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CHAPTER 1

Introduction

1.1. General

Chemistry and Technology have been going hand in hand throughout the his-
tory, and very often a major advancement of chemistry and chemical knowledge was
accompanied by a breakthrough in technology. More often than not, such break-
throughs would bring improvements for humankind, and today’s society would be
unimaginable without commodities created by chemists.i Most of the goods pro-
duced by the humans involve at least one chemical process during their fabrication,
and almost all new materialsii and substances are produced by chemical processes.
The development of materials implemented in space technology, synthetic organ
replacements, or microelectronic chips, syntheses of drugs that helped combat dis-
eases and prolong human life, discovery of the DNA, are only some of the success
stories of chemistry.

The uniqueness of chemistry among natural sciences lies in the knowledge and
skill of creating absolutely new chemical compounds and materials by manipulat-
ing molecules and atoms, i. e., chemical synthesis. No other scienceiii offers the
possibility of creating molecules that previously did not exist.

In an article entitled “What chemists want to know”,1 several key topicsiv

were articulated as the most challenging fields of chemical research. While this
and other2 articles outline the not-yet answered questions and important tasks
for chemists, the questions themselves indirectly point out the importance of the
aforementioned core competence of chemistry: synthesis, the art of creating new
molecules from other molecules. In order to address any of the mentioned topics,
application of synthetic knowledge and/or development of synthetic strategies are
unavoidable.

iWe do not want to neglect the contributions of other scientific fields, however, we will not fo-
cus on them. Many (chemical) phenomena were clarified and explained thanks to advances in
mathematics and physics - one just needs to think of Quantum Mechanics, for example.
iiSome are produced by physical vapour deposition processes (PVD).
iiiNuclear reactions allow physicists to create new elements.
iva) design of molecules with specific function and dynamics; b) uncovering the molecular basis
of the (biological) cell; c) synthesis of materials needed for the future in energy, medicine, space;
d) uncovering the chemical basis of thought and memory; e) exploring all possible permutations
of chemical elements (by combining them into compounds); f) uncovering “How did life on Earth
begin, and how or where might it begin on other worlds?”.

3
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1.1.1. Catalysis, Transition Metal Catalysts. Catalysisv is a powerful
tool for selective synthesis and as such it has received a considerable attention in
industry and academia. It has become one of the irreplaceable synthetic tools avail-
able today to (organic) synthetic chemists. Also in the living cells there are barely
biochemical reactions and processes which do not involve enzymes, the natural cat-
alysts.3,4 Moreover, it is estimated that in production processes of 80–90% of all
chemicals worldwide, there is at least one step involving catalysis.5 At present,
most of the bulk industrial processes utilise heterogeneousvi catalysts, while the
(transition metal) homogeneous catalysts are mostly applied in the fine chemicals
industry. The recent Nobel Prize Awards for homogeneous catalysisvii might in-
dicate that the homogeneous catalysis based on transition metal complexes will
further gain on importance in the future.6 The advantageous aspects of homoge-
neous catalysts (high activities, excellent control over regio- and stereoselectivity,
environmentally friendly and atom-economical utilisation of reactants) are crucial
for optimal exploitation of (limited) feedstocks of poorly reactive molecules.4,5,7 Se-
lective catalytic functionalisation of such molecules require highly active catalysts,
able to selectively produce one desired product and avoid formation of waste side
products.

1.1.1.1. Catalyst Control by Ligand Properties. Control of catalytic reactions
in terms of activity and selectivity is usually achieved by controlling the properties
of the catalysts used in these reactions. For the transition metal-based catalysts,
this is traditionally done by modifying the electronic and steric properties of the
metal centre using different ligands that bind to the transition metal.4,5 Thus, the
design of ligands and modification of their properties such as electronic density
on the coordinating atom (e. g. phosphorus, nitrogen, oxygen, carbon, sulphur)
are important aspects concerning catalytic activity and selectivity. For instance,
application of phosphites instead of phosphines (Fig. 1.1.1b) in rhodium catalysed
hydroformylation has led to higher catalytic activities due to the different electronic
properties of these classes of ligands.11,12 Traditionally, variation of the steric bulk
in the primary coordination sphere of the transition metal centre is achieved by
modifying the steric bulk of the ligand. In addition, the valency/topicity of the
ligand is a common parameter for variation of its cone and bite angle (Fig. 1.1.1a),
as well as the rigidity of its backbone.4,5,8–10,13–15 So far many families of monoden-
tate, bidentate, and other multidentate ligands have been reported.4,10,14–17 As an
example, the selectivity in the hydroformylation of the terminal alkenes towards

vThe term was first mentioned in analogy to Analysis by J. J. Berzelius in the XIX century from
Greek καταλυω, meaning ’to abolish’, ’to break down’, ’to sever’. Originally it was related to
breaking of chemical bonds accelerated by substances called catalysts, which participated in the
reaction, but were not consumed by it. Later it was realised that the catalysts also accelerate
formation of chemical bonds, i. e. they enhance the rate by which a chemical system reaches the
thermodynamic equilibrium.
viwhich are in different aggregate state than the reactants and products (usually solid, while the
reactants/products are gaseous or liquid)
vii2001 (awarded one half jointly to William S. Knowles and Ryoji Noyori “for their work
on chirally catalysed hydrogenation reactions” and the other half to K. Barry Sharpless
“for his work on chirally catalysed oxidation reactions”); 2005 (awarded jointly to Yves
Chauvin, Robert H. Grubbs and Richard R. Schrock “for the development of the metathe-
sis method in organic synthesis”); 2010 (awarded jointly to Richard F. Heck, Ei-ichi
Negishi and Akira Suzuki “for palladium-catalysed cross couplings in organic synthesis”), see
http://nobelprize.org/nobel_prizes/chemistry/laureates/.
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Figure 1.1.1. The illustration of the Tolman’s cone angle8 θ and the Casey’s natural
bite angle9,10 βn and some of the typical phosphorus ligands used in transition metal
catalysis.

linear aldehydes was greatly improved by the use of bidentate ligands based on the
rigid xantene backbone (Fig. 1.1.1b), which imposed wide bite angles.14 Opposite to
this, the recent introduction of a more flexible framework ligand to a molybdenum
metathesis catalyst has enabled highly selective formation of thermodynamically
unfavourable Z-alkenes.18 In addition, introduction of chirality into ligands – and
thus also into catalysts – has enabled induction of chirality into reaction products.
The most important reaction in this area is undoubtedly the asymmetric hydro-
genation, but also asymmetric hydroformylation is of interest.19–23 An example of a
privileged ligand type is the BINAP ligand (Fig. 1.1.1b), which is used successfully
in many types of stereoselective reactions.20,21,23–25

1.1.1.2. Catalyst Control by Confined Space. For the enhanced regio- and stereo-
control of chemical reactions for which the classical ligand design approach could not
provide satisfactory solutions, more emphasis is being set lately on reactivity in con-
fined nano-spaces and nano-reactors, such as well-defined cavities of metal-organic
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(a) “softball“ capsule (J. Rebek, Jr.)

(b) octahedral capsule (M. Fu-
jita)

(c) tetrahedral capsule (K. N. Raymond)

Figure 1.1.2. Examples of some capsules used as catalysts or as hosts for the catalyst.

frameworks, porous solid networks and (supra)molecular capsules.26–41 “Confined
conditions can accelerate reactions – analogously to enzymes– or lead to new types
of reactions”,42 and it is in this field that major discoveries are expected in the
future.42,43 The strategy of performing catalysis in nano-spaces combines both of
these aspects, catalysis and reactions in confined nano-reactors, and – with respect
to the transition metal catalysts – it addresses their secondary coordination sphere
as the parameter for variations. This approach has the potential to produce sophis-
ticated chemical tools required to meet the synthetic challenges of the future. The
development of porous solid state materials (with or without catalytically active
sites within well-defined cavities as nano-reactors) aims to bring the solid state cat-
alysts to a higher level of sophistication.34,37,44 While this certainly is an important
development direction, we will limit our discussion and this Thesis to homogeneous
catalytic systems (based on transition metals) within confined spaces.

By finding inspiration in the host-guest chemistry, a number of research strate-
gies adopted the approach of binding (i. e., encapsulating) either the reactants or
the catalyst itself within the host (capsule).32,35,36,45–49 In the former case, the host
itself would act as a catalyst or a pseudo-catalyst by providing a microenvironment
significantly different from the medium surrounding it. The encapsulated reactants
experience steric constrains within the capsule, what leads to adoption of only cer-
tain conformations and/or relative orientations of the reacting molecules.45,47,50,51
As a consequence, the reactions within the confined spaces are accelerated (due to
the increased local concentration of reactants within the host), and unusual product
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distributions are obtained. The examples of such reactions are the Diels-Alder reac-
tion in a supramolecular “softball”-shaped capsule of J. Rebek, Jr.45 (Fig. 1.1.2a),
or, another Diels-Alder reaction in an octahedral metallocapsule of M. Fujita47
(Fig. 1.1.2b).

The interior of the tetrahedral capsule reported by K. N. Raymond36 (Fig. 1.1.2c)
caused a pKa shift of a catalysis intermediate, stabilising it and enabling thereby
an acid-catalysed reaction in a basic reaction medium. Using the same capsule,
a catalytically active, transition metal complex was successfully encapsulated and
applied in catalysis, demonstrating the approach of catalyst encapsulation within
the host.32

The third approach to perform catalysis in confined nano-spaces is to incorpo-
rate the catalytically active metal centre into the capsule and make the catalyst
the integral part of the capsule.38 It can be achieved in various ways, however, we
will focus on the the ligand-templated strategy for encapsulation.

1.2. Ligand-templated strategy for encapsulation

The ligand template strategy for encapsulation of supramolecular phosphorus
ligands and (catalytically active) transition metals was introduced recently in our
research group.27,31,38,52,53 In essence, this approach uses multitopic tris-(pyridyl)-
phosphine ligands (Fig. 1.2.1b) as scaffolds for coordination of relatively large and
flat metal complexes to the pyridyl groups, which create a confined steric microen-
vironment around the phosphorus atom (Figure 1.2.1a). Coordination of a cat-
alytically active transition metal like Pd or Rh to the phosphorus atom leads to a
catalyst, whose catalytically active centre is situated within a confined nano-cavity,
i. e., an encapsulated catalyst.

The selective binding of metal complexes either to the nitrogen atom (the en-
capsulating building blocks) or to the phosphorus atom (the catalytically active
transition metal) is achieved by using metal centres with significantly different
affinities towards these atoms. As building blocks for coordination to nitrogen
(to the pyridyl groups), Lewis-acidic ZnII (salphen) or ZnII tetraphenylporphyrin
(ZnTPP) complexesviii are used because of their strong high affinity towards nitro-
gen (only two complexes are shown in Fig. 1.2.1c, although more examples with
different substituents were used in experiments; for more details please see Kleij
et al., Chem. Eur. J. 200653). These complexes are planar, with square-planar
ZnII centre, leaving its axial positions unoccupied and free for coordination. By
using pyridylphosphine ligands with two or three pyridyl groups (like those in Fig-
ure 1.2.1b) as templates for assembly of the ZnII building blocks, capsules of various
shapes and sizes can be formed around phosphorus. Furthermore, the position of
the nitrogen site for coordination of the metal building blocks offers an additional
opportunity for variation of the capsule shape (compare A to B, Fig 1.2.1b).

1.2.1. Formation of the ligand capsules. The tris-(para-pyridyl)-phosphine
A coordinates three Zn(salphen) and ZnTPP molecules in solution.52–54 A typi-
cal association constant of a Zn(salphen) complex to pyridine in a non-coordinating
solvent is around 1.0·105 l·mo1−1, and the three association constants of the system

viiiIn some examples also RuII (CO) was used instead of ZnII , what lead to similar results in
catalysis as their ZnII analogues. However, it was shown that RuII (CO) can partially coordinate
to P, therefore we will not discuss these examples.
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of square-planar metal complexes as encapsulating building blocks (bottom).

A·[Zn(salphen)]3 were estimated to be very similar to this value.54 The association
constant of ZnTPP to pyridine is roughly two orders of magnitude lower than that
of a Zn(salphen), and in the system A·[ZnTPP]3 they were determined by UV-Vis
titration (K/(103 l·mo1−1)): K1 = 2.1, K2 = 2.3, K2 = 1.9. Clearly, the three
ZnII building blocks coordinate to the piridylphosphine A independently from one
another.
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tris-(para-pyridyl)-phosphine leading to 3:1 assemblies in the solution, 3:1 assembly in
the solid state with Zn(salphen) and 5:2 assembly with ZnTPP.

While the capsule A·[Zn(salphen)]3 crystallised in the same ratio as found in
solution (3:1, Fig. 1.2.3a), the ZnTPP-based system crystallised in a 5:2 ratio, with
one ZnTPP molecule shared between two tris-(para-pyridyl)-phosphine molecules,
as displayed in Fig. 1.2.2 and 1.2.3c. The capsules formed using the ligand A
display open structures, with the lone electron pair of the phosphorus atom pointing
towards the opening. Thus, phosphorus is easily accessible for coordination of a
catalytically active transition metal to it.

Coordination of the ZnII building blocks to tris-(meta-pyridyl)-phosphine B
leads also to 3:1 assemblies.31,52 The association constantsK1−K3 of the Zn(salphen)
complexes were estimated to be approximately in the same order of magnitude as
those found for the system A·[Zn(salphen)]3 (1.0 · 105 l·mo1−1) and largely inde-
pendent from one another, too.52

Interestingly, in the ZnTPP/B system, the association constants displayed a
trend that suggested cooperativity in the binding process [K/(103l·mol−1)]: K1 =
3.7 < K2 = 7.8 < K3 = 12.0.31 This effect was attributed to “π − π interactions
between the mesophenyl rings of the two porphyrins associated to the templates”,
and was supported by molecular modelling studies.31

The molecular models of the capsules based on B showed a smaller cavity and
its opening than of those based on the tris-(para-pyridyl)-phosphine A. Still, the
capsule was spacious enough to allow coordination of a transition metal to the
phosphorus atom.

1.2.2. Catalysis. These supramolecular capsules were used mainly for the
encapsulation of rhodium hydroformylationix catalysts. As the starting materials

ixThe amount of aldehydes produced industrially by hydroformylation is measured in millions of
tones annually.4,5,7
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(a) crystal structure (b) surface plot

(c) crystal structure (d) surface plot

Figure 1.2.3. Solid state structures of the capsules based on tris-(para-pyridyl)-
phosphine as template using Zn(salphen)52 (above) and ZnTPP54 complexes as building
blocks (bottom). The displacement ellipsoids (drawn at 50% probability, left) and the
surface plot (right) are from the same view angle. H atoms are not shown. Colour
legend: C white, O red, N blue, P orange, Cl green, Zn magenta.

and substrates for transformation, non-functionalised, linear terminal and internal
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alkenes, mostly octenes,x were used (Fig. 1.2.4). Industrially, the terminal alkenes
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Figure 1.2.4. Hydroformylation of linear (terminal and internal), non-functionalised
alkenes.

are (selectively) transformed to linear aldehydes.xi For the internal alkenes there
are no catalysts capable to hydroformylate them (without isomerisation) selectively
to one of the branched aldehydes. The internal alkenes represent a formidable
challenge, as they possess no “handles”xii commonly employed by catalysts to steer
the selectivity. Therefore, using the encapsulated catalysts and their cavities for
potential steric match–mismatch with the substrate as a means of controlling the
selectivity, seemed as a suitable approach to meet this challenge.

Hydroformylation of 1-octene using the capsules based on the tris-(para-pyridyl)-
phosphine A have shown that, regardless of the metal building block:

• the conversions were similar to those obtained with the non-encapsulated
analogues (with the free ligand A or its analogue, triphenylphosphine)

• the selectivity was virtually identical to that achieved with the non-en-
capsulated catalysts (based on either on A or its analogue, triphenylphos-
phine): 75% linear aldehyde (P1, Fig. 1.2.4) is obtained with A or triphe-
nylphosphine, 70% with A·[Zn(salphen)]3, and 80% A·[ZnTPP]3.52–54

However, catalyst encapsulation using the tris-(meta-pyridyl)-phosphine B as tem-
plate, led to interestingxiii results. In hydroformylation of 1-octene, the rhodium
catalyst encapsulated by the B·[ZnTPP]3 capsule displayed:

• 10 to 30 times higher activity than the non-encapsulated catalyst (based
only on B or triphenylphosphine, respectively): the turnover frequency

xThe ethylene oligomerisation processes (e. g. the Shell Higher Olefin Process, SHOP)55–59 in
petrochemical industry produce these alkenes as a mixture of terminal and internal alkenes in
high amounts.
xiThe internal alkenes are subjected to isomerisation to terminal alkenes, which are then converted
to linear aldehydes. These are mainly converted to detergent alcohols of polymer plasticisers.4,5,7
xiilike polar or auxiliary coordinating functional groups; for instance, the presence of an acetamido
group in substrates for asymmetric hydrogenation (using the BINAP-based and similar catalysts)
is essential for their enantioselective transformation.4,5
xiiiInitially, the ligand system B·[ZnTPP]3 was used to encapsulate the Pd0 cross-coupling cat-
alyst. The striking result was that the coupling of styrene and iodobenzene started without the
usual incubation period, resulting in doubled conversion compared to the triphenylphosphine-
based Pd catalyst for the same reaction time.27
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TOF= 126 h−1 (encapsulation) vs. 11 h−1 (B) or 4 h−1 (triphenylphos-
phine)

• the selectivity favouring the branched aldehyde P2 (Fig. 1.2.4) in up to
65% (with B only or triphenylphosphine 25% P2 are obtained).27,31

Similar results, albeit less pronounced, were obtained using Zn(salphen) complexes
for encapsulation: the conversion of 1-octene increased four times, while producing
45–55% branched aldehyde P2.52

Hydroformylation of trans-2-alkenes (C5 to C10) using the catalyst encapsu-
lated by B·[ZnTPP]3 led to an important result: this catalyst was the first able
to selectivelyxiv transform these difficult substrates to 3-aldehydes in up to 87%.60
Moreover, this encapsulated catalyst was able to produce 75% 4-aldehyde from
trans-3-alkenesxv (3-octene and 3-nonene).60 This remarkable result meant that
the catalyst was able to induce regioselectivity by exploiting the size differences be-
tween the substituents on the alkene double bond. Interestingly, the Zn(salphen)-
encapsulated catalysts using the same template ligand B gave similar results as the
non-encapsulated catalysts.

1.2.3. The catalytically active species. Further studies were carried out
in order to cast light on the nature of the catalytically active species and to possibly
arrive at an explanation of the unusual selectivity.

It was shown that the rhodium precursor Rh(acac)(CO)2 (D) (Fig. 1.2.5; acac =
acetylacetonato) reacts with two equivalents of A orB, producing the bis-phosphine
species E and I, respectively.52–54

Addition of ZnTPP (path ii) or Zn(salphen) (path iii) to E and subsequent
pressurisation with synthetic gas (“syngas”, CO/H2= 1 : 1) has led, according to
(high pressure) NMR and FT-IR, to formation of a mixture of bis-phosphine (F,
G) and monophosphine (Hxvi) rhodiumhydridoxvii species. Similarly, a mixture
of mono- and bis-phosphine rhodiumhydrido species was formed upon addition of
Zn(salphen) complexes to I, (path v). Analogous behaviour was observed also
when the complexes E and I were pressurised in absence of ZnTPP or Zn(salphen)
building blocks (paths i and iv, respectively), however, with different ratios of the
bis- and mono-phosphine species in the mixture.

In contrast to that, the addition of ZnTPP to I caused dissociation of one
phosphine ligand, resulting in the encapsulated mono-phosphine rhodium complex
J (path vi).27 Under syngas atmosphere, J was cleanly converted to the monophos-
phine rhodiumhydrido complex. The most likely structure of this rhodiumhydrido
complex is depicted as species K, where P and two CO molecules are in the equa-
torial plane, while H and the third CO occupy the apical positions of the trigonal
bipyramidal rhodium. This arrangement of CO molecules gives rise to three vi-
brational bands in the IR spectrum, which were indeed observed under catalytic

xivLinear 2-alkenes typically produce 45% 3-aldehyde, if the isomerisation to 1-alkene is sup-
pressed; we will call this “natural” selectivity.
xvthe “natural” selectivity for 3-alkenes is strictly 50% 4-aldehyde
xviThis is the presumably the most likely coordination geometry of the monophosphine rhodi-
umhydrido species.
xviiThese species are relevant for the catalysis, as the catalytic cycle is initiated by substitution
of one CO molecule from these species with a substrate (alkene) molecule. The activity of the
mono- and bis-phosphine species is not identical, therefore, the overall catalytic activity is much
influenced by their presence (or absence).7,12
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Figure 1.2.5. Summary of the complex studies using the supramolecular capsules
based on tris-pyridylphosphines A and B. The encapsulation templated by A led to
formation of mixtures with variable ratio of bis- and mono-phosphine rhodiumhydrido
species (paths i–iii). Similar complex mixtures were obtained with the template B
without ZnII building block or with Zn(salphen) (paths iv–v). Clean formation of the
mono-phosphine rhodiumhydrido species was observed only when ZnTPP was employed
with B (paths vi–vii) or C (path viii) as template.

conditions at 2089, 2039 and 2011 cm−1.31 The same species (K) was obtained
when the rhodium precursor D was added to the pre-formed assembly B·[ZnTPP]3
(L, path vii). Interestingly, a monophosphine rhodiumhydrido complex N was
obtained with the assembly of two ZnTPP molecules on the bis-(meta-pyridyl)-
phenyl-phosphine template C, whose size was sufficient to prevent coordination of
a second phosphine molecule to rhodium (path viii).

The capsules based on the tris-(para-pyridyl)-phosphine A display open struc-
ture which exposes the phosphorus atom, making it easily accessible. This open
structure around P (and thus also around Rh) could allow for coordination of a sec-
ond phosphorus ligand to rhodium, making thus, “the formation of bis-phosphine
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ligated metal complexes . . . possible”.53 The catalytic results are most likely a conse-
quence of the mixture of different catalytically active species present in the solution.

Similarly, the open capsule may be formed by assembly of three Zn(salphen)
building blocks and tris-(meta-pyridyl)-phosphine B, as molecular modelling stud-
ies have shown. These building blocks are smaller than ZnTPP, which – according
to the molecular modelling studies – encloses the phosphorus atom almost com-
pletely within the B·[ZnTPP]3 capsule.27,31 The closed structure of this capsule is
very likely the cause for clean formation of the mono-phosphine rhodiumhydrido
species, as only one phosphine ligand can coordinate to Rh; for another phos-
phine there is no sufficient space available.27 However, the formation of the mono-
phosphine rhodium species is not the sole reason for the unusual selectivity, as was
shown using the bis-(meta-pyridyl)-phenyl-phosphine C as template and ZnTPP
as building block. Like B·[ZnTPP]3, the assembly C·[ZnTPP]2 – the incomplete
capsule – led to mono-phosphine rhodiumhydrido species, but displayed the ac-
tivity and the selectivity between those of the original capsule B·[ZnTPP]3 and
the non-encapsulated catalyst. Similarly, only at the ratios ZnTPP/B≥ 3xviii did
the encapsulated catalyst display unique selectivity.31 These experiments clearly
showed that the third ZnTPP molecule and the full encapsulation is required for
achieving the high activity and selectivity.31 It was postulated that the origin of
the unusual selectivity was the hindered rotation of the substrate in the selectivity-
determining step.60

Thus, the rhodium complex encapsulated by the B·[ZnTPP]3 assembly forms
cleanly a monophosphine rhodiumhydrido species, which is difficult to form in a
clean fashion. For example, the addition of 1 equivalent of triphenylphosphine
to Rh(acac)(CO)2 (D) and subsequent addition of 20 bar of CO/H2 will lead
to a mixture of complexes with various Rh/P stoichiometry.61–64 The encapsu-
lated monophosphine rhodiumhydrido species displayed higher catalytic activity
in hydroformylation of non-functionalised linear alkenes than its non-encapsulated
analogues. Moreover, it showed high preference towards production of branched
aldehydes (very low isomerisation), with the most remarkable example being the
conversion of 3-octene and 3-nonene to 4-aldehydes in up to 75%.

However, the knowledge of the exact mechanism of the catalytic cycle is still
elusive, as are the factors determining the unusual selectivity. More detailed mech-
anistic data are required in order to propose a model explaining the selectivity of
this catalyst, and the role of the supramolecular capsule in determining it. Having
in mind the relevance of understanding the details of selective functionalisation of
difficult substrate molecules in confined nano-reactors, we set on to further investi-
gations of the mechanistic details of this interesting system.

1.3. This Thesis: Aim and Scope

We conducted the investigation of the factors relevant for encapsulation based
on tris-(meta-pyridyl)-phosphine B as the template ligand. Our interest was to
investigate the mechanistic aspects of the rhodium hydroformylation catalysis and
understand how it achieves the high selectivity in hydroformylation of internal
alkenes. In addition, we were also exploring the possibilities to control the selectivity
of the encapsulated catalyst by modifying its secondary coordination sphere, i. e.
the encapsulation building blocks.

xviiithe results of experiments at ZnTPP/B> 3 were identical to those where ZnTPP/B= 3
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In Chapter 2 we introduce the bis-(thiosemicarbazonato)Zn complexes (Zn(btsc)),
that have not yet been used in supramolecular chemistry, and we apply them as
building blocks for ligand-templated encapsulation, Fig. 1.3.1.65–67 These com-
pounds are similar in size and shape to Zn(salphen) complexes, but more stable
under acidic conditions.67 These and Zn(salphen) complexes help in forming the
basis of our understanding of the impact of small ZnII building blocks on the encap-
sulation and catalysis. We describe their synthesis, coordination behaviour towards
pyridine, and the effects of their application as supramolecular building blocks in
hydroformylation. Additionally, we study in situ the formation of the catalytically
active species under catalytic conditions and monitor the course of catalysis using
high-pressure FT-IR.
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Figure 1.3.1. The types of ZnII building blocks studied in this thesis.

Chapter 3 describes the application of another kind of ZnII complexes in the en-
capsulation: the Zn(phthalocyanine) (ZnPc, Fig. 1.3.1) complexes.68–70 These com-
pounds are structurally related to porphyrins, but possess a more extended planar
surface around the Zn atom, and no substituents in the meso-positions (Fig. 1.3.1).
The effects of these structural differences on the capsule shape and size is inves-
tigated. Also, we describe the synthesis, coordination behaviour towards pyridine
and pyridyl-phosphines, and catalytic experiments using this building block. We
find that the ZnPc-encapsulated catalyst leads to preferential production of the 2-
aldehyde from long-chained trans-2-alkenes, opposite to the ZnTPP-encapsulated
one. The formation of the active species, as well as the course of hydroformylation
catalysed by the ZnPc-encapsulated rhodium catalyst, are monitored in situ by
high-pressure FT-IR. We also show that the product distribution, calculated using
the results of a DFT study of the hydride migration step, agrees well with the
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experiments, as it predicts that the 2-aldehyde would be main product. This selec-
tivity is correlated to the size of the B·[ZnPc]3 capsule and the rotational freedom
of the substrate within the capsule’s cavity.

The X-ray crystal structure of the B·[ZnTPP]3 capsule is presented and de-
scribed in Chapter 4, where we use it as the basis to study the impact of the
remotexix modifications of the capsule on its shape and selectivity of the thereby
encapsulated catalyst. We describe the attractive interactions between the adjacent
ZnTPP molecules and propose that they are the reason for the previously observed
cooperativity in the assembly process.31 Furthermore, we learn which modification
sites affect – or not – these attractive interactions, opening possible routes towards
introduction of chirality into the capsule.

In the final, Chapter 5, we present our mechanistic study of the trans-2-octene
hydroformylation catalysed by the ZnTPP-encapsulated catalyst. Based on various
data, like gas-uptake kinetics, in situ high-pressure FT-IR studies, isotope-labelled
hydroformylation, as well as DFT studies of the full catalytic cycle, we propose a
model that explains the selectivity, as well as the role of the supramolecular capsule
in the selectivity determining step.

xixfrom the catalytically active centre




