equiv.) was suspended in water (200 mL) and 

AgNO3 (1146 mg, 6.746 mmol, 2 equiv.) was added. The suspension was stirred with 

exclusion from light at room temperature for overnight. The resulting white 

suspension was filtered (or centrifuged: 4000 rpm, 30 min) and concentrated in 

vacuo. This gave 1206 mg of a pale yellow solid (3.180 mmol, 94%). Spectral data in correspondence 

with literature39: 1H NMR (400 MHz, D2O) δ 5.73 (s br, 4H), 2.51 (s, 4H).  

 

Pd(tmeda)Cl240 

PdCl2 (2g, 11,28 mmol, 1 equiv.) was suspended in acetone (50 mL) and 1681 µL 

tetramethylethylenediamine, tmeda (11.28 mmol, 1 equiv.) was added. The suspension 

was stirred at room temperature for 24 hours, filtered and washed with water, acetone 

and diethyl ether to yield 2992 mg of yellow solid (90% yield, 10.19 mmol). Spectral data 

are in correspondence with literature40: 1H NMR (300 MHz, DMSO-d6) δ 2.72 (s, 1H), 2.64 (s, 3H). 

 

Pd(tmeda)(NO3)2 

Pd(tmeda)Cl2 (1.5g, 5.11 mmol, 1 equiv.) was suspended in 150 mL of water. With 

exclusion from light AgNO3 (2 equiv. 10.22 mmol, 1736 mg) was added and stirred at 

room temperature for overnight. The resulting suspension was then filtered and the 

filtrate was concentrated in vacuo to yield 1.681 g of yellow solid (4.85 mmol, 95%). 
1H NMR (400 MHz, D2O) δ 2.89 (s, 1H), 2.68 (s, 3H). 

 

p-tpt (para-trispyridinetriazine) 

A flask was charged with 4-cyanopyridine (30 g, 288 mmol, 1 equiv.) and 

heated to 150 °C. Powdered NaOH (1152 mg, 28.8 mmol, 0.1 equiv.) was 

added to the resulting liquid and the resulting mixture was stirred at 150 °C 

for 24 hours. The solid was washed with acetone (3x180 mL) and dissolved 

in 250 mL 2M HCl, then activated charcoal was added and sonicated for 30 

min. The suspension was filtered over Celite and neutralized wit 5M NaOH 

(approx. 150 mL). The product was filtered and washed with water and 

acetone. After drying this yielded 17 g of white solid (57% yield). Spectral 

data are in correspondence with literature41: 1H NMR (400 MHz, CDCl3) δ 8.98 – 8.91 (m, 1H), 8.61 – 

8.54 (m, 1H). 

N
Pd

N Cl

Cl
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M6L4 cage from Pt(en)(NO3)241,42 (1a) 

Pt(en)(NO3)2 (600 mg, 1.582 mmol, 6 equiv.) was dissolved in 30 mL of water in 

a high pressure tube and para-trispyridinetriazine (329 mg, 1.055 mmol, 4 

equiv.) was added. The tube was sealed tight and heated to 150 °C for 3 days. The 

solution was then cooled down, filtered and concentrated in vacuo to yield 782 

mg of white solid (84%). Spectral data are in correspondence with literature41: 
1H NMR (300 MHz, D2O) δ 9.10 (d, J = 5.1 Hz, 24H), 8.58 (d, J = 5.4 Hz, 24H), 

2.85 (s, 24H). 

 

M6L4 cage of Pd(tmeda)(NO3)2 (1c) 

Following a literature procedure,44 Pd(tmeda)(NO3)2 (1130 mg, 3.26 mmol, 6 

equiv.) was dissolved in 54 mL of H2O and p-tpt (678 mg, 2.17 mmol, 4 equiv.) 

was added. The resulting suspension was stirred at 80 °C for 1 hour. After 

filtration and concentration in vacuo a yellow solid was obtained (1.788 g, 99%). 

Spectral date are in correspondence with literature44: 1H NMR (400 MHz, D2O) 

δ 9.36 – 9.28 (m, 24H), 8.82 – 8.77 (m, 24H), 3.20 (s, 24H), 2.80 (s, 72H). 

 

General procedure for the synthesis of rhodium cyclo-octadiene (cod) complexes 

A flame dried schlenk was charged [(cod)RhCl]2 (250 mg, 0.507 mmol, 1 equiv.) and Na2CO3 (250 mg, 

2.359 mmol, 4.65 equiv.) and flushed with N2/vacuum for 3 times. Then MeOH was added (25 mL) to 

the stirring solution followed by consecutive addition of freshly distilled (substituted) cyclopentadiene 

(9.46 mmol, 18.7 equiv.). The solution was stirred at rt or 60°C for the indicated time after which it 

was filtered and concentrated in vacuo. The residue was dissolved in Et2O, filtered and concentrated 

again. Pure product was obtained by sublimation with a bulb to bulb apparatus at the indicated 

temperature and under high vacuum (10-2 bar) to yield yellow crystals of the desired compound. 

 

CpRh(cod) (2) 45 

Synthesized according to general procedure: cyclopentadiene was added (625 mg, 795 µL) 

and stirred for 5 hours at 60 °C. Sublimed at 100 °C to give 185 mg of product (0.670 

mmol, 66% based on Rh). Spectral data in correspondence with literature.46 1H NMR 

(400 MHz, C6D6) δ 4.95 (s, 5H), 3.97 (s, 4H), 2.34 – 2.12 (m, 4H), 1.95 (m, 4H). HRMS 

(FD+) calcd. for C13H17Rh 276.03853 [M]+, found 276.03768 (Δppm = 3.1). 

 

(MeCp)Rh(cod) (3) 

Synthesized according to general procedure: methyl-cyclopentadiene was added (760 mg, 

808 µL) and stirred for 4 hours at 60 °C and at room tempterature for overnight. Distilled 

at 140 °C to give 267 mg of product (0.920 mmol, 91% based on Rh) as a yellow liquid 

which solidifies upon cooling down. 1H NMR (400 MHz, CDCl3) δ 5.18 (s br, 2H Cp-H), 

4.92 (t, J = 1.9 Hz, 2H Cp-H), 3.73 (s, 4H COD-CH), 2.29 – 2.11 (m, 4H COD-CH2), 1.98 – 

1.86 (m, 4H COD-CH2), 1.76 (s, 3H Cp-Me). 13C NMR (75 MHz, CDCl3) δ 100.61 (d, J = 4.0 Hz Cp(C)-

Me), 87.81 (d, J = 3.7 Hz Cp), 85.17 (d, J = 4.1 Hz Cp), 64.11 (d, J = 14.3 Hz COD-CH), 32.61 (COD-

CH2), 12.70 (Cp-Me). HRMS (FD+) calcd. for C14H19Rh 290.05418 [M]+, found 290.05383 (Δppm = 

1.2). Anal.: found (calcd.) for C14H19Rh: C, 57.97 (57.94); H, 6.58 (6.60). 
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(Me4Cp)Rh(cod) (4) 

Synthesized according to general procedure: tetramethyl-cyclopentadiene was added 

(1158 mg, 1433 µL) and stirred for overnight at room temperature. Sublimed at 130 °C to 

give 178 mg of product (0.536 mmol, 53% based on Rh). 1H NMR (500 MHz, CDCl3) δ 

5.04 (s, 1H Cp-H), 3.07 (s, 4H COD-CH), 2.27 – 2.12 (m, 4H COD-CH2), 1.93 (q, J = 9.0, 

8.1 Hz, 4H COD-CH2), 1.85 (s, 6H Cp-Me), 1.62 (s, 6H Cp-Me). 13C NMR (126 MHz, 

CDCl3) δ 99.51 (d, J = 3.8 Hz Cp-C), 95.72 (d, J = 4.3 Hz Cp-C), 84.96 (d, J = 4.3 Hz Cp-CH), 69.29 (d, 

J = 14.2 Hz COD-CH), 32.84 (COD-CH2), 10.94 (CpMe), 9.78 (CpMe). HRMS (ESI+) calcd. for 

C17H25Rh 332.10113 [M]+, found 332.10279 (Δppm = 5.00). Anal.: found (calcd.) for C17H25Rh: C, 62.32 

(61.45); H, 7.51 (7.58). 

 

6.7.2 Co-encapsulation studies 

 

Standard procedure for the co-encapsulation of CpRh(cod) analogues with aromatic 

molecules 

A vial equipped with stirring bar was charged with cage (5 µmol, 1 equiv.), Rh complex (15 µmol, 3 

equiv.) and aromatic molecule (15 µmol, 3 equiv.). The vial was then purged with N2/vacuum and D2O 

was added. The vial was heated to 100 °C for 1 hour and filtered over a syringe filter. Formation of 

encapsulation was based on integration of the aromatic guest signals determining how much the full 

pyridine integration deviates from the expected 48 pyridine protons. The authors would further like to 

note that due to the low concentration of the guests, no 13C NMR signals are reported as not all signals 

could be resolved.   

1a•2•6 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 84% according to 1H NMR. 1H NMR (300 MHz, D2O) δ 9.62 (s br, 

4H, Py), 9.17 (s br, 29H, Py+empty 1a), 8.59 (s br, 18H, Py+empty 1a), 8.12 (s 

br, 4H, Py), 6.98 (s, 6H, Ar), 6.35 (s, 6H, Ar), 2.90 (s, 40H, CH2+empty 1a), 

2.09 (s, 5H, Cp), 0.92 (s, 4H, CH-COD), -0.36 (s, 4H, CH2-COD), -0.94 (s, 4H, 

CH2-COD). DOSY (D2O, 298 K): log D = -9.735 m2/s 

 

1a•3•6 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 74% according to 1H NMR. 1H NMR (500 MHz, D2O) δ 9.50 (s, 

6H, Py), 9.16 (s, 6H, Py), 9.05 (s br, 20H, Py+empty 1a), 8.95 (s, 6H, Py), 8.50 

(s, 6H, Py), 8.46 (s br, 15H, Py+empty 1a), 8.00 (s, 6H, Py), 6.97 – 6.77 (m, 

6H, Ar), 6.18 (s, 6H, Ar), 2.79 (d, J = 25.7 Hz, 32H, CH2+empty 1a), 1.93 (s, 

2H, Cp), 1.86 (s, 2H, Cp), 0.54 (s, 4H, COD), -0.38 (s, 4H, COD), -0.98 (d, J = 

7.4 Hz, 4H, COD), -1.52 (s, 3H, CH3). DOSY (D2O, 298 K): log D = -9.816 m2/s 

 

1a•4•6 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 21% according to 1H NMR. 1H NMR (500 MHz, D2O) δ 9.65 (s, 6H 

Py), 9.25 (s, 8H Py), 9.21 (s, 16H Py), 9.14 (s, 11H Py), 8.68 (s, 14H Py+empty 

1a), 8.62 (s, 6H Py), 8.02 (s, 6H Py), 7.05 – 6.84 (m, 6H Ar), 6.13 (s, 6H Ar), 

2.92 (s, 21H CH2), 2.88 (s, 17H CH2), 1.66 (s br, 4H COD-CH), 1.36 (s br, 4H 

COD-CH2), 1.10 (s, 1H Cp-H), 0.88 (s, 4H COD-CH2), -1.70 (s, 6H Cp-Me), -

1.72 (s, 6H Cp-Me). DOSY (D2O, 298 K): log D = -9.731 m2/s 
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1a•5•6 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 75% according to 1H NMR. 1H NMR (400 MHz, D2O) δ 9.46 (s, 

br, 7H), 9.11 (s, br, 6H, Py), 9.02 (s br, 6H, Py), 8.92 (s br, 12H, Py+empty 1a), 

8.45 (s, br, 6H, Py), 7.96 (s, br, 6H, Py), 6.82 (s, 6H, Ar), 6.15 (s, 6H, Ar), 2.74 

(s, 40H, CH2+empty 1a), 1.97 (s, 2H, Cp), 1.76 (s, 2H, Cp), 0.36 (s, 4H, COD), -

0.56 (s, 4H, COD), -1.13 (d, J = 7.8 Hz, 4H, COD), -1.39 (s, 3H, CH3). DOSY 

(D2O 298 K): log D = -9.73 m2/s. 

 

1a•2•7 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 94% according to 1H NMR. 1H NMR (400 MHz, D2O) δ 9.91 – 

7.76 (m, 51H, broad Py peaks), 6.64 (t, J = 7.6 Hz, 2H, Ar), 6.41 (d, J = 7.6 Hz, 

2H, Ar), 6.16 (s, 2H, Ar), 2.88 (s, 25H, Pt(en)), 1.97 (s, 5H, Cp), 0.76 (s, 4H, 

COD), -0.58 (s, 4H, COD), -1.11 (d, J = 8.8 Hz, 2H, COD). DOSY (D2O, 298 

K): log D = -9.724 m2/s 

 

 

1a•3•7 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 89% according to 1H NMR. 1H NMR (400 MHz, D2O) δ 10.12 – 

7.74 (m, 54H), 6.61 (t, J = 7.5 Hz, 2H, Ar), 6.41 (d, J = 7.7 Hz, 4H, Ar), 6.13 (s, 

4H, Ar), 2.88 (s, 27H, Pt(en)), 2.02 (s, 2H, Cp-H), 1.52 (s, 2H, Cp-H), 0.51 (s, 

4H, COD), -0.41 (s, 4H, COD), -0.95 (d, J = 8.5 Hz, 4H, COD), -1.30 (s, 3H, 

Cp-CH3). DOSY (D2O, 298 K): log D = -9.749 m2/s 

 

1a•4•7 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 37% according to 1H NMR. 1H NMR (300 MHz, D2O) δ 10.23 – 

7.59 (m, 74H, Py+empty 1a), 6.51 (d, J = 7.7 Hz, 2H, Ar), 6.29 (d, J = 7.7 Hz, 

4H, Ar), 5.95 (s, 4H, Ar), 3.18 – 2.65 (m, 33H, Pt(en)), 1.62 (d, J = 8.7 Hz, 4H, 

cod), 1.31 (s, 4H, cod), 0.80 (s, 4H, cod), 0.75 (s, 1H, Cp), -1.57 (s, 6H, CH3), -

1.91 (s, 6H, CH3). DOSY (D2O, 298 K): log D = -9.763 m2/s 

 

 

 1a•5•7 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 92% according to 1H NMR. 1H NMR (400 MHz, D2O) δ 10.26 – 

7.66 (m, 52H), 6.60 (t, J = 7.7 Hz, 2H, Ar), 6.42 (d, J = 7.7 Hz, 4H, Ar), 6.12 (s, 

4H, Ar), 2.88 (s, 25H, Pt(en)), 2.09 (s, 2H, Cp-H), 1.42 (s, 2H, Cp-H), 0.37 (s, 

4H, COD), -0.53 (s, 4H, COD), -1.05 (d, J = 8.5 Hz, 4H, COD), -1.13 (s, 3H, Cp-

CH3). DOSY (D2O, 298 K): log D = -9.756 m2/s 
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1a•2•8 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 40% according to 1H NMR. 1H NMR (400 MHz, D2O) δ 9.75 – 

7.84 (m, 121H), 6.61 (d, J = 8.1 Hz, 4H, Ar), 6.12 (d, J = 7.6 Hz, 4H, Ar), 5.74 

(t, J = 7.8 Hz, 4H, Ar), 2.86 (s, 67H, Pt(en)), 2.12 (s, 5H, Cp-H), 1.10 (s, 4H, 

COD), -0.27 (s, 4H, COD), -0.89 (s, 4H, COD). DOSY (D2O, 298 K): log D = -

9.717 m2/s 

 

 

1a•3•8 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 61% according to 1H NMR. 1H NMR (400 MHz, D2O) δ 9.95 – 

7.72 (m, 78H, Py+empty 1a), 6.63 (d, J = 8.3 Hz, 4H, Ar), 6.14 (d, J = 7.7 Hz, 

4H, Ar), 5.77 (s, 4H, Ar), 2.91 (s, 39H, Pt(en)+ empty 1a), 2.23 (s, 2H, Cp), 

2.04 (s, 2H, Cp), 0.90 (s, 4H, cod), -0.16 (s, 4H, cod), -0.79 (s, 4H, cod), -1.32 

(s, 3H, CH3). DOSY (D2O, 298 K): log D = -9.717 m2/s 

 

 

1a•4•8 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 36% according to 1H NMR. 1H NMR (400 MHz, D2O) δ 10.14 – 

7.65 (m, 134H, Py+empty 1a), 6.50 (d, J = 7.9 Hz, 4H, Ar), 5.95 (d, J = 6.6 Hz, 

4H, Ar), 5.72 (s, 4H, Ar), 2.91 (s, 69H, Pt(en)+empty 1a), 1.16 (s, 4H, cod), 

1.10 (s, 1H, Cp), 0.64 (s, 4H, cod), 0.06 (s, 4H, cod), -0.46 (s, 4H, cod), -1.69 

(d, J = 9.5 Hz, 12H, CH3). DOSY (D2O, 298 K): log D = -9.742 m2/s 

 

 

1a•5•8 

After encapsulation according to standard procedure, co-encapsulation was 

observed in 47% according to 1H NMR. 1H NMR (300 MHz, D2O) δ 9.91 – 

7.80 (m, 103H, Py+empty 1a), 6.62 (d, J = 8.2 Hz, 4H, Ar), 6.14 (d, J = 7.7 Hz, 

4H, Ar), 5.77 (t, J = 7.7 Hz, 4H, Ar), 2.91 (s, 53H, Pt(en)+empty 1a), 2.29 (s, 

2H, Cp), 1.96 (s, 2H, Cp), 0.75 (s, 4H cod), -0.31 (s, 4H, cod), -0.91 (s, 4H, 

cod), -1.15 (s, 3H, CH3). DOSY (D2O, 298 K): log D = -9.529 m2/s 

 

 

6.7.3 Determination of the CT band energies  

The charge-transfer band energies were determined by a spectral line-shape analysis of the absorption 

spectra using Multipeak fitting package in IgorPro v6.36. The absorption spectra were converted from 

nanometer to wavenumber domain and the different absorption bands were approximated with 

Gaussian functions. Due to the large overlap of the different absorption bands we had to use up to 

three Gaussian functions to increase the accuracy of the determination of the CT band energy.  

The fittings were most reliable in the case of triphenylene (6) where the CT band is well separated 

from the main absorption band. In the case of pyrene (7), the long wavelength absorption consists of 

two distinct bands, one located at ~450 nm and a weaker band at >600 nm. The band at ~450 nm did 

not exhibit significant changes in the peak position (variation < 15 nm) with the different metal 

complexes. Therefore the weaker lowest energy band was attributed to the CT absorption band. In the 
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case of perylene (8), the main absorption of the chromophore overlaps with the CT band especially 

with RhCp (2), RhCpMe (3), and IrCpMe (5) complexes. Therefore, it was necessary to fit part of the 

perylene spectrum to increase the accuracy in determination of the peak maxima of the CT band. 

Table 3: Wavelengths (nm) and corresponding energies (eV) of the charge transfer (CT) bands obtained from 

fitting the curves. 

Aromatic  

Guest 

Metal donor 

Pyrene (7) Triphenylene (6) Perylene (8)

λCT 

(nm) 

ECT 

(eV) 

λCT 

(nm) 

ECT 

(eV) 

λCT 

(nm) 

ECT 

(eV) 

(CpMe4)Rh (4) 658 1.88 586 2.13 557 2.22

(CpMe)Rh (3) 612 2.03 555 2.23 517 2.40

(Cp)Rh (2) 617 2.01 530 2.34 497 2.50

(CpMe)Ir (5) 609 2.04 513 2.42 520 2.38

 

6.7.4 Electrochemistry 

Cyclic voltammetry was performed on (close to) 1 mM solutions of the analyte in dichloromethane 

containing 0.1 M nBu4NPF6 as the supporting electrolyte. The voltammograms were recorded using a 

PGSTAT302N potentiostat (Metrohm/Autolab), a glassy carbon disk (1 mm diameter) as a working 

electrode, a glassy carbon rod as an auxiliary electrode and a leakless Ag0/+ reference electrode (eDAQ 

ET069). To convert the potential values of the Ag0/+ reference to Fc0/+ a correction factor of –0.57 V 

was used as determined by cyclic voltammetry of 1 mM ferrocene in dichloromethane using the same 

reference electrode. Solution resistance was compensated to 90-95%.  

Cyclic voltammetric data was fitted using DigiElch 7 (ElchSoft). For each species, voltammograms 

from 3 different scan rates (0.1/0.3/1.0 V/s) were fitted simultaneously. 

 

Redox properties by digital simulation 

The only model that could be properly fitted to all of the voltammograms is a quasi-reversible redox 

process followed by a reversible chemical transformation: 

 

Redox: A  B (Eox; ks; α) with α = 0.5 

Chemical: B  C (kf; kb) 

 Eox [V] vs Fc0/+ ks [cm/s] kf kb 

(CpMe)Ir(cod) 0.12 0.030 24000 7.2 

(Cp)Rh (cod) 0.07 0.032 28000 9.2 

(CpMe)Rh (cod) 0.02 0.035 25000 12 

(CpMe4)Rh (cod) -0.28 0.0051 0.52 0.055 

 

Since the chemical follow-up reaction is almost non-existent for the CpMe4 species, we ascribe the 

transformation to a change in Cp coordination, which is in this case most probably slowed down by 

increased CpMe4 bulk compared to the Cp and CpMe species. 

 

6.7.5 X-ray Crystal Structure of ternary complex 1b•5•6 

Crystallographic diffraction data were measured on a Bruker APEX-II/CCD diffractometer equipped 

with a focusing mirror (Mo Kα radiation λ = 0.71073 Å) with a cryostat system equipped with a N2 

generator (Japan Thermal Eng.). The crystals were removed from the solution, quickly attached to a 
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loop of nylon fiber with antifreeze reagent (PVP, Hampton research), and mounted on a goniometer. 

The data collection was performed at 90 K. The structures were solved by direct methods (SHELXS-

2014) and refined by full-matrix least-squares calculations (SHELXL-2014) on F2. Hydrogen atoms 

were fixed at calculated positions and refined using a riding model.  

Single crystals of 1b•5•6 were obtained by combining 1b (15 µmol, 53 mg), 5 (45 µmol, 17 mg) and 6 

(45 µmol, 11 mg) in a vial with D2O (1 mL). The suspension was then heated for 1 hour at 100 °C, 

cooled down and filtered over a syringe filter. The clear solution was left to stand in an NMR tube over 

a week to obtain single crystals. 

Various needle crystals were tested, good diffraction data was obtained from a needle crystal of a 

(CpMe)Ir(cod)•triphenylene co-encapsulation complex. Although the Ir complex (5) and triphenylene 

(6) pair was disordered in three positions, the host-guest structure was clearly observed. 
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Chemical reactions are required for the conversion of feedstocks to valuable 

materials, such as different types of plastics, pharmaceutical ingredients and 

advanced materials. In order to facilitate the conversion of these feedstocks to a wide 

array of products, catalysis plays a prominent role. Catalysts, being able to facilitate 

shortcuts in the conversion of materials, make reactions more atom-economical and 

prevent the formation of waste. This makes catalysis an important field in chemistry 

and allows it to contribute to society by acquiring products in a sustainable way. 

However, the development of catalysts that display high reactivity and selectivity is 

not straightforward and new methodologies and catalysts are required to sustain and 

extend our high standard of living. In order to influence the selectivity in catalysis, 

the environment around the active site or active species can be changed. While 

traditional methods change the first coordination sphere around the catalyst by 

modification of the ligand, new methods in which a second coordination sphere is 

generated around the active site are arising. Such strategies result in metal complexes 

in well-defined spaces, which can force restrictions on the way a substrate can 

approach or bind to the active center. These second coordination spheres take 

example from nature’s catalysts, enzymes, which are the most selective catalysts by 

far.  

In chapter 1 an overview is given of reported supramolecular structures that can 

form confined spaces. Different approaches to form the confined space are 

highlighted, like the host-guest approach and the ligand-template approach. In host-

guest methods a host is first pre-assembled and afterwards a metal complex is 

embedded in its void. Investigations that use this approach are described in chapter 

6. The ligand-template approach uses a ligand that has two functionalities; one to 

bind the metal complex used in catalysis and one to form an assembly around the 

metal. While our group has demonstrated that this is a very successful strategy for 

mononuclear systems, it would in principle also be suitable for the generation of 

multinuclear systems. By utilizing strategies that were designed by the group of prof. 

dr. Makoto Fujita, bent bispyridine ligands (abbreviated as L), can be bound to either 

palladium or platinum metal centers (M). This leads to large spherical assemblies, 

consisting of 12 metal centers and 24 ligands (so called M12L24 spheres, depicted in 

Figure 1).  
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Figure 1: An amount of 24 bent bispyridine ligands can be assembled with 12 equivalents of palladium into 
large M12L24 spheres.  
 

The M12L24 spheres have a cuboctahedron shape and are the thermodynamic final 

species that are formed under those conditions. Via synthetic methodologies the 

building block L can be modified and functional groups can be embedded at the 

inside of the spheres. This thesis demonstrates the use of this strategy for a ligand-

template approach by functionalizing these building blocks with metal complexes. 

This results in a confinement of 24 metal complexes in a M12L24 sphere.    

Chapter 2 shortly introduces two important techniques used for the characterization 

of the assemblies in this thesis, diffusion ordered NMR spectroscopy (DOSY) and 

cold spray ionization mass spectrometry (CSI-MS). These techniques are applied to 

characterize different M12L24 spheres. Based on different sizes, NMR spectra of 

spheres could be separated with DOSY when their peaks do not overlap in the 1H 

NMR spectrum. High resolution mass spectra for the spheres could be obtained with 

nanospray and cold spray ionization techniques, making it possible to determine 

elemental compositions and exact metal to ligand ratios of the spheres. Spheres 

consisting of different building blocks were mixed and heated, resulting in an 

exchange of building blocks and the formation of statistical mixtures of spheres. 

These mixtures could be characterized with CSI-MS and spheres with different ratios 

of building blocks were identified. The exact ratio of building blocks of all these 

spheres could be determined.  

In chapter 3 the inside of large M12L24 spheres is functionalized with a phosphine 

moiety that binds a gold(I)chloride (complex A in Figure 2). Via the ligand-template 

approach, 24 gold complexes are confined in a small space. This results in a high local 

concentration of gold complexes inside the spheres. 
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Figure 2: Assembly of confined gold(I)chloride complexes in a self-assembled M12L24 sphere.  
 

It is noted that the palladium assemblies lack the stability needed for the catalytic 

transformation of strong coordinating substrates, like alkynes, as the sphere 

decomposes to the free building block. The more stable platinum analogues remain 

intact and can withstand harsher reaction conditions. Post-modification with a 

silver(I) salt leads to confined cationic gold(I) complexes which could catalyze the 

intramolecular [4+2] cycloaddition of 1 to 2 (see Figure 3). Dilution of the local 

concentration of gold complexes with a non-functionalized building blocks resulted in 

a slower conversion of 1, showing the benefits of a high local concentration. 

 

 
Figure 3: Various cyclization reactions, facilitated by the activated gold functionalized nanosphere (Pt12A24). 
 

In addition, the activated gold nanospheres were able to cyclize 1,6-enynes (like 3) 

which resulted in a different product distribution compared to a mononuclear gold 

complex. Allene groups (like substrate 6) and alkynoic acids (8) were also converted. 

With the latter substrate, a different ratio of products was observed, compared to a 

mononuclear catalyst. Hence, the platinum assemblies, functionalized with a gold 

complex are a versatile new type of catalysts.  

Chapter 4 expands on the approach in which different ditopic pyridine building 

blocks are mixed to obtain statistical mixtures of spheres. A building block, 
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functionalized with an imidazolium moiety was proven to form different mixtures of 

palladium spheres with different type of building blocks containing either a methoxy 

or a guanidinium group. This concept was then applied to a N-heterocyclic rhodium 

carbene, that after the assembly is embedded at the inside of the sphere. This 

rhodium complex was active in the cyclization of 4-pentynoic acid (11) and could be 

diluted with different types of building blocks (depicted in Figure 4).  

 

 

Figure 4: Dilution of rhodium carbene complexes (B) with different types of building blocks, resulting in a 
supramolecular approach to change the environment and concentration of a rhodium catalyst.  
 

Based on the type of the building block that is used, the local environment around the 

rhodium complex is different. The type of environment influences the conversion rate 

of the substrate, demonstrating the power of this strategy.  

A similar building block is used in chapter 5 where iridium N-heterocyclic carbene 

complexes are pre-organized in the sphere (see Figure 5). These iridium complexes 

form small iridium nanoparticles after reduction with hydrogen gas.  

 

 

Figure 5: Formation of small iridium nanoparticles, confined in a platinum sphere. 

 

The small nanoparticles are visualized with cryo-TEM measurements, indicating that 

they are approximately 1 nanometer in size. Dynamic light scattering experiments 

excluded the formation of large particles in solution. The nanoparticles are active in 

the hydrogenation of styrene and poisoning studies with mercury revealed that 
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colloidal nanoparticles are the active species. The high amount of poison that is 

needed in quantitative poisoning studies gives additional prove for the formation of 

small particles. This indicates that the sphere stabilizes the small nanoparticles and 

prevents the formation of large, thermodynamically more stable clusters. 

Interestingly, the small confined nanoparticles are more active in the hydrogenation 

of styrene, compared to a mononuclear complex. Further studies demonstrated that 

the nanoparticles can reduce different substituted double bonds and nitro groups. 

This example shows that the strategy allows to pre-organize and stabilize iridium 

complexes in a confined space, which gives new possibilities for the controlled 

formation of very small nanoparticles.  

Having explored the ligand-template approach to confine metal complexes in a 

sphere, a host-guest approach to embed metal complexes in a cavity is discussed in 

chapter 6. For the host, the metallocage, previously reported by Fujita and co-

workers is used. The metallocage with a octahedral shape is formed by 6 metal 

centers that are held together by 4 triazine panels (depicted in Figure 6). The system 

with nitrate anions at the cationic metal corners is water soluble and can host small 

molecules inside its cavity via hydrophobic interactions. In our work we demonstrate 

that a cyclopentadiene derived metal complex and a flat aromatic moiety are 

selectively co-encapsulated inside the metallocage. The formed ternary complex was 

confirmed with NMR spectroscopy and X-ray diffraction, showing the tight fit of the 

two guests inside the cage. Co-encapsulation of a metal complex and an organic 

substrate is a pre-requisite for a metal catalyzed reaction inside this cage. 

 

 

Figure 6: Water soluble octahedral cage, able to co-encapsulate a metal complex with a flat aromatic 
molecule. 
 

By changing the steric and electronic properties of the guests, different ternary 

complexes can be formed. Due to the co-encapsulation, a charge transfer band is 

observed in UV-Vis spectroscopy. The charge transfer band changes in these different 

ternary complexes and the energy of the charge transfer band correlates with the 

redox properties of the metal complexes. Being able to measure and fine-tune such 
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subtle interactions, like charge transfer energies, could prove vital in designing future 

catalytic systems.    

 

Having designed new supramolecular cages and spheres with metal complexes at the 

inside resulted in catalytic systems of which the properties are controlled by the 

second coordination sphere. The stability of the spheres, the ability to fine-tune the 

environment and post-modify the complexes in the spheres resulted in new types of 

catalysts that have different reactivity compared to mononuclear complexes. The 

effect of the confined space around the metal complexes can hence result in new ways 

to control selectivity in catalysis.  
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Grondstoffen kunnen worden omgezet in waardevolle producten met behulp van 

chemische reacties, wat leidt tot de productie van verschillende soorten plastics, 

farmaceutische ingrediënten en geavanceerde materialen. Katalyse speelt hierin een 

belangrijke rol. Dit komt doordat katalysatoren de mogelijkheid bieden om nieuwe 

materialen op een snelle en efficiënte manier te maken, wat resulteert in minder 

afval. Katalyse is hierdoor een belangrijk vakgebied binnen de scheikunde en helpt de 

samenleving in het verkrijgen van producten op een duurzame manier. Echter, de 

ontwikkeling van nieuwe katalysatoren die een hoge selectiviteit en reactiviteit 

vertonen is verre van gemakkelijk en nieuwe methodes en katalysatoren zijn 

noodzakelijk om onze hoge standaard van leven te onderhouden. Om deze reactiviteit 

en selectiviteit te beïnvloeden, speelt de omgeving rondom het actieve deeltje van een 

katalysator een belangrijke rol. Traditionele methodes veranderen de eerste 

coördinatie omgeving rondom de katalysator door het modificeren van liganden die 

binden aan het metaal centrum. Echter, nieuwe strategieën vormen een tweede 

coördinatie omgeving rondom het actieve deeltje. Deze strategieën zorgen ervoor dat 

de katalysator zich bevindt in een goed gedefinieerde maar beperkte ruimte. Dit zorgt 

ervoor dat het substraat, dat moet worden omgezet, maar op een beperkte manier 

kan binden aan de katalysator. Het resultaat is dat de verkregen katalysatoren 

beginnen te lijken op de katalysatoren in de natuur (enzymen) en hierdoor kan er een 

hogere selectiviteit kan worden behaald in bepaalde chemische reacties. 

Hoofdstuk 1 van dit proefschrift geeft eerst een overzicht van gepubliceerde 

supramoleculaire structuren die een capsule zouden kunnen vormen rondom een 

actief metaalcomplex. Verschillende manieren waarop ge-encapsuleerde complexen 

gevormd kunnen worden, zoals de ‘gastheer-gast’ en de ‘ligand-templaat’ benadering, 

worden besproken. De eerste manier gebruikt een voorgevormde gastheer die in zijn 

lege ruimte een metaal complex kan faciliteren. Deze aanpak zal ook worden 

behandeld in hoofdstuk 6. Bij de ‘ligand-templaat’ benadering wordt een ligand 

gebruikt met twee functionaliteiten: één die zorgt voor een binding aan een metaal 

complex wat leidt tot katalyse en één die zorg voor de mogelijkheid voor het vormen 

van een beperkte ruimte rondom het metaal complex. Onze groep heeft deze techniek 

al meerdere keren toegepast om een enkel (of mononucleair) metaal te faciliteren in 

een beperkte ruimte. Het zou echter ook mogelijk moeten zijn om meerdere metalen 

te herbergen in een beperkte ruimte met deze aanpak. Hiervoor wordt gebruik 

gemaakt van strategieën die ontworpen zijn door de groep van prof. dr. Makoto 

Fujita. Bekend van zijn werk is dat gebogen bispyridine liganden (zogenoemd L) 

kunnen binden met palladium of platina (afgekort als M). Op deze manier kunnen 

sferische systemen, bestaande uit 12 metaal centra en 24 liganden, verkregen worden, 

de zogeheten M12L24 bollen (afgebeeld in Figuur 1).  
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Figuur 1: Een hoeveelheid van 24 gebogen bispyridine liganden (L) kunnen samen met 12 palladium 

atomen (M) assembleren in grote M12L24 systemen. 

 

Deze bollen hebben de vorm van een cuboctahedron en zijn het thermodynamische 

eindproduct als de bouwstenen in de juist verhouding worden samengevoegd. Door 

de bouwsteen (ligand L) zodanig te modificeren kunnen er functionele groepen aan 

de binnenkant van dit systeem geplaatst worden. In dit proefschrift gebruik ik deze 

strategie met dit soort bouwstenen om 24 metaal complexen op te sluiten in deze 

M12L24 bollen.  

Hoofstuk 2 introduceert eerst kort twee belangrijke technieken die in dit 

proefschrift verder gebruikt worden voor de karakterisering van deze systemen; NMR 

spectroscopie die signalen ordent op basis van diffusie snelheid (DOSY) en massa 

spectrometrie waarbij ionisatie bij een lage temperatuur plaats vindt (CSI-MS). Op 

basis van grootte kunnen systemen gescheiden worden met DOSY wanneer de pieken 

niet overlappen in het proton NMR spectrum. Massa spectra met een hoge resolutie 

kunnen verkregen worden met nanospray- of CSI-MS. Dit maakt het mogelijk om de 

exacte element samenstelling en dus ook de verhouding ligand tot metaal te bepalen 

van deze M12L24 systemen. Wanneer verschillende M12L24 systemen met verschillende 

bouwstenen worden verhit, vindt er uitwisseling van de bouwstenen plaats. Dit leidt 

tot statistische mengsels van M12L24 bollen welke waargenomen en geanalyseerd 

kunnen worden met CSI-MS.    

In hoofdstuk 3 wordt de bouwsteen zodanig veranderd dat de binnenkant van de 

M12L24 bol gevuld wordt met goud(I)chloride complexen (complex A in Figuur 2). Via 

deze ‘ligand-templaat’ methode verkrijgen we een hoge lokale concentratie van goud 

complexen in de beperkte ruimte van de M12L24 bollen.      
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Figuur 2: Bouwsteen A die gebruikt wordt voor de vorming van grote M12L24 systemen waarin het goud 

complex zich bevindt in een beperkte ruimte.  

 

We observeren dat de M12L24 systemen, gemaakt met palladium, niet stabiel genoeg 

zijn voor de katalytische omzetting van sterk coördinerende substraten, zoals 

alkynen. Het systeem valt onder reactie condities uiteen in vrije bouwstenen. De 

stabielere platina gebaseerde systemen blijven intact en kunnen extremere 

omstandigheden aan. De neutrale goud complexen kunnen worden geactiveerd met 

een zilver(I) zout wat resulteert in kationische goud(I) complexen aan de binnenkant 

van de M12L24 bollen, welke actief zijn in de intramoleculaire [4+2] cycloadditie van 1 

naar 2 (zie Figuur 3). Het verdunnen van de hoge lokale concentratie met behulp van 

niet gefunctionaliseerde bouwstenen resulteerde in een langzamere conversie van 1. 

Dit demonstreert dat de hoge concentratie van goud complexen in een beperkte 

ruimte voordelig is voor deze omzetting. 

   

 
Figuur 3: Verschillende cyclisatiereacties die mogelijk zijn met de geactiveerde goud gefunctionaliseerde 

nanocapsules (Pt12A24).  

 

De geactiveerde goud systemen zijn verder in staat om 1,6-enynen (zoals 3) om te 

zetten. Hierbij ontstaat een mengsel van producten die een andere samenstelling 

heeft in vergelijking tot de reactie met mononucleaire goud complexen. Moleculen die 



Samenvatting 
 

 
168 

een allene groep (zoals substraat 6) of een alkyn zuur groep (8) bevatten zijn ook 

omgezet in het cyclisch product. In het laatste geval werd er ook een andere ratio van 

producten geobserveerd, ten opzichte van een mononucleair goud complex. Deze 

voorbeelden laten zien dat de platina systemen, gefunctionaliseerd met goud 

complexen, leiden tot een veelzijdige en stabiele nieuwe soort katalysatoren. 

In hoofdstuk 4 wordt er verder gegaan met deze aanpak en verschillende soorten 

bouwstenen worden gemengd om zo statistische mengsels te krijgen van M12L24 

systemen. Het is bewezen dat een bouwsteen met een imidazolium functionaliteit kan 

worden gemengd met een methoxy of een guanidinium bouwsteen in verschillende 

ratio’s, wat resulteerde in mengsels van deze M12L24 systemen. Dit concept werd 

vervolgens toegepast op een N-heterocyclisch rhodium carbeen complex welke kon 

worden ingebed in het systeem. Dit rhodium complex was actief in de cyclisatie van 

alkyn zuur 11 en de lokale concentratie kon worden verdund met verschillende 

bouwstenen (weergegeven in Figuur 4).         
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Figuur 4: Verdunning van rhodium carbeen complexen (B) met verschillende soorten bouwstenen. Dit 

resulteerde in een supramoleculair aanpak om de omgeving en concentratie te veranderen van een rhodium 

complex. 

 

De lokale omgeving rondom de rhodium katalysator kan worden veranderd op basis 

van het type bouwsteen dat gebruikt wordt in de verdunning. Verschillende 

bouwstenen, en dus verschillende omgevingen, hebben een andere invloed op de 

omzetting van 11 naar 12, wat laat zien dat deze strategie een krachtige manier is om 

de omgeving te veranderen rondom een metaal complex. 

Een vergelijkbare bouwsteen wordt gebruikt in hoofdstuk 5 waarin N-

heterocyclische iridium carbeen complexen worden gebruikt aan de binnenkant van 

de M12L24 systemen. Deze iridium complexen worden voorgeorganiseerd, wat 

resulteert in kleine iridium nanodeeltjes na reductie met waterstof gas (zie Figuur 5).  
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Figuur 5: Vorming van kleine iridium nanodeeltjes binnen in de beperkte ruimte van een M12L24 systeem. 

 

De nanodeeltjes zijn gevisualiseerd met cryo-TEM studies waarvan duidelijk werd dat 

de grootte ongeveer 1 nm bedraagt. Op basis van dynamische licht verstrooiings 

technieken is het duidelijk dat er geen grote deeltjes in de oplossing aanwezig zijn. De 

gevormde nanodeeltjes zijn actief in het hydrogeneren van styreen en vergiftigings 

studies laten zien dat colloïdale nanodeeltjes optreden als de actieve katalysator. De 

hoge hoeveelheid die nodig is om de katalysator te vergiftigen in partiële vergiftigings 

experimenten vormt een extra bewijs voor het ontstaan van kleine nanodeeltjes. Dit 

betekent dat het M12L24 systeem de iridium nanodeeltjes stabiliseert en voorkomt dat 

ze samensmelten tot grote nanodeeltjes, welke thermodynamisch stabieler zijn. In 

tegenstelling tot de mononucleaire iridium complexen zijn de nanodeeltjes actiever in 

de hydrogenering van styreen. Ook andere substraten met een dubbele C=C binding 

en substraten met nitro groepen worden gehydrogeneerd door de nanodeeltjes. Dit 

laat zien dat deze strategie de mogelijkheid biedt tot het voor-organiseren en 

stabiliseren van iridium deeltjes en geeft nieuwe mogelijkheden voor het maken van 

kleine nanodeeltjes. 

Naast de ‘ligand-templaat’ strategie is er ook nog gebruik gemaakt van de strategie 

die een voorgeorganiseerde gastheer of zogenoemde kooi gebruikt, welke behandeld 

wordt in hoofdstuk 6. Een kooi, ontworpen door Fujita en medewerkers, is gebruikt 

als gastheer voor het opsluiten van metaal complexen. Deze heeft de vorm van een 

octahedron en bestaat uit zes metaal complexen welke bijeen worden gehouden door 

vier triazine panelen (weergeven in Figuur 6). Het systeem dat nitraat anionen heeft 

bij de kationische metaal hoekpunten is water oplosbaar en kan een gastheer vormen 

voor kleine organische moleculen op basis van hydrofobe interacties. Ons werk laat 

zien dat metaal complexen met een cyclopentadieen motief samen met een plat 

aromatisch molecuul in de holte van de kooi kunnen worden opgesloten. Het feit dat 

ze alleen samen in de kooi gaan zitten is bewezen met NMR spectroscopie en Röntgen 

diffractie studies, waaruit blijkt dat ze dicht op elkaar zitten. Het samenbrengen van 

deze twee moleculen is een eerste vereiste voor katalyse in de beperkte ruimte van de 

kooi.   
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Figuur 6: Water oplosbare kooi in de vorm van een octahedron. In de beperkte ruimte van de kooi kunnen 

metaal complexen selectief worden opgesloten met platte aromatische moleculen. 

 

Verschillende gasten met verschillende sterische en elektronische eigenschappen 

kunnen in de leegte van de kooi geplaatst worden. Doordat de twee moleculen samen 

in de kooi zitten ontstaat er een ladingsoverdracht in het systeem, welke waar te 

nemen is met UV-Vis spectroscopie. De energie van de ladingsoverdracht kan 

veranderd worden door de elektronische eigenschappen van het metaal complex in de 

kooi te veranderen, welke correspondeert met de redox eigenschappen. Het feit dat 

het mogelijk is om zulke subtiele interacties waar te nemen en aan te passen in deze 

systemen kan van invloed zijn voor het ontwerpen van toekomstige katalytische 

systemen.  

 

Het ontwerpen van verschillende nieuwe supramoleculaire assemblages welke 

konden worden gefunctionaliseerd met verschillende metaal complexen resulteerde 

in nieuwe katalytische systemen die worden beïnvloed door de omgeving rondom het 

metaal complex. De stabiliteit, de mogelijkheid om de omgeving af te stellen en het 

post-modificeren van de systemen resulteerde in nieuwe type katalysatoren die een 

andere reactiviteit vertonen dan de mononucleaire analogen. Het effect van de 

beperkte ruimte rondom het metaal complex kan dus leiden tot nieuwe selectiviteit in 

katalyse.   
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List of Abbreviations 
 

Å   Ångström (1 Å = 1 x 10-10 m) 

ACN   acetonitrile 

APT   Attached Proton Test 

br (NMR)  broad  

Bipy   2,2’-bipyridine 

Bu   Butyl 

ca.   circa 

Calcd.   Calculated 

Cat.   Catalyst 

cod   1,5-cyclooctadiene    

conv   conversion 

Cp   cyclopentadienyl 

CSI   Cold Spray Ionization 

CT   Charge Transfer  

CV   Cyclic Voltammetry 

d (NMR)  doublet 

DCM   Dichloromethane 

dd (NMR)  doublet of doublets 

DFT   density functional theory 

DIAD   Diisopropyl azodicarboxylate 

DLS   Dynamic Light Scattering 

DMF   N,N’-Dimethylformamide 

DMSO  Dimethyl sulfoxide 

DOSY   Diffusion Ordered NMR Spectroscopy 

dt (NMR)  doublet of triplets 

ee   enantiomeric excess 

e.g.   exempli gratia (for example) 

equiv.   equivalents 

er   enantiomeric ratio  

ESI   ElectroSpray Ionization 

Et   Ethyl 

et al.   et alia (and others) 

EtOAc   Ethyl acetate 

eV   electronvolt 

Fc   Ferrocene 

FD   Field desorption 
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h   hours 

Hex   Hexyl 

HOMO  Highest Occupied Molecular Orbital 

HRMS  High Resolution Mass Spectrometry 

i.e.    id est (that is) 

J   coupling constant in NMR 

L (as in M6L4) Ligand 

LUMO  Lowest Unoccupied Molecular Orbital 

M (as in M6L4) Metal 

m (NMR)  multiplet 

Me   Methyl 

MeCN   acetonitrile 

MeOH  methanol  

Min   minutes 

MS   Mass spectrometry 

m/z   mass to charge ratio 

NHC   N-heterocyclic carbene 

NMR   Nuclear Magnetic Resonance 

ON   Overnight 

OTf   Triflate (= trifluoromethanesulfonate) 

Ph   Phenyl 

ppm   parts per million 

pyr   pyridine 

q (NMR)  quartet 

Rf   retention factor 

RT   Room Temperature 

s (NMR)  singlet 

t (NMR)  triplet 

tBu   tert-Butyl 

TEM   transmission electron microscopy 

TFE   2,2,2-trifluoroethanol 

tmeda   tetramethylethylenediamine   

TOF   turnover frequency  

TOFini   initial turnover frequency  

TON   turnover number 

UV   Ultraviolet 

Vis   Visible 

vs.   versus 
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