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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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(a) cone and bite angle
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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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(a) Ligand-templated strategy for encapsulation of ligands and transition metal catalysts
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(c) Metallosalphen and -tetraphenylporphyrin building blocks

Figure 1.2.1. Coordination of catalytically inert metal complexes to the scaffold
ligand, which then selectively binds the catalytically active metal to the phosphorus
atom (top). The pyridyl phosphine ligands used as templates (middle) for coordination
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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Figure 1.2.2. Coordination of a ZnII (salphen) and ZnII (tetraphenylporphyrine) to
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

R CO/H2 R
R

CHO CHO

P3

C3-aldehyde
P2

C2-aldehyde

R

CO/H2

R
R

CHO CHO

P2

C2-aldehyde
P1

C1-aldehyde
1-alkene

2-alkene

R CO/H2
R

R

CHO CHO

P4

C4-aldehydetrans-3-alkene

P3

C3-aldehyde

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. 11h−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



CHAPTER 2

Bis-(thiosemicarbazonato) ZnII Complexes as
Building Blocks for Construction of Supramolecular

Catalysts

Abstract. Herein we report application of bis-(thiosemicarbazonato)ZnII com-
plexes as building blocks in construction of supramolecular transition metal
assemblies. We investigated their coordination behaviour towards pyridylphos-
phine molecules and found these system comparable to those based on Zn(por-
phyrin) and Zn(salphen) complexes. Additionally, catalytic experiments and in
situ high–pressure FTIR study of supramolecular rhodium hydroformylation
catalyst assembled using bis-(thiosemicarbazonato)zinc(II) complexes demon-
strate their applicability in supramolecular catalysis and their potential for
application in other areas of supramolecular chemistry.

2.1. Introduction

Supramolecular chemistry has evolved into a mature field of science and a
plethora of fascinating nano-sized structures have been prepared by self-assembly.
Whereas the initial focus has been on the generation of the complex nano-sized
structures and understanding of the principles involved in their formation, current
research is much more associated with the introduction of information (function)
into these supramolecules.71,72 There is increasing interest in the use of metal-
ligand interactions as this strategy provides new opportunities for the introduction
of functions.73,74 In addition, metal ligand interactions are ideal for the construc-
tion of supramolecular assemblies, since they are in general directive and tunable
in strength, therefore facilitating the design of structures with controlled geom-
etry and dynamics.75 The supramolecular structures constructed utilising these
interactions include metallodendrimers,76,77 molecular cages,32,78–81 catenanes and
rotaxanes82–86. The latter compounds were shown to be suited for the construction
of molecular machines.82,83,86–88 Also in the area of light harvesting devices such
supramolecular structures can potentially be of value.88,89

An important research field that has attracted enormous interest in recent
years is that of the controlled porous materials and metal-organic frameworks
(MOFs).26,29,30 The interest in these materials is fuelled by (potential) application
in separation techniques, gas (hydrogen) storage, recognition, sensing and cataly-
sis.26,34,37,39–41,44,90–105

Metalloporphyrins106,107 provide versatile building blocks for the construction
of all types of supramolecular assemblies and they have also frequently be used
for the construction of porous solids materials.106 Porphyrins are generally flat,
rigid, chemically and thermally stable molecules. Moreover, metalloporphyrins have
demonstrated catalytic activity in a variety of reactions, and the corresponding
metalloporphyrin networks have the potential to act as a shape and size-selective

17
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complex (top right). ZnTPP (bottom left) and Zn(salphens) (bottom right) are com-
monly used building blocks in supramolecular chemistry.

heterogeneous catalysts. In addition, they have a rich photochemistry and as such
many of these supramolecular assemblies have been used to mimic natural light
harvesting systems.106 In our group metalloporphyrins were used as building blocks
for encapsulation of transition metal catalysts.27,31 This resulted in an encapsulated
rhodium catalyst that displayed very unusual selectivity in the hydroformylation
of 1-octene, next to an increased reactivity of this species with respect to the non-
encapsulated analogue. Interestingly, even internal alkenes such as 3-octene could
be hydroformylated with reasonable selectivity. This result was unprecedented for
these difficult substrates as it required that the catalyst be able to discriminate
between an ethyl and an n-butyl group.60 Recently we also took advantage of
the chromophoric character of porphyrins; we assembled zinc(II)-porphyrins to a
functionalised bis-(thiolate)-bridged ([2Fe2S]) diiron–based hydrogenase catalyst.
This supramolecular complex displayed photo-activity, forming molecular hydrogen
upon exposure to light in the presence of a proton source.108

Since the supramolecular approach to catalyst exploration is very versatile, we
aimed at extending the concept to other building blocks. We have demonstrated
that the pyridyl analogues of classical BIAN-ligands can be used as the template-
ligand,109 and we also have shown that zinc(II)-salphen building blocks can be used
analogously to zinc(II)-porphyrins.52,53,110 The salphen building blocks are much
easier to prepare and vary structurally, however, they were shown to be subject to
trans- and (autocatalytic) demetallation.111,112

We therefore continued our search for new building blocks and looked into the
chemistry of dithiocarbazones (Fig. 2.1.1) and complexes thereof.65–67,113–115 Much
to our surprise these building blocks have not yet been studied as molecular build-
ing blocks in supramolecular chemistry. In this paper we report the application
of the bis-(thiosemicarbazonato)zincII (Zn(btsc)) complexes as building blocks in
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supramolecular chemistry, i. e. their coordination chemistry with respect to pyri-
dine and pyridylphosphines, as compared to the ZnII building blocks we used previ-
ously. We show the Zn(btsc) complexes have properties similar to ZnII -porphyrins
and -salphens. As an example demonstrating their applicability in construction of
supramolecular catalysts, we apply these complexes as building units of rhodium
hydroformylation catalysts. With many heteroatoms in the molecule, most notably
sulphur, which are potential catalyst poison, the compatibility of the Zn(btsc) com-
plexes with rhodium is an important aspect we looked into. Therefore, formation
of the transition metal species under catalytic conditions was closely monitored in
situ by high–pressure infrared spectroscopy. We show the formation of the typical
bis-phosphine rhodiumhydrido species under hydroformylation conditions. The cat-
alytic activity of these catalysts was evaluated by using a showcase set of terminal
and internal alkenes as substrates for hydroformylation. The results of our study
suggest a great potential for application of the Zn(btsc) complexes in the area of
supramolecular chemistry, which is demonstrated on some examples from the field
of supramolecular homogeneous catalysis.

2.2. Results and Discussion

Tetradentate bis-thiosemicarbazone (btsc) (pro)ligands and their metal com-
plexes have been known for over 50 years.65–67 The exceptional stability of these
complexes, manifested in reversible protonation of the amido side arms, but not
demetallation upon treatment with concentrated sulphuric (also phosphoric and
perchloric) acid, was exploited early, by using the protonated forms of these com-
plexes as cations in syntheses of complex salts.65,66 In addition, when we ex-
posed these complexes to 4–5 equivalents of benzimidazole at 75◦C, conditions
under which Zn(salphen) readily demetallates,112 we observed no formation of
free ligand or other decomposition signs, even after 18 hours. Besides exception-
ally high stability, the (transition) MII(btsc) complexes are biologically active and
many studies have shown that they display antitumor, antibacterial and antivi-
ral properties.116–118 Potential medical application could be found in the affinity
of CuII(btsc) complexes towards oxygen–poor (cancer) tissue and applications of
MII(btsc) complexes (M = Zn, Cu) as tumour marker agents have already been
demonstrated.119–126

2.2.1. Synthesis. The preparation of M(btsc) complexes is rapid and facile.
A typical synthesis protocol consists of two steps: preparation of the (pro)ligand
by condensation of a dicarbonyl compound with two thiosemicarbazide molecules,
followed by metallation with an appropriate metal salt.127,128 Condensation of two
different thiosemicarbazides can be performed, leading to dissymmetric M(btsc)
complexes which are open to post-synthetic exocyclic modifications. However, it
is not a trivial task due to possible side reactions, and strict control of reaction
conditions during synthesis is required in order to avoid formation of unwanted
products.129

For our syntheses we used a slightly modified synthetic procedure as we did not
isolate any of the intermediates. The condensation and metallation were performed
in a one-pot two step protocol under mild conditions, as shown in Fig.2.2.1. For
this initial study three exemplary dissymmetric Zn(btsc) complexes 9–11 with dif-
ferent peripheral substituent sizes were prepared in high yields (70-80%) and purity
(≥95%, NMR).
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2.2.2. Coordination Studies.
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Figure 2.2.2. Phosphorus ligands used in this study and the association equilibrium.

2.2.2.1. Assembly in Solution. The essential element of the ligand–templated
approach for encapsulation of transition metal catalysts130 is coordination of a
pyridyl moiety to ZnII centre. The strength of this association is therefore crucial
for successful assembly formation, especially for low (catalytic) concentrations the
association constant should be high. Association constant K of pyridine to a ZnII
building block is often used as a guideline value for the family of similar systems,
and the order of magnitude of K is usually more relevant than its exact value. For
instance, K values of about 103 and 105 l·mol−1 are typical for pyridine coordination
to Zn(porphyrin) and Zn(salphen) complexes, respectively. Precisely determined
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Figure 2.2.3. UV-Vis changes during titration are small, but sufficient to produce well-
behaved titration curve (insert), which was used to calculate the association constant:
K = 1.6 · 105M−1

binding constants for many similar systems lay in these regions.31,52,53,110,131 By
performing a UV-Vis titration of the complex 11 with pyridine (see Fig. 2.2.3)
we found that their association constant is of the same order of magnitude as
Zn(salphen)–pyridine interaction, with K = (1.6± 0.1) · 105 l·mol−1. This high K
value makes the Zn(btsc) complexes interesting for application as supramolecular
building units.132,133

(a) 9·L2 (b) 9·L3

Figure 2.2.4. Solid state structures of the assemblies. Thermal motion ellipsoids
drawn at 50% probability. H atoms and co-crystallised solvent molecule (toluene in
9·L3) removed for clarity. Colour legend: C white, N blue, S yellow, P orange and Zn
magenta.

2.2.2.2. Assemblies in the Solid State. To further confirm the coordination of
phosphine-pyridyl ligandsi to these ZnII building blocks, the coordination complexes

ithe ligands L2–L4, Fig. 2.2.2a, are routinely used as templates for construction of supramolecular
transition metal catalysts. The position of the nitrogen donor in L2 and L3, allows creation of
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(a) [9·L2]2 dimer and π − π stacking (b) [9·L3]2 dimer and π − π stacking

Figure 2.2.5. Solid state structures of the assemblies. Thermal motion ellipsoids
drawn at 50% probability. H atoms and co-crystallised solvent molecule (toluene in
9·L3) removed for clarity. Colour legend: C white, N blue, S yellow, P orange and
Zn magenta. Dimeric super-structures formed via a pair of N-H–S hydrogen bonds.
Pyridylphosphines coordinate on opposite sides of the [Zn(btsc)]2–plane. π−π stacking
shown in small inserts.

were crystallized from toluene solution by gas-phase hexane diffusion. The crystal
structures of assemblies of complex 9 with 3- and 4-(diphenylphosphino)-pyridine
(L2 and L3, Fig. 2.2.2a) show axial coordination of pyridyl moiety to the ZnII
centre, which adopts square-pyramidal geometry, bending slightly out of the SNNS–
plane (see Fig. 2.2.5). Importantly, the lone pair of either phosphorus atoms is not
involved in coordination, and therefore could be used for coordination to (soft)
transition metals.

An interesting feature of both assemblies is formation of dimeric super-structures
via two N −H · · · S bonds per dimeric unit, similar to Zn(btsc) dimers Alsop et
al. reported.134 The N-S distances of atoms involved in hydrogen bonding are typ-
ical for such structure (3.463(4) Å (9·L3) and 3.702(11) Å (9·L2)134). The dimers
are shown in Fig. 2.2.5, which also displays the stacking of Zn(btsc) complexes in
the solid state. The distance between the Zn-N-C-C-N planes of the two stacking
units is around 3.5 Å (3.560(4) Å in 9·L2 and 3.5295 (18) Å in 9·L3), suggest-
ing existence of π − π interactions, not unusual in flat, aromatic molecules.135–141
In these dimers, the Zn(btsc) complexes are almost perfectly coplanar, while the
pyridylphosphine moieties coordinate to ZnII centres on opposite sides of the plane
defined by two Zn(btsc) complexes. This 2:2 assembly is strikingly similar to the
1:2 assembly Kuil et al. reported, where two L2 molecules coordinate to Zn centres
on opposite sides of a (bis-ZnII)-salphen complex.131 The zinc-zinc distance in the
current structures are 8.78 Å (9·L3) and 9.19 Å (9·L2), which is similar to the

qualitatively different steric bulk upon coordination of a ZnII complex to N. In addition, the
electronic effects of N in these positions influence – not-equally – the electronic properties of
P, creating slight differences in electron density on the transition metal during catalysis. These
electronic differences might be reflected in the catalytic activity. The ortho-pyridyl analogues of
these ligands were not used due to their sterically hindered and therefore weak, binding of ZnII

building blocks.
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Zn· · ·Zn distance in the 1:2 assembly. However, there is no evidence that such
structures form N −H · · · S bonds in solution, and we did not observe any effect
typical for formation of a supramolecular bidentate ligand on a bis-ZnII platform
in asymmetric hydroformylation of styrene, as it was described by Kuil.131
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Figure 2.2.6. Top: Activation of a rhodium hydroformylation catalyst (incubation).
Bellow: Hydroformylation of 1-, trans-2- and trans-3-octene.

2.2.3. In situ High-Pressure Infrared Spectroscopy. The assemblies of
Zn(btsc) complexes with L2-L4 are essentially monodentate ligands, with uncon-
ventional steric bulk remote from the phosphorus atom. They are also electronically
different from a typical monodentate ligand, triphenylphosphine (L1), so it was in-
teresting to see what effect of these differences would have on the catalyst under
hydroformylation conditions.ii

In a typical hydroformylation experiment Rh(acac)(CO)2 and the ligands are
mixed in situ to form the active species (Fig. 2.2.6a).iii We monitored the formation
of rhodium supramolecular catalyst from Rh(acac)(CO)2 as precursor, the tem-
plate ligand L4, and the Zn(btsc) complexiv 9 using infrared spectroscopy.142,143

iiTypically 20 bar syngas, CO/H2=1:1.
iiiCatalyst activation during the incubation under syngas comprises a set of reactions schematically
shown in Fig. 2.2.6a. In such reaction mixture of rhodium hydride isomers with two phosphine
ligands are formed. In one isomer, P ligands occupy two equatorial coordination sites on trigonal-
bipyramidal rhodium centre (eq-eq or ee, Fig. 2.2.6a) whereas in the other rhodium complex
one P ligand coordinate in equatorial, and the other P ligand in apical fashion (eq-ap or ea,
Fig. 2.2.6a).14 Each of these isomers produces two characteristic CO-bands in infrared spectrum,
leading to total of four bands, when both isomers are present in solution.
ivno nitrogen base was added, what is required with ZnTPP and Zn(salphen) complexes in order
to prevent demetallation.
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Figure 2.2.7. Left: the in situ FT-IR spectrum (left) of the supramolecular rhodium
catalyst showing the rhodium carbonyl region. The the four bands indicate presence of
the ee and ea rhodium isomers in the solution (the weak band at 2135 cm-1 is the free
CO; p= 20 bar, CO/H2= 1 : 1, T= 40◦C).
Right: The molecular model of the ee isomer optimised using PM3 method. Al-
though bulky, the supramolecular ligand allows formation of bis-ligated rhodium species.
Colour legend: C black, H white, O red, N blue, P orange, S yellow, Zn dark violet,
and Rh magenta.

The IR spectrum is similar to that of the triphenylphosphine analogue. Four bands
of similar intensities were observed at 2071, 2056, 2005 and 1970 cm-1 are ob-
served, indicating that the ee and ea isomers are formed in approximately equimo-
lar amounts. The shoulder at ca. 1920 cm-1 might be the Rh–H stretch, which is
rarely observed.21 For comparison, application of ZnTPP instead of Zn(btsc) as
the template, led exclusively to the formation of mono-ligated complexes because
the assembly L4·(ZnTPP)3 is so large, that only one phosphorus can coordinate
to rhodium.27 This indicates that the significant difference in size between the
Zn(btsc) and ZnTPP is reflected in the coordination mode, allowing formation of
bis-phosphine rhodium species by application of Zn(btsc), while a mono-phosphine
rhodium species was formed when ZnTPP was used. The molecular modelling figure
of the the ee isomer, Fig. 2.2.7b, shows that in the bis-phosphine rhodium species
there are no significant steric hindrances between the Zn(btsc) building blocks. Nu-
merous phosphine conformations and large rotational freedom around N-Zn bond
convey considerable flexibility to the assembly, allowing a facile avoidance of steric
crowding.

2.2.4. Catalysis. That these rhodium species are also active catalysts for
hydroformylation was confirmed by addition of substrate to the mixture in the
IR autoclave. Injection of 1-octene into the autoclave triggered immediate start
of hydroformylation, with initial turnover frequency (TOF) of about 60 h-1, which
is significantly faster than observed with triphenylphosphine (4–15 h-1), but still
slower than with ZnTPP (∼ 130h-1) under similar conditions.27,31,52,54,110 The four
carbonyl bands of the rhodium species do not change during catalysis, showing that
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Figure 2.2.8. Left: Hydroformylation of 1-octene is typical for type I kinetics, with
the reaction rate order in respect to substrate of 1 (here 0.97).
Right: Comparisons of octenes hydroformylation with various ligands. Conversions are
higher in systems containing more [Zn(btsc)-pyridyl] moieties (number on the x-axis is
the position of the double bond in the alkene).

the rhodium hydride complexes represent the resting state of the catalyst. This,
together with the rate order in (respect to) substrate of 1 (see insert in Fig. 2.2.8a),
indicated that the hydroformylation follows type I kinetics.v

A more extensive set of catalytic experiments were performed using Zn(btsc)
complexes 9-11, ligands L1-L4, and substrates shown in Fig. 2.2.6b. As ex-
pected, the conversions of terminal internal alkenes were higher than those of in-
ternal alkenes for all catalytic systems. Additionally, the PPh3-based rhodium
catalysts display lower conversions than those with pyridyl-Zn(btsc) moieties. In-
terestingly, the conversion is higher if more phenyl groups on P are replaced by
pyridyl–Zn(btsc) motifs, see Fig. 2.2.8b.

Unexpectedly, the presence of three equivalents of Zn(btsc) 9 in a hydroformy-
lation experiment using L1, which has no positions for coordination of ZnII, also
led to increased conversion (entry 2 in Tab. 2.2.1). Importantly, this experiment
shows clearly that the Zn(btsc) complexes do not poison the catalyst. In fact,
even as spectators they accelerate the catalysis slightly, and significantly if they
participate as building blocks of the supramolecular catalysts. The origin of this ef-
fect is not clear yet, however, it is possible that the Zn(btsc) complexes contribute
to electron-depletion of the rhodium centre, making it more catalytically active.
In the experiment 2 (entry 2, Tab. 2.2.1), the ZnII centre may coordinate to O
of a Rh-associated carbonyl functionality,vi withdrawing electron density via the
σ bonds. In experiments with Zn(btsc)·L2 to L4, the pyridylphosphine itself is
electron-poorer than PPh3 due to electronegative nitrogen in the ligand; addition-
ally, coordination of Zn(btsc) complexes to N leads to further electron-depletion

vIn type I kinetics, reaction rate order in substrate is 1, and the rate-limiting, as well as the
rate-determining step are early in the catalytic cycle. In the type II kinetics, the rate order in
substrate is zero and hydrogenolysis is the rate-limiting step11,12.
viCO coordinated to Rh or, less probable, CO of the Rh–acyl moiety.
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Table 2.2.1. Hydroformylation of terminal and internal octenes.

Entry Substrate L Zn(btsc) Conv. (%) Iso. (%) P1 P2 P3 P4

1 1-octene L1 - 48 1.1 74 25 - -

2 1-octene L1 9 60 1 75 24 - -

3 1-octene L2 9 69 ≤0.1 69 31 - -

4 1-octene L2 - 55 1 73 26 - -

5 1-octene L3 9 71 ≤0.1 70 30 - -

6 1-octene L3 - 57 1 74 25 - -

7 1-octene L4 9 91 0.4 69 30 - -

8 1-octene L4 10 84 0.4 73 27 - -

9 1-octene L4 11 89 0.5 70 29 - -

10 2-octene L1 - 11 ≤0.1 - 56 44 -

11 2-octene L2 9 18 ≤0.1 - 56 44 -

12 2-octene L2 - 13 ≤0.1 - 56 44 -

13 2-octene L3 9 19 ≤0.1 - 57 43 -

14 2-octene L3 - 12 ≤0.1 - 56 44 -

15 2-octene L4 9 35 ≤0.1 - 59 41 -

16 2-octene L4 10 27 ≤0.1 - 56 44 -

17 2-octene L2 11 23 ≤0.1 - 56 44 -

18 2-octene L3 11 22 ≤0.1 - 56 44 -

20 2-octene L4 11 34 0.2 - 56 44 -

21 3-octene L1 - 13 ≤0.1 - - 50 50

22 3-octene L2 9 30 ≤0.1 - - 50 50

23 3-octene L3 9 32 ≤0.1 - - 50 50

24 3-octene L4 9 46 ≤0.1 - - 50 50

25 3-octene L4 10 38 ≤0.1 - - 50 50

26 3-octene L4 11 39 ≤0.1 - - 50 50

Conditions: [Rh]= 0.70 · 10−3 mol·l−1, [P]/[Rh]= 5.0, [Zn]/[equiv. pyridyl group]= 1.0,
[1-octene]/[Rh]= 1000, 16 h; [trans-2-octene]/[Rh]=trans-3-octene]/[Rh]= 500, 24 h;

T= 40◦C, p= 20 bar, CO/H2= 1 : 1. Reaction mixture quenched by cooling and addition
of tributylphosphite, diluted with CH2Cl2 and analysed by GC.

of the ligand and rhodium centre. Generally accepted11,12 effects of reduced back-
donation from Rh to coordinated CO or alkene are:

• facilitated CO dissociation from the rhodiumhydrido resting state and
entry of the catalyst into the catalytic cycle
• weaker back-donation from Rh to the coordinated alkene, facilitating rota-

tion around Rh–alkene σ-bond and lowering the hydride migration barrier.

These effects directly cause higher catalytic activity, but also higher alkene isomeri-
sation rate. This is well documented in the case of phosphites, which display both
effects (increase of isomerisation and hydroformylation rate).11,12,61–64,144–147 In
our case, the electronic effects are much smaller than in the experiments in which
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phosphines are compared to phosphites. Therefore, we observed “only” fourfold
increase in TOF: 60 vs. 15 h-1 with L4·(9)3 and PPh3, respectively. Decreased
back-donation to the anti bonding CO-orbitals leads to stronger CO bond of the
coordinated CO molecules and as a consequence to higher frequencies of the CO
vibrations in the IR spectrum.148 Indeed we find this experimentally: the HP-IR
spectrum of the PPh3-based rhodium catalyst displays bands 15–30cm-1 lower than
the supramolecular catalyst.

PPh3: 2055, 2030, 1989 and 1941cm-1

L4·93: 2071, 2056, 2005 and 1970cm-1.
Similar wavenumber differences were previously reported with systems using xant-
phos ligands bearing substituents with variable electron-withdrawing properties.14

The selectivity of the current encapsulated catalyst is virtually identical to
PPh3-based rhodium catalysts. Thus, the application of Zn(btsc) building blocks
for supramolecular rhodium catalysts leads to increased conversions in hydroformy-
lation of terminal and internal octenes, while preserving the selectivity typical for
PPh3-based catalysts.

2.3. Summary and Conclusions

We have studied the application of a small set of bis-(thiosemicarbazonato)-
ZnII complexes as building blocks for construction of supramolecular complexes,
in particular as building blocks that associate to ligand-templates to encapsulate
transition metal complexes for catalysis. The coordination behaviour of these com-
plexes is similar to that of Zn(salphens), with pyridine–Zn(btsc) association con-
stant of K = 1.6 · 105l·mol−1, two orders of magnitude higher than those displayed
by related ZnII(porphyrin)-pyridine systems. In addition, the current complexes
are significantly more stable than the Zn(salphen) complexes, especially concerning
demetallation under acidic conditions.

Under syngas atmosphere, the supramolecular ligands formed by these bis-
-(thiosemicarbazonato)ZnII complexes and tris-pyridyl-phosphine ligand building
block react with a rhodium precursor giving active hydroformylation catalysts that
display type I kinetics. According to the in situ HP-IR spectroscopy, the encapsula-
tion does not lead to phosphine dissociation as bisphosphine complexes are formed.
The selectivity is typical for PPh3-based rhodium catalysts, however, the activities
are significantly higher than those observed with PPh3. The differences in reactiv-
ity are likely due to electronic properties, as the supramolecular ligands are more
electron-deficient than PPh3.

We have thus successfully demonstrated applicability of Zn(btsc) complexes as
building blocks for construction of supramolecular ligand assemblies and rhodium
hydroformylation catalysts thereof. A particularly interesting aspect, and a great
potential of these complexes, is their structural variability and possibility for post-
synthetic modifications. The opportunity to access a stable building block that is
easy to modify makes these building blocks very attractive for further exploration
in supramolecular chemistry, also including applications other than catalysis.

2.4. Experimental Section

Solvents used for the syntheses of Zn(btsc) complexes and their precursor com-
pounds were obtained from Biosolve and were not further purified. Solvents used in
catalytic, spectroscopic (HP-FTIR, UV-Vis) and crystallisation experiments were
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dried and freshly distilled prior to use: toluene and hexane were distilled over
Na, CH2Cl2 over CaH2. All deuterated solvents except dmso were dried and de-
gassed by the freeze–pump–thaw technique and kept under 3–4 Å molecular sieves.
Reagents 1-3, 7, 8, L1 and Zn(CH3COO)2 ·2 H2O were purchased from Aldrich
and used without further purification. Substrates for catalysis and high-pressure
IR were degassed by dinitrogen bubbling and filtered over short plug of alumina
prior to use. Phosphine ligands were prepared according to the previously pub-
lished procedures.149 NMR spectra were acquired on the Varian Mercury-VX 300,
Bruker DRX300 (1H at 300 MHz, 31P at 100 MHz, and 13C at 75 MHz), and
Bruker ARX400 (1H at 400 MHz, 31P at 125 MHz, and 13C at 100 MHz). The
resonances are referenced to solvent itself as internal standard and are reported in
parts per million (ppm). Mass spectrometry (MS) measurements were performed
using fast atom bombardment (FAB+) ionisation mode. IR spectra were recorded
on the Nicolet Nexus 670 FT-IR spectrometer operated by Omnic 6.2 Software;
UV-Vis measurements were performed on the Hewlett-Packard 8453 spectrometer;
Gas chromatography (GC) analysis were done on the Shimadzu GC-17A chromato-
graph equipped with an FID detector using a 30 mm long column with 0.32 mm
diameter and dimethylsiloxane cross-linked phase of 3 µm thickness. Catalytic ex-
periments were performed in mini-4-autoclaves connected to the same high-pressure
line, allowing all four reactions to be ran under the same pressure. Before each run
the autoclaves were evacuated, flushed with nitrogen, and tested for leaks at ca.
35 bar syngas.Molecular graphics images were produced using the UCSF Chimera
package from the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco.150

2.4.1. Syntheses.
2.4.1.1. Compound 5. It was prepared as described by Cowley et al.127 Thiosemi-

carbazide 3 (1.00 g, 9.51 mmol) was dissolved in water (17 ml) and treated with 5.5
ml conc. HCl at 10°C in a 100 ml round-bottom flask. Cooled solution of diketone
1 (1.0 ml, 11.85 mmol) in water (20 ml) was added dropwise under vigorous stir-
ring. White bulky precipitate formed immediately. After 2 hours of stirring under
ice cooling the product was collected by filtration, washed twice with 20 ml cold
water, once with 15 ml of cold diethyl ether and dried in air. Yield: 1.33 g (81%)
of white powder. NMR analysis of the product showed ≥ 95% purity and it was
used further without additional purification. 1H NMR (300 MHz, dmso-d6, 25◦C,
δ): 10.63 (s, 1H, NH), 8.61 (s, br, 1H, CH3NH), 3.04 (s, br, 3H, Hz, CH3NH), 2.40
(s, 3H, CH3CO), 1.94 (s, 3H, CH3CN). 13C{1H} NMR (75 MHz, dmso-d6, 25°C,
δ): 197.2 (C=O), 178.6 (C), 145.2 (C), 31.1 (CH3), 24.5 (CH3), 9.7 (CH3). MS
(FAB+): m/z = 173.0491 found, calculated 173.0600.

2.4.1.2. Compound 6. It was prepared analogously to compound 5. Thiosemi-
carbazide 4 (2.51 g, 15.00 mmol) was partially dissolved in water (60 ml) and treated
with 0.5 ml 6 M HCl at 10°C in a 200 ml round-bottom flask. Cooled solution of 1
(1.65 ml, 18.75 mmol) in water (30 ml) was added dropwise to solution of 4 under
vigorous stirring. White bulky precipitate formed immediately. More water (50ml)
was added to facilitate stirring. After 1.5 hours of stirring under ice cooling, the
product was collected by filtration, washed twice with 30 ml cold water, once with
25 ml of cold diethyl ether and dried in air. Yield: 3.23 g (91%) of white powder.
NMR analysis showed the product purity ≥95%. It was used further without ad-
ditional purification. 1H NMR (300 MHz, dmso-d6, 25°C, δ): 10.34 (s, 1H, NH),
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9.82 (s, 1H, NH), 7.59 (d, 3J = 7.6 Hz, 2H, HAr), 7. 36 (t, 3J = 7.4 Hz, 2H, HAr),
7.15 (t, 3J = 7.4 Hz, 1H, HAr), 1.99 (s, 3H, CH3), 1.07 (s, 3H, CH3). 13C{1H}
NMR (75 MHz, dmso-d6, 25°C,δ): 175.7 (C=O), 152.1 (C), 138.4 (C), 127.5 (2C),
127.4, 124.3 (3C), 24.5 (CH3), 17.4 (CH3). MS (FAB+): m/z = 235.0663 found,
calculated 235.080.

2.4.1.3. Compound 7. This compound was prepared as described by Bost and
Smith.151 Benzil, 2, (2.00 g, 9.51 mmol), and thiosemicarbazide 4 (1.60 g, 9.51
mmol) were treated with 1 ml of glacial acetic acid in ethanol under reflux for 2
hours. A creamy precipitate formed upon cooling, which was collected by filtration,
washed with ice-cold ethanol (3×10 ml) and dried in vacuo. Yield: 2.33 g (86%)
of fine white powder. NMR analysis showed ≥95% purity. The product was used
further without additional purification. 1H NMR (300 MHz, dmso-d6, 25°C, δ):
12.23 (s, 1H, NH), 8.45 (s, 1H, NH), 7.62 (d, 3J = 7.4 Hz, 2H, HAr), 7.39 – 7.14
(m, 12H, HAr), 6.11 (d, 3J = 7.4 Hz, 1H, HAr). 13C{1H} NMR (75 MHz, dmso-d6,
25°C, δ): 170.8 (C=O), 146.1 , 140.9, 138.8, 134.3, 132.1. 131.5, 130.4, 129.6, 129.5,
128.7, 128.1, 127.8 (2C), 127.7 (4C), 127.6, 127.1, 126.5 (C). MS (FAB+): m/z =
359.1096 found, calculated: 359.1100.

2.4.1.4. Complex 9. This complex was prepared according to procedure de-
scribed by Cowley et al.127 Compound 8 (253 mg, 2.12 mmol) was dissolved in
tetrahydrofurane (thf) and treated with glacial acetic acid (0.2 ml) for ca. 20 min-
utes. 6 (500 mg, 2.12 mmol) was added to the solution and the mixture was stirred
at room temperature next 3 hours. Zn(CH3COO)2·2H2O (559 mg, 2.54 mmol) was
dissolved in 15 ml methanol and then added to the reaction mixture, followed by
triethylamine (0.74 ml, 5.30 mmol). After stirring overnight at room temperature
the solvents were evaporated and the residue suspended in ca. 10 ml methanol. The
yellow solid was filtered off, washed with methanol (3×5 ml) and dried in vacuo.
Yield: 647 mg (76%) of yellow powder, whose purity was estimated ≥95% by NMR.
1H NMR (300 MHz, dmso-d6, 25°C, δ): 9.35 (s, 1H, NH), 7.57 (dd, 3J = 8.2 Hz,
5J = 1.2 Hz, 2HAr), 7.31 (t, 3J = 8.0 Hz, 2H, 2HAr), 7.04 (dt, 3J = 7.6 Hz, 5J
= 1.2 Hz, HAr), 3.23 (s, 6H, N(CH3)2), 2.31 (s, 6H, CH3), 2.25 (s, 6H, CH3).
13C{1H} NMR (75 MHz, dmso-d6, 25°C, δ): 178.2, 172.4, 149.1, 144.0, 141.2, 128.3
(2C), 121.2, 119.7 (2C), 39.6 (2C), 14.7, 13.8. MS (FAB+): m/z = 399.0396 found,
calculated: 399.0404.

2.4.1.5. Complex 10. This compound was prepared analogously to complex 9
from 8 (119mg, 1.00 mmol), 5 (173 mg, 1.00 mmol), and Zn(CH3COO)2·2H2O (231
mg, 1.05 mmol); glacial acetic acid and triethylamine were added in corresponding
amounts as described above. Yield: 260 mg (77%) of yellow powder, NMR purity
≥95%. 1H NMR (300 MHz, dmso-d6, 25°C, δ): 7.20 (s, br, 1H, NH), 3.17 (s, 6H,
N(CH3)2), 2.81 (s, 3H, NHCH3), 2.17 (s, 6H, 2xCH3). 13C{1H} NMR (100 MHz,
dmso-d6, 25°C, δ): 178.0 (2C), 145.0 (2C), 48.9, 29.6 (2C), 14.2, 14.1. MS (FAB+):
m/z = 337.6256 found, calculated: 337.6300.

2.4.1.6. Complex 11. The reactants 8 (50 mg, 0.42 mmol) and 7 (151 mg, 0.42
mmol) were stirred in thf (ca. 7 ml) at 50°C for 2 hours. The reaction mixture
was cooled down to room temperature and so, and to it Zn(CH3COO)2·2H2O (92
mg, 0.46 mmol) dissolved in 5 ml methanol was added; After stirring over night
at room temperature the solvents were evaporated, the red residue suspended in
ca. 5 ml cold methanol, filtered off, washed twice with methanol and dried under
vacuum. Yield: 150 mg (68%) of bright red solid, NMR purity ≥95%. 1H NMR
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(300 MHz, dmso-d6, 25°C, δ): 9.47 (s, 1H, NH), 7.60 (d, 3J = 8.0 Hz, 2H, HAr),
7.34 – 7.19 (m, 10H, HAr), 7.08 (t, 3J = 7.8 Hz, 2H, HAr), 6.83 (t, 3J = 7.7 Hz,
2H, HAr), 3.17 (s, 6H, N(CH3)2). 13C{1H} NMR (75 MHz, dmso-d6, 25°C, δ):
180.4, 173.7, 150.2, 143.8, 141.4 (2C), 134.8 (2C), 134.0 (2C), 130.8 (2C), 130.5
(2C), 129.1, 128.8 (2C), 128.0 (2C), 127.8, 122.2, 120.6, 39.6 (2C). MS (FAB+):
m/z = 522.0586 found, calculated: 522.0600.

(a) NMR upon mixing

(b) after 18 hours at 75◦C

Figure 2.4.1. NMR spectra showing that neither demetallation nor decomposition
occur when benzimidazole is heated with the Zn(btsc) complex 10.

2.4.2. Stability test. The complex 10 (0.075 mmol, 25.3 mg) was mixed with
benzimidazole (4 equiv., 35.44 mg in dmso-d6, and 5 equiv, 44.30 mg in acetonitrile-
d3). NMR spectra were recorded immediately at room temperature, and after 18
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hours at 75◦C. No colour change, precipitation or appearance of the free ligand sig-
nals in NMR were observed in these experiments, indicating that no demetallation
or other decomposition reactions took place.

2.4.3. Crystallographic Analysis.
2.4.3.1. Crystallisation procedure. The procedure was same for both assemblies.

Equimolar amounts of Zn(btsc) 9 and ligand (L2 or L3) were weighed in 5 ml
Schlenk-tubes equipped with stirring bars, and set under dinitrogen atmosphere.
To them ca. 3 ml toluene were added, and the mixture was warmed to 50°C under
stirring. Additional toluene was added until everything was fully dissolved. The
hot solution was quickly filtered through an HPLC filter into a Pasteur-pipettevii

(ca 1.2 ml), in a tall Schlenk-tube, all under dinitrogen. Hexanes were added (ca.
15 ml) into the bottom of the Schlenk-tube (outside of the pipette), which was then
tightly closed. It was kept at ambient temperature and protected from light. After
two weeks first crystals appeared on inner wall of the pipette (the upper part),
which grew to sufficient size in the course of next three weeks.

2.4.3.2. X-Ray Diffraction Analysis. X-ray intensities were measured on a No-
nius KappaCCD diffractometer with rotating anode and graphite monochromator
(λ = 0.71073 Å) at a temperature of 150(2)K. Intensity data were integrated with
the Eval14152 (assembly 9·L2) or HKL2000153 (assembly 9·L3) software. Absorp-
tion correction and scaling was performed with SADABS.154 The structures were
solved with Direct Methods using the programs SHELXS-97155 (assembly 9·L2)
or SIR-97156 (assembly 9·L3). Both structures were refined with SHELXL-97155
against F2 of all reflections. Hydrogen atoms were introduced in calculated po-
sitions and refined with a riding model. Geometry calculations and checking for
higher symmetry was performed with the PLATON program.157

Assembly 9·L2. C31H32N7PS2Zn, MW= 663.10, yellow needle, 0.20 × 0.08 ×
0.06mm3, triclinic, P (no. 2), a = 11.1142(8), b = 11.1774(9), c = 13.0986(8)Å,
α = 81.434(3), β = 94.669(4), γ = 78.433(2)◦, V = 1573.1(2)Å3, Z = 2, Dx =
1.400 g·cm−3, µ = 1.00mm−3. 13454 Reflections were measured up to a resolution
of (sin(θ/λ))max = 0.50 Å−1. A large anisotropic mosaicity of 1.6◦ was used for
the integration of this weakly diffracting crystal. 3373 Reflections were unique
(Rint = 0.056), of which 2429 were observed (I > 2σ(I)). 383 Parameters were
refined with no restraints. R1/wR2 (I > 2σ(I)) : 0.0867/0.1990. R1/wR2 (all
refl.): 0.1219/0.2191. S = 1.071. Residual electron density between −0.56 and
2.23 e·Å−3.

Assembly 9·L3. C31H32N7PS2Zn·C7H8, MW= 755.23, orange triangular prism,
0.36 × 0.27 × 0.21 mm3, triclinic, P (no. 2), a = 12.9582(3), b = 13.0266(2), c =
13.1409(3)Å, α = 115.9892(8), β = 93.8687(10), γ = 107.0963(9)◦, V = 1855.38(7)
Å3, Z = 2, Dx = 1.352 g·cm−3, µ = 0.85mm−1. 21422 Reflections were measured
up to a resolution of (sin(θ/λ))max = 0.57Å−1. 5715 Reflections were unique
(Rint = 0.045), of which 4719 were observed (I > 2σ(I)). 447 Parameters were
refined with no restraints. R1/wR2 (I > 2σ(I)) : 0.0616/0.1526. R1/wR2 (all
refl.): 0.0758/0.1615. S = 1.037. Residual electron density between −0.56 and
1.18 e·Å−3.

vii the pipette was previously sealed at the thin end and set within a Schlenk-tube under inert
atmosphere
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2.4.4. UV-Vis Titration. To 2.500 ml 50.0·10-6mol·l-1 solution of complex
11 in a quartz cuvette, aliquots (5µl for first 25 points, 10µl for all following
points) of 2.50·10-3mol·l-1 solution of pyridine were added. After each addition,
the solution was shaken, left to equilibrate for 1 minute and a UV-Vis spectrum
was recorded. Blueshift of the band at 487nm and of the valley at 420nm, as well
as appearance of the new absorption band at 343nm were observed upon addition
of pyridine. Absorbance values at 529 nm were taken to create plot (A0 – A) vs
cpyridine, shown in insert in Fig. 2.2.3. The binding constant was calculated using
the curve fitting procedure for the 1:1 complexation case, developed by Hunter132
by having Aend and K as unknowns, what resulted with A0 – Aend = 0.0826771 and
K=(1.4±0.2)·105 l·mol-1. The fitting using in-house developed curve-fitting scripts
gave value of (1.6±0.1)·105, which was more accurate and therefore given in the
text.

2.4.5. High-Pressure Infrared Spectroscopy. The autoclave built for the
in-situ infrared spectroscopy (in detail described by van Leeuwen et al.),143 was
cleaned, dried, tested for leaks (pressurised with 40 bar hydrogen for 16 hours), and
flushed (3×15 bar) with syngas prior to use. All handling and manipulations were
performed under oxygen and water-free atmosphere (Ar of 1 bar 1:1 syngas). Only
freshly dried and degassed liquids were used. 1-octene was additionally purified by
filtration over a short plug of alumina.

2.4.5.1. HP-IR experiment with the supramolecular ligand. Zn(btsc) complex 9
was weighed (93.85 mg, 235.2µmol, 14.2 equiv.) on air, transferred into a Schlenk-
tube, and repeatedly evacuated and flushed with Ar. 10.0 ml dichloromethane
(dcm) and solution of L4 (20.8 mg, 78.4µmol, 4.7 equiv.) in 1.0 ml dcm were
added to it. The mixture was stirred at room temperature for 30 minutes, and
then transferred into the IR-autoclave. The Schlenk-tube was washed with 3.0 ml
dcm, which were added to the mixture in the autoclave, which was then again
flushed (3×15 bar) with syngas and pressurised to 19 bar. The injection chamber
of the autoclave was charged with solution of Rh(acac)(CO)2 (4.283 mg, 16.6µmol,
1 equiv.) in 1 ml dcm and pressurised to 30 bar. The autoclave was heated to 40°C
(the pressure increased to about 20.5 bar). Background spectrum was taken ca. 1
hour after the temperature reached 40°C, and then the solution of rhodium pre-
cursor was injected. The injection chamber was cleaned, dried, charged with 1.0ml
1-octene solution (521µl, 3.32mmol, 200 equiv.) and pressurised again with ca.
30 bar syngas. The incubation was followed all the while. The frequencies around
2000 cm-1 stopped changing ca. 45 minutes after rhodium precursor injection. Four
bands (2071, 2056, 2005 and 1970 cm-1) were observed, indicating mixture of two
(eq-eq and eq-ap, see main text) rhodium hydride species. In the region of the CO-
bridged Rh-dimers no signal appears initially, however, small signals start appearing
about two hours after the completed incubation, indicating slow transformation of
the hydride species into the inactive rhodium dimeric species. Therefore, in sep-
arate experiment the substrate was injected 60 minutes after Rh(acac)(CO)2 was
added, and the reaction monitored. The band of the aldehyde-CO at 1722 cm-1

started growing immediately, and the band of the C=C bond (1639 cm-1) dimin-
ished. During the catalysis (18 hours) a weak shoulder at 1986 cm-1 could be
observed, possibly the vibration of the the CO-bridged dirhodium species, whose
corresponding signal at ca. 1790 cm-1 was observed before the aldehyde band cov-
ered it. The signal of the dinuclear rhodium species stayed constant at low intensity
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all the time during catalysis, suggesting that it was in the equilibrium with the cat-
alytically active rhodium species.

2.4.5.2. HP-IR using triphenylphosphine as ligand. This experiment was per-
formed analogously to the previously described one. No Zn complex was added.
The amounts of ligand and rhodium precursor used: triphenylphosphine 25 mg
(95.3µmol, 5 equiv.), Rh(acac)(CO)2 4.920 mg (19.10µmol, 1 equiv.). The sub-
strate was, however, not added, only the formation of the hydride species was
monitored. Like in the above case, four main bands were observed, however at
lower frequencies (2056, 2030, 1989 and 1941 cm-1). In addition to them, the sig-
nals of the dinuclear rhodium species start appearing soon after rhodium injection
and are present in significant amount (we estimate about 30% of all rhodium is in
form of dimers, based on the relative intensities of the bands in IR).

2.4.6. Catalysis. The Zn(btsc) complexes were weighed directly into the glass
inlays before the autoclaves were assembled. After closing, the autoclaves were
charged respectively with solutions of the ligand(s), Rh(acac)(CO)2, and the sub-
strate (for the exact amounts amounts see Tab. 2.4.1). Toluene was added at the
end to fill the total reaction volume to 5 ml. The charged autoclave was flushed
three times with 30–35 bar syngas (CO/H2= 1 : 1), pressurized to 20 bar and low-
ered into the previously warmed (40◦C) oil bath. After 16 or 24 hours, the pressure
was released, autoclave cooled, rinsed with nitrogen and the reaction quenched with
tributylphosphite (0.5 ml in each reactor). The crude reaction mixture was diluted
with dcm (2 –3 drops of reaction mixture per GC vial) and injected into the GC.

Table 2.4.1. Concentrations and amounts of compounds used in catalytic experiments.

Compound equiv. c/(10−3mol·l−1) m/mg, or V
Rh(acac)(CO)2 1.00 0.70 0.903

L1 5.00 3.50 4.59
L2 or L3 5.00 3.50 4.61

L4 5.00 3.50 4.64
1-octene 1000 700 550 µl

2- or 3-octene 500 350 275 µl
Zn(btsc) 9 5 (15) 3.50 (10.5) 6.98 (20.9)
Zn(btsc) 10 5 (15) 3.50 (10.5) 5.91 (17.7)
Zn(btsc) 11 5 (15) 3.50 (10.5) 9.80 (29.4)
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CHAPTER 3

Selectivity Control by Supramolecular
Encapsulation: Hydroformylation of Internal

Aliphatic Alkenes using
ZnIIPhthalocyanine–Encapsulated Rhodium

Catalyst

Abstract. Herein we report application of a Zn(phthalocyanine) (ZnPc) com-
plex as building block for ligand-templated encapsulation of transition metal
catalysts. Coordination studies in the solution and in the solid state show
that the binding of ZnPc to pyridylphosphines occurs selectively to N, with an
association constant two orders of magnitude higher than the analogous be-
tween Zn(tetraphenylporphyrine) (ZnTPP) and pyridine. The capsule formed
by assembly of three ZnPc molecules to tris-(meta-pyridyl)-phosphine is sig-
nificantly larger than the one formed using ZnTPP. The in situ high-pressure
FT-IR spectroscopy data of the catalyst encapsulated by coordination of three
ZnPc molecules to the tris-(meta-pyridyl)-phosphine template ligand, sug-
gest that, under hydroformylation conditions, monophosphine rhodiumhydrido
species is formed, which displays different selectivity in catalysis than the
ZnTPP-encapsulated rhodium catalyst. The encapsulation by ZnPc leads to
60-70% 2-aldehyde from (long-chained) linear 2-alkenes, while the ZnTPP-
encapsulated catalyst produces 87% 3-aldehyde from 3-aldehydes, represent-
ing a unique example of selectivity control by the size of the capsule wherein
the transition metal is coordinated. The ZnPc-encapsulated catalyst is within
a spacious capsule which does not hinder the substrate motion during catal-
ysis, especially during the hydride migration step, which is most likely the
selectivity-determining process in this reaction. DFT calculations of the hy-
dride migration step support this hypothesis, and correctly predict the product
distribution obtained by the ZnPc-encapsulated catalyst.

3.1. Introduction

Over the decades, efforts invested in chemical research have resulted in nu-
merous discoveries and we enjoy today the immense accumulated knowledge and
understanding of Chemistry, beside everyday life commodities as final fruit of the
discoveries. However, there are still many fundamental questions modern chemistry
faces today,1 one of them being efficient transformation of simple, cheap feedstock
materials like non-functionalised linear aliphatic internal alkenesi, in a controlled,
(regio)selective manner into high-added value products. Probably the most suit-
able and “the only rational means of producing useful compounds in an economical,
energy-saving and environmentally benign way” 6 is catalysis.

ithese are produced by ethylene oligomerisation, which itself is a by-product of cracking processes
in oil refineries158

35
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The basic difficulty these non-functionalised molecules present is the absence
of polar groups, which are typically used as selectivity-directing handles in catal-
ysis. The lack of electronic handles imposes exploitation of differences in size of
substituents’ on the double bond, which are very often too subtle to be used effi-
ciently. Nevertheless, by applying this approach on tris-substituted alkenes, Pfaltz
and co-workers were able to hydrogenate a number of branched aliphatic alkenes
with high enantioselectivities,22 demonstrating the feasibility of the principle.

Similar examples are scarce for transition metal-catalysed hydroformylation,
another very important industrial process used for alkene functionalisation.159,160
At the moment, satisfactory selectivities can only be achieved in production of
linear aldehydes, either directly from terminal, or indirectly from internal alkenes
through double bond isomerisation-hydroformylation sequence.11 Regrettably, po-
tential high-added value products, accessible only through a regioselective, isome-
risation-free hydroformylation process, are practically lost due to lack of a suitable
transition metal catalyst. The catalyst required for this transformation must be
very special, as it should be able to select one of the two electronically nearly
identical carbon atoms by distinguishing their sterically very similar substituents.
Attempts to achieve selective hydroformylation of internal alkenes relying on the
primary coordination sphere of the catalyst included use of ligands such as phos-
phabarrelenes or phosphinines to modify the rhodium centre.159,161,162 These cata-
lysts favoured formation of branched aldehydes in the hydroformylation of styrene,
however, the linear internal alkenes yielded a near 1:1 mixture of branched aldehy-
des. Inspiration for a way to tackle this issue could be found in the manner enzymes
achieve exceptional selectivities: in many cases a pocket for substrate binding is
provided, which pre-orientates the substrate, activates it by distortion, and possibly
stabilises transition states.163–165

A tailored, well-defined synthetic “substrate binding pocket” around the cat-
alytic centre could provide a microenvironment able to convey the subtle steric
differences to the catalyst. Synthetic capsules and encapsulated transition metal
catalysts have already lead to remarkable discoveries in various reactions32,36,38,47
and this strategy is expected to deliver more fundamental discoveries in the fu-
ture.42

In our research group, ZnII(porphyrin) and ZnII(salphen) complexes were em-
ployed as building blocks in the ligand-templated encapsulation of transition metal
catalysts and creation of a confined space around the catalytic centre.27,31,166
Rhodium hydroformylation catalyst encapsulated by ZnTPP (Fig. 3.1.1) displayed,
besides significantly increased activity, very unusual selectivity in hydroformyla-
tion of terminal alkenes, favouring the branched aldehydes.27 Moreover, the en-
capsulated catalyst was able to distinguish between an ethyl and n-butyl group
in 3-octene, and transform simple linear 2-alkenes to C3-aldehydes with selectivi-
ties of up to 87%.60 This is the single reported example of isomerisation-free, (re-
gio)selective hydroformylation of non-functionalised linear internal alkenes. How-
ever, only the one of the branched aldehydes could be obtained as major product
and none of the catalysts displayed preference for the formation of the other alde-
hyde isomer.

Knowing that the change of the cavity shape in enzymes can lead to remarkable
change in selectivity,167,168 we postulated that similar phenomenon could occur
upon changing the shape of our synthetic capsule. Following the ligand-templated
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Figure 3.1.1. Comparison of ZnTPP and ZnPc structures and the ligands used in
this study.

approach for encapsulation, we employed a ZnII(phthalocyanine) (ZnPc, Fig. 3.1.1)
complex as building block in order to modify the shape of the synthetic capsule, i. e.
the shape of the substrate binding pocket. Herein we show that the ZnPc-based
capsule indeed causes change of the cavity shape, making it significantly larger than
the ZnTPP-based pocket. Importantly, the ZnPc-encapsulated catalyst displays
selectivity almost opposite to that observed with the ZnTPP-encapsulated catalyst.
In order to gain more insight into the mechanism of the catalytic cycle we studied
the ZnPc-encapsulated catalyst in situ by high-pressure FT-IR spectroscopy. DFT
computations used to calculate the theoretical product distribution agree with the
experiment, indicating that the hydride migration step determines the selectivity
of the reaction.

3.2. Results and Discussion

The (metallo)phthalocyanines (MPc) are structurally related to metallopor-
phyrins but not as widely applied in supramolecular chemistry. Contrary to por-
phyrins, they are not biosynthetic products, but purely human–made, first at the
beginning of the 20th century.68,69 Due to their strong absorption of red light
and exceptional stability, (metallo)phthalocyanines have since mainly been used
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in large scale as pigments and dyes.ii 70,174,175 Besides high stability, the (meta-
llo)phthalocyanines are characterised by low solubility in most solvents. Phthalo-
cyanine derivatives of improved solubility have been obtained using various sub-
stituents which decrease the degree of π − π stacking and provide additional inter-
actions with the solvent.176,177 For our purposes we chose and synthetised octakis-
(4-tbutylphenoxy)-phthalocyaninatozincII (further: ZnPc, see Fig. 2.2.2a), which
was shown to display good solubility and comparably low degree of aggregation in
non-coordinating solvents.178,179

Figure 3.2.1. Molecular structure of ZnPc-L3 assembly in the solid state. Displace-
ment ellipsoids drawn at 50% probability. Highly disordered atoms were refined isotropi-
cally and are drawn as spheres. Only the major conformations of the disordered moieties
are shown. H atoms are removed for clarity. Selected distances (in Å): Zn–Npy 2.129(3),
Zn–N(1) 2.031(3) Zn–N(2) 2.013(3) Zn–N(3) 2.019(3) Zn–N(4) 2.010(3).

3.2.1. Coordination Studies. The coordination behaviour of L2 and L3 to-
wards ZnPc was studied both in solution and in the solid state. From the titration
monitored by UV-Vis spectroscopy132,133 the association constant was determined:
K = 1.2·105l·mol−1. The Job-plot analysis showed formation of 1:1 assemblies. The
K value is around two orders of magnitude higher than that of ZnTPP and pyridine-
based systems (K = 1.2·105l·mol−1) and similar to that of the Zn(salphen)-pyridine

iiLately, the investigations of (metallo)phthalocyanines focus on their electrochemical and spectro-
scopic properties and seek to find applications for these molecules in medical treatments,169–171

as well as photo-sensitisers in light harvesting systems.172,173
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(a) (b) L4·(ZnPc)3

Figure 3.2.2. 3:1 Interaction stoichiometry between L4 and ZnPc (left) and the molec-
ular model of the L4·(ZnPc)3 assembly illustrating the encapsulation (right). Geometry
optimised with PM6 semi-empirical method as implemented in MOPAC2009 using the
MOZYME module.180–182

assemblies. Importantly, this association constant is sufficient for construction of
ligand-templated supramolecular ligands.52,110,132,183,184 The molecular structure
of the ZnPc–L3 assembly in the solid state (Fig. 3.2.1) was determined by X-ray
diffraction on crystals obtained from saturated toluene solution of ZnPc and L3 in
1:1 ratio by gas-phase diffusion of hexanes. The association occurs selectively via
nitrogen coordinating to the ZnII centre, leaving phosphorus atom free for coordi-
nation to a soft transition metal.iii

The stoichiometry of the ZnPc–L4 interaction was studied by NMR spec-
troscopy using the Job’s method. We monitored the aromatic proton signal of
ZnPc at 9.3 ppm, which shifts downfield in the region where [ZnPc]/[L4] ≤ 1:1.
Addition of the second ZnPc equivalent, that coordinates to the next free pyridyl
group of L4, leads to a significant upfield shift of the monitored signal. The upfield
shift is due to mutual shielding of the two coordinated ZnPc molecules caused by
their ring currents. The shift is largest at the ZnPc/L4 ratio of 3:1, indicative
of the stoichiometry of the complex formed (Fig. 3.2.2a). The molecular model
(PM6, MOPAC2009/MOZYME) of the assembly shows no steric hindrances for
the formation of the 3:1 assembly (Fig. 3.2.8b). Just like in the solid state, the
aryloxy substituents of ZnPc point in random directions and do not influence the
core geometry of the assembly.

3.2.2. Catalysis. Application of the supramolecular assembly L4·(ZnPc)3 as
a ligand for rhodium catalysed hydroformylation (Fig. 2.2.6b) has led to about a 7-
fold increase of conversion of terminal alkenesiv as compared to the non-encapsulated
catalyst or triphenylphosphine (compare the entry 3 to entries 4 and 5 in Tab. 3.2.1).

iiiThe ligand L3 coordinates to ZnPc in two manners, neither ideally perpendicular to the ZnPc-
plane, but 4.5◦ or 11◦ tilted.
ivon the example of 1-octene, entries 3 and 5 in Tab. 3.2.1
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Table 3.2.1. Hydroformylation of terminal and internal octenes

Entry Alkene Ligand Conv. (%) Iso. (%) P1 P2 P3
1 1-pentene L4·(ZnPc)3 76 ≤1 72 28 -
2 1-hexene L4·(ZnPc)3 55 ≤1 78 22 -
3 1-octene L4·(ZnPc)3 63 ≤1 76 24 -
4 1-octene L1 7 ≤1 75 25 -
5 1-octene L4 9 ≤1 72 28 -
6 1-decene L4·(ZnPc)3 87 1.1 76 24 -
7 1-dodecene L4·(ZnPc)3 56 1.3 71 24 -
8 1-tetradecene L4·(ZnPc)3 66 1.1 71 28 -
9 1-hexadecene L4·(ZnPc)3 65 0.8 71 28 -
10 1-octadecene L4·(ZnPc)3 34 1.6 72 26 -
11 trans-2-pentene L4·(ZnPc)3 9 ≤0.1 - 53 47
12 trans-2-hexene L4·(ZnPc)3 9 ≤0.1 - 55 45
13 trans-2-octene L4·(ZnPc)3 8 ≤0.1 - 59 41
14 trans-2-octene L1 2 ≤1 - 56 44
15 trans-2-octene L4 2 ≤1 - 55 45
16 cis-2-octene L4·(ZnPc)3 8 ≤0.1 - 63 37
17 trans-2-nonene L4·(ZnPc)3 9 ≤0.1 - 70 30
18 trans-2-decene L4·(ZnPc)3 8 ≤0.1 - 69 31

Common conditions: [P]/[Rh] = 5.0, p = 20 bar, CO/H2 = 1:1. Conditions terminal
alkenes: [Rh] = 0.10mmol/l, [1-alkene]/[Rh] = 1000, T= 40°C, 18 hours. Conditions
internal alkenes: [Rh] = 0.50mmol/l, [2-alkene]/[Rh] = 500, T= 25°C, 85 hours.
Reaction mixture quenched by cooling and addition of tributylphosphite. For GC

analysis crude mixture diluted with CH2Cl2 and injected directly in GC.

This effect is similar to what Slagt and co-workers observed with the ZnTPP-
encapsulated rhodium catalyst.27 The ZnPc-encapsulated catalyst, contrary to the
ZnTPP-encapsulated one, converts terminal alkenes with essentially identical selec-
tivity as triphenylphosphine L1.

With internal alkenes we observe similar increase of conversion (entries 13 and
15 in Tab. 3.2.1). This increase of activity appears to be common for the encap-
sulated catalysts, regardless of the employed ZnII building block. The selectivity
in internal alkene hydroformylation displays an interesting trend: in cases of short-
chained substrates (C5–C6) the selectivity is the same as with the non-encapsulated
catalyst (entries 11-12 and 14-15, respectively). Remarkably, the longer chain sub-
strates lead preferentially to P2 product (the less branched aldehyde), with trans-
2-nonene and trans-2-decene giving ca. 70% P2 (entries 17 and 18). 2-Octenes are
in between with around 60% P2. This selectivity is exactly the opposite of what
was observed with the ZnTPP-encapsulated catalyst and similar substrates.60 To
our best knowledge there are no catalysts able of reaching such selectivity with
these difficult, non-functionalised substrates. It is, however, even more fascinating
that the change of ZnII building block leads to such remarkable switch of selectivity,
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remotely resembling the sensitivity of enzymes’ selectivity when the shape of their
substrate binding pocket is changed.167,168,185
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substrate consumption (blue x-markers). Initially formed rhodium hydride species is
regenerated after full substrate conversion (left). Concentration profiles and reaction
orders in respect to 1-octene obtained with in situ HP-FTIR spectroscopy (right).

3.2.3. In situ Infrared Spectroscopy. Upon mixing Rh(acac)(CO)2 with
(L4·(ZnPc)3) under syngas atmosphere in the IR-autoclave,143 RhH(CO)3(L4·(ZnPc)3)
is readily formed in less than 20 minutes. This mono-phosphine tris-carbonyl rhodi-
umhydrido species is characterised by three CO bands at 1948, 2005 and 2047 cm−1,
(black line in Fig. 3.2.4a), similar to the ZnTPP-encapsulated rhodium species other
reported earlier.27,186 Molecular model of the species related to it, in which one CO
molecule was replaced by ethylene, [RhH(CO)2(η

2−C2H4)[(L4)·(ZnPc)3], is shown
in Fig. 3.2.8. It is clear that the sheer size of the supramolecular ligand does not
allow coordination of the second phosphine ligand to rhodium, as it was also the
case with the ZnTPP-encapsulation.27
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When 200 equivalents of 1-octene were injected into the autoclave in which this
rhodiumhydrido species is present, the carbonyl bands in IR changed,v red line in
Fig. 3.2.4a, making the interpretation difficult. The new IR spectrum suggests that
most likely the starting species 5 (RhH(CO)3(L4·(ZnPc)3)), and a not identified
rhodium species, possibly a resting state, are both present during catalysis. Impor-
tantly, the initial rhodiumhydrido species is fully regenerated (blue line, Fig. 3.2.4a)
after full substrate consumption, as estimated from intensities in IR (compare the
black with the blue line, Fig. 3.2.4a). Clearly, the catalysts returned to the same
resting state as before the reaction. The second batch of 1-octene (200 equiv.)
was converted with essentially same rate as the the first one, confirming that the
catalytic activity was fully retained, as can be seen in Fig. 3.2.4b.vi The formation
of aldehyde products was also monitored in time using HP-IR spectroscopy. Ap-
plying the reaction progress kinetics187 to these data we found that the rate order
in respect to the substrate is 1.0, (see insert in Fig. 3.2.4b), which is typical for the
type I hydroformylation kinetics.vii This allows us to look deeper into the mech-
anism, especially into the selectivity-determining hydride migration step, which is
the commonly accepted selectivity-determining step type in I kinetics, provided it
is irreversible.188,189 This is true for the ZnPc-encapsulated catalyst, since there is
virtually no isomerisation was observed.

3.2.4. Computational Studies. We used computational methodsviii to study
the hydride migration step from rhodium to the coordinated alkene to give the
rhodium alkyl intermediate. The hydride can be transferred to the sp2-C atom
closer to P (“inner” C, Fig. 3.2.5a) or to the other sp2-C atom (“outer” C). Migra-
tion to the inner C atom requires that it rotates towards H, and leads to formation
of square-planar rhodium alkyl species with P and alkyl group trans to one another
(Fig. 3.2.5a). In the other case H is transferred to the outer C, and the alkyl group
ends up cis to P. ix With two hydride transfer options and four rhodium alkene
isomers (Fig. 3.2.5b), there are eight hydride migration pathways in total. The
computations were performed for two model systems: the non-encapsulated mono-
phosphine rhodium catalystx (with L4 as ligand and trans-2-octene as substrate),

vthe intensity of the band at 1948 cm−1 decreases and a new band at ca. 1980 cm−1 appears
viThe changes in the IR during the hydroformylation of the second substrate batch were identical
to those seen before.
The turnover frequency (TOF, h−1) of the second run (TOFinit = 33 h−1) was calculated slightly
higher than in the first run (TOFinit = 29 h−1). This is the systematic error caused by the
changed position of the autoclave with respect to the optical path of the spectrometer, brought
about by second substrate injection.
viiThe reaction rate order in respect to substrate is indicative of the type of kinetic mechanism of
hydroformylation. In the two border cases, the order in substrate may be 0 (type II kinetics) and
1 (type I kinetics), for which the rate-limiting and the rate determining step are both early in the
catalytic cycle.
viiiusing DFT and Gaussian 03 package;190 pbe1pbe/dgdzvp was used for the non-encapsulated
catalyst case; DFT:DFT ONIOM191,192 method (pbe1pbe/dgdzvp:pbe1pbe/3-21G**) for the
ZnPc-encapsulated case. See the Experimental Section for more details.
ixThe cis-alkylrhodium intermediates are in the non-encapsulated model catalyst are in general
slightly higher in energy than the trans-alkylrhodium species. However, in the ZnPc’-encapsulated
catalyst, the energies of these isomers are random and apparently not affected by encapsulation.
This is also expected, as the capsule is large and does not hinder the substrate rotation, vide infra.
xNB: this catalyst is not accessible experimentally in pure form; a mixture of rhodium carbonyl
species is usually formed from rhodium precursor and monodentate phosphine ligands under hy-
droformylation conditions.12,160
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Figure 3.2.6. Hydride migration transition states of the a1 isomer demonstrating the
rotation of the “inner” and “outer” C-atom.

and the catalyst encapsulated by ZnII(phthalocyanine) without the aryloxy sub-
stituents, further termed ZnPc’.xi Further details and computational results can be
found in the Experimental Section.

xiWe did not consider transition states of CO-dissociation and alkene coordination, as their barriers
are usually significantly lower than that of the hydride migration.193
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In the energy diagrams shown in Fig. 3.2.7 we see that the calculated migration
barriers are below 20 kcal·mol−1, in agreement with experiments, as the reaction
readily proceeds at room temperature. In the ZnPc’-encapsulated case the migra-
tion barriers are slightly higher than in the non-encapsulated model catalyst, what
is most likely due to energy required for conformational change of the secondary co-
ordination sphere (i. e., the rearrangement of the capsule in order to accommodate
the transition state).

The the ratio of the products can be calculated as the ratio of their formation
rates using the formula:

(3.2.1)
[P3]

[P2]
=
r(P3)

r(P2)
=

∑
i c(ai) · kP3(ai)∑
i c(ai) · kP2(ai)

where c(ai) are the relative concentrationsxii of the alkene isomers ai, kP2(ai) and
kP3(ai) micro-constants of the hydride migration rate towards P2 and P3, respec-
tively.xiii In either case we find that the computational model predicts the aldehyde
P2 to the major product, with 85% for the non-encapsulated model catalyst, and
89% for the case of the ZnPc’-encapsulated catalyst. Considering the size of the
the encapsulated system and the computational challenge, this result is an excellent
agreement with the experimental (60-70% P2) results.xiv

In the ZnPc’-encapsulated structures we did not observe significant degree of
strain or steric hindrance, indicating that the capsule can easily adapt to steric

xiiEstimated according to the Boltzmann distribution law using their relative (free) energies.

xiiiCalculated using the Arrhenius’ equation kP2(ai) = A · e−
∆E

#
A,P2

(ai)

RT or kP3(ai) = A ·

e−
∆E

#
A,P3

(ai)

RT .
xivThe non-encapsulated monophosphine rhodium species we calculated is only a model and it is
not present in the reaction solution, so it cannot be compared to results shown in entries 5 and
15 in Tab. 3.2.1.
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(a) ZnTPP-encapsulation (b) ZnPc-encapsulation

Figure 3.2.8. Surface representation of ZnTPP-encapsulated RhH(CO)3(L4) and
ZnPc-encapsulated RhH(CO)2(η

2−C2H4)(L4) complexes, showing the difference in
cavity shape. For details on molecular modelling please see the Experimental Section.

demands of the intermediate rhodium species. Comparing the rhodium species en-
capsulated by ZnTPP with the one encapsulated by ZnPc, Figs. 3.2.8a and 3.2.8b
respectively, we see that the cavity formed by ZnPc is significantly larger than that
of the ZnTPP-based one. Being more spacious, the ZnPc-capsule does not hinder
the relative motion of the substrate required in the reaction, allowing preferen-
tial formation of the P2 aldehyde, which is also favoured by the monophosphine
rhodium catalyst. In contrast, the confined microenvironment of the ZnTPP-pocket
is more likely to reduce the motion freedom of the substrate, which is most likely
the reason for preferential formation of the P3 aldehyde. Thus, the current data
suggests that the most important role of the ZnPc-based capsule is to facilitate the
selective formation of the mono-phosphine rhodium species while simultaneously
providing sufficiently large inner space for unhindered substrate motion during the
catalytic cycle.

3.3. Conclusions and Outlook

Application of ZnII(phthalocyanine) complex as a building block in ligand-
templated encapsulation of a rhodium hydroformylation catalyst has led to the
formation of a supramolecular capsule spacious enough to accommodate the sub-
strate and not hinder it during the hydride migration. As a consequence, this
hydroformylation catalyst forms preferentially the C2-aldehyde (P2) in the hydro-
formylation of long-chained, linear aliphatic 2-alkenes, what is nearly opposite to
the selectivity displayed by the ZnTPP-encapsulated catalyst.

These results demonstrate that constructing catalysts with confined microen-
vironments around the active site could be a successful design strategy for next
generation catalysts. It provides tools to even selectively functionalise difficult sub-
strate molecules in an atom-economical fashion. We find it fascinating, to be able
to control the product of catalysis by merely choosing the appropriate building
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block that creates the cavity around the catalyst. Therefore we continue our work
on supramolecular encapsulation, towards providing tools which might help fulfill-
ing the synthetic chemist’s great dream: to be able simply to “go in the lab and
synthesize an arbitrary molecule in 100% yield in pure form”.1

3.4. Experimental Section

3.4.1. General. Solvents and reagents used for synthesis of ZnII(phthalocya-
nine) and its precursor compounds were used as obtained from supplier, except in
the synthesis steps requiring dry reaction medium. The solvents used for pyridyl-
phosphine synthesis, catalysis, spectroscopic (HP-FTIR, UV-Vis) and crystallisa-
tion experiments were dried and freshly distilled prior to use: toluene and hexane
over Na/benzophenone and CH2Cl2 over CaH2. The deuterated solvents were dried
and degassed using the freeze–pump–thaw technique and kept over 4 Å molecular
sieves. The alkenes (substrates in catalysis) were purified by filtration over a plug
of alumina and degassed by Ar-bubbling. All handling and manipulations, except
synthesis of ZnPc and, partly, its precursor compounds, were performed under oxy-
gen and water-free atmosphere (dinitrogen, Ar or syngas). The pyridylphosphine
ligand L4 was prepared using previously published procedure.149

NMR spectra were acquired on the Varian Mercury-VX 300, Bruker DRX300
(1H at 300 MHz, 31P at 100 MHz, and 13C at 75 MHz), and Bruker ARX400 (1H at
400 MHz, 31P at 125 MHz, and 13C at 100 MHz). The resonances are referenced to
solvent itself as internal standard and are reported in parts per million (ppm). IR
spectra were recorded on the Nicolet Nexus 670 FT-IR spectrometer operated by
Omnic 6.2 Software; UV-Vis measurements were performed on the Hewlett-Packard
8453 and the Varian Cary 4 spectrophotometer. Gas chromatography (GC) analysis
were done on the Shimadzu GC-17A chromatograph equipped with an FID detector
using a 30 mm long column with 0.32 mm diameter and dimethylsiloxane cross-
linked phase of 3 µm thickness.

Catalytic experiments were performed in mini-4-autoclaves connected to the
same high-pressure line, allowing all four reactions to be ran under the same pres-
sure. Before each run the autoclaves were evacuated, flushed with nitrogen, and
tested for leaks at ca. 35 bar syngas. High-pressure FTIR spectroscopy experiments
were conducted in the in-situ IR-autoclave,143 which was cleaned, dried, tested for
leaks (pressurised with 40 bar hydrogen for 16 hours), and flushed (3×15 bar) with
syngas prior to every use.

Molecular graphics images were produced using the UCSF Chimera package
from the Resource for Biocomputing, Visualization, and Informatics at the Univer-
sity of California, San Francisco.150

3.4.2. Synthesis. ZnPc was synthesized from the 4,5-bis-(4-tbutylphenoxy)-
phthalonitrile and Zn(CH3COO)2·2H2O catalysed by DBU (1,8-diazabicyclo[5.4.0]-
undec-7-ene) by heating in 1-pentanol.179 The required 4,5-bis-(4-tbutylphenoxy)-
phthalonitrile was prepared from 4,5-dichlorophthalonitrile, which is easily obtained
from commercially available 4,5-dichloro-1,2-benzenedicarboxylic acid in four steps,
according to the reported procedure.178 The intermediate products were controlled
by taking their IR and/or NMR spectra, which were in agreement with the pub-
lished data, so we went on with the protocol till we obtained the desired ZnPc in
the final step.
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ZnPc. was prepared following the procedure described by Yamada et al.178
4,5-bis-(4-tbutylphenoxy)phthalonitrile (500 mg, 1.18 mol, 4,0 equiv.) and Zn-
(OAc)2·2H2O were stirred in 7 ml pentanol with 30 µl DBU (1,8-Diazabicyclo-
[5.4.0]undec-7-ene) overnight at 150°C in a sealed tube. The dark green mixture
was cooled down and the ZnPc precipitated by addition of methanol. The bright
green product was filtered off and washed thoroughly with methanol. The crude
product was purified by column chromatography on silica in two stages. First
the soluble impurities were washed away with dichloromethane (2% methanol),
and the ZnPc was obtained when thf was used as eluent. Insoluble black residue
remained on the top of the column. Yield: 400 mg (77%). High-resolution MS:
m/z = 1766.4906 (MH+) found, 1765.5312 calculated. UV-Vis absorption bands
(353.6, 613.9, 653.1 and 681.4nm) as well as 1H NMR data (400 MHz, CDCl3,
25°C, δ[ppm]: 9.28 (s, 8H), 7.82 (d, 16H), 7.37 (d, 16H), 1.29 (s, 72H)) confirmed
the identity of the product. The purity was estimated >95% by NMR and the
ZnPc was used without further purification.
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Figure 3.4.1. UV-Vis Spectra during ZnPc–L2 titration (above) and changes at 350
and 680 nm during the UV-Vis titration of ZnPc and L2 (bellow).
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(a) (b) Job-plot

Figure 3.4.2. The titration curve (left) and the stoichiometry of ZnPc–L2 interaction
(right).

3.4.3. UV-Vis Titration.
3.4.3.1. Determination of the ZnPc-L2 association constant. The experiment

was carried out using the Varian Cary 4 UV-Vis spectrophotometer, scanning the
range between 270 and 900 nm with scan rate of 909 nm/minute.

Procedure: to 2.500 ml 8.20·10−6mol·l−1 toluene solution of ZnPc complex in
a quartz cuvette aliquots (10 µl for first 10 points, 15 µl for points 10-15 and 20 µl
for all following points) of 3.84·10−4mol·l−1 solution of L2 were added. After each
addition, the cuvette was shaken and left to equilibrate shortly before recording
a UV-Vis spectrum. Blueshift of the band at 350 nm and slight redshift of the
band at 680 nm were observed (Fig. 3.4.1). Using the absorbance data at these
wavelengths two values for the titration curves were fitted (one shown in Fig. 3.4.2a)
the equilibrium constant was calculated according to methods described in the
literature.132,133 The mean value of K is 1.23·105l·mol−1. Other details: optical
pathlength = 10.00 mm, ε(ZnPc, 365nm)·l=17241.54 l·mol−1, ε(ZnPc, 672nm)·l=-
8718.80 l·mol−1. The full data set obtained in the titration is given in the table
(aliquots are cumulative) 3.4.1.

3.4.4. The Job–Analysis.
3.4.4.1. Determining the stoichiometry of ZnPc–L2 interaction. Solutions of

ZnPc and L2 in toluene (c = 25.0 · 10−6mol·l−1) were mixed in 9 samples in order
to vary the ratio [ZnPc]/[L2]= 0:1; 1:7; 1:3, 3:5; 1:1; 5:3; 3:1; 7:1; 1:0. The total
concentration ([ZnPc]+[L2]) was 25.0·10−6mol·l−1 in all samples. The spectra were
recorded on the Varian Cary 4 spectrophotometer. Data were extracted from the
spectra (shown in Table 3.4.2) and plotted according to Job-method.133 The maxi-
mum of the curve in Fig. 3.4.2b is precisely at 1:1 stoichiometry of the interaction.
ε(ZnPc, 368nm)·l=47860 l·mol−1, ε(L2, 368nm)·l=327 l·mol−1, optical pathlength
= 10.00 mm.

3.4.4.2. Determining the stoichiometry of the ZnPc-L4 interaction. This ex-
periment was performed analogously to the previous one, at total concentration
of 0.80·10−3mol·l−1 (benzene-d6), the signals were monitored by NMR (Bruker
400MHz). 13 samples were made: [ZnPc]/[L4]= 1:0; 11:1; 5:1; 3:1; 2:1;

√
2 : 1;

1.1; 1 :
√

2; 1:2; 1:3; 1:5; 1:11; 0:1. The singlet at 9.3 ppm belonging to ZnPc was
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Table 3.4.1. Data from the UV-Vis titration of ZnPc with L2

Entry Aliq. [µl] A-A0(365nm) A-A0(672nm) c(L2) [10−9l·mol−1] Equiv. L2
1 0 0.00000 0.00000 0.00000 0.00
2 10 0.00613 0.00905 13.1821 0.16
3 20 0.01246 0.01830 26.2740 0.32
4 30 0.01893 0.02799 39.2765 0.48
5 40 0.02795 0.04171 52.1905 0.64
6 50 0.03107 0.04725 65.0169 0.79
7 60 0.03406 0.05209 77.7568 0.95
8 70 0.03720 0.05932 90.4108 1.10
9 80 0.03801 0.06337 102.9799 1.26
10 90 0.03898 0.06737 115.4649 1.41
11 100 0.04117 0.07326 127.8667 1.56
12 115 0.04336 0.07773 146.3151 1.79
13 130 0.04541 0.08116 164.5809 2.01
14 145 0.04845 0.08640 182.6667 2.23
15 160 0.05057 0.09036 200.5752 2.45
16 175 0.05230 0.09332 218.3089 2.66
17 195 0.05492 0.09747 241.6866 2.95
18 215 0.05684 0.10090 264.7640 3.23
19 235 0.05828 0.10378 287.5470 3.51
20 255 0.06066 0.10699 310.0412 3.78
21 275 0.06205 0.11015 332.2520 4.05

Table 3.4.2. Job-method analysis of ZnPc–L2 interaction.

Entry c(ZnPc) [10−3mol·l−1] L2 [10−3mol·l−1] L2 molar ratio AZnPc·L2
1 0.025000 0.000000 0.000 0.000000
2 0.021875 0.003125 0.125 0.054107
3 0.018750 0.006250 0.250 0.083661
4 0.015625 0.009375 0.375 0.112948
5 0.012500 0.012500 0.500 0.128439
6 0.009375 0.015625 0.625 0.085236
7 0.006250 0.018750 0.750 0.048803
8 0.003125 0.021875 0.875 0.019357
9 0.000000 0.025000 1.000 0.000000

monitored, see the NMR spectra in Fig. 3.4.3 and 3.4.4. The data used to produce
the plot in Fig. 3.2.2a is given in the Table 3.4.3.

3.4.5. Crystallographic Analysis of the ZnPc-L3 Assembly. Monocrys-
tals suitable for X-ray diffraction analysis were grown from saturated solution of
ZnPc and L3 (mixed in 1:1 ratio) in toluene by diffusion of hexanes via the gas
phase.

3.4.5.1. Crystallisation Procedure. Equimolar amounts of ZnPc and L3 were
weighed in two separate 5 ml Schlenk-tubes equipped with stirring bars and set
under dinitrogen atmosphere. 1 ml toluene was added to ZnPc, and the mixture
was warmed to 50°C under stirring. Additional toluene was added continuously in
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Table 3.4.3. The data for determination of ZnPc–L4 interaction stoichiometry.

Entry δ [ppm] [ZnPc]
[ZnPc]+[L4] (δ0 − δ)· [ZnPc]

[ZnPc]+[L4]

1 9.436 1.000 0.00000
2 9.426 0.917 -0.00917
3 9.406 0.833 -0.02500
4 9.399 0.750 -0.02850
5 9.395 0.667 -0.02667
6 9.416 0.585 -0.01170
7 9.439 0.500 0.00150
8 9.443 0.415 0.00290
9 9.444 0.333 0.00267
10 9.450 0.250 0.00350
11 9.455 0.167 0.00317
12 9.460 0.083 0.00200
13 - 0.000 0.00000

Figure 3.4.3. The singlet of ZnPc changing during the Job-analysis of ZnPc–L4
interaction stoichiometry.

small portions until ZnPc was fully dissolved.xv The hot solution was transferred to
L3 and the stirring at 50◦C was continued for 15 minutes. Still hot, it was quickly
filtered through HPLC filter into a Pasteur-pipette, previously sealed at the thin
end, (ca 1.2 ml), in a tall Schlenk-tube, all under dinitrogen. Hexanes were added

xvas it was possible to judge against light - the solution was very dark



3.4. EXPERIMENTAL SECTION 51

Figure 3.4.4. Proton NMR spectra of the ZnPc–L4 system during Job-analysis.
Signals on L4 highlighted.

(ca. 15 ml) to the bottom of the Schlenk, which was then tightly closed and kept at
ambient temperature and protected from light. After three weeks crystals on the
walls of the pipette were observed.

3.4.5.2. X-ray crystal structure determination of ZnPc·L3. C129H126N9O8PZn+
disordered solvent, Fw = 2026.73xvi , green plate, 0.80 × 0.28 × 0.16 mm3, mon-
oclinic, P21/n (no. 14), a = 22.2116(1), b = 23.1168(1), c = 22.6678(1)Å, β =
90.9171(2)◦, V = 11637.54(9)Å3, Z = 4, Dx = 1.16 g·cm−3†, µ = 0.28mm−1xvii.
163050 Reflections were measured on a Nonius KappaCCD diffractometer with
rotating anode and graphite monochromator λ = 0.71073Å) up to a resolution
of (sin(θ/λ))max = 0.60Å−1 at a temperature of 125(2) K. Intensity data were
integrated with the HKL2000 software.153 An absorption correction was not con-
sidered necessary. 21221 Reflections were unique (Rint = 0.071), of which 15773
were observed [I>2σ(I)(I)]. The structure was solved with Direct Methods using
the program SIR-97156 and refined with SHELXL-97155 against F2 of all reflec-
tions. The structure contains voids (894.5Å3/unit cell) filled with disordered sol-
vent molecules. Their contribution to the structure factors was secured by back-
Fourier transformation using the SQUEEZE routine of the PLATON package,157
resulting in 127 electrons/unit cell. 1317 Parameters were included in the least-
squares refinement. Two of the tbutyl groups were refined with a split model for
rotational disorder. The L3 ligand was refined with two conformations, which have

xviDerived values do not contain the contribution of the disordered solvent.
xviiDerived values do not contain the contribution of the disordered solvent.
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Figure 3.4.5. Solid state structure of the ZnPc–L3 assembly: packing in the crystal
and the stacking interactions (detail on the right).

the coordinated N atom in common. The ordered non-hydrogen atoms and the dis-
ordered P-atoms were refined with anisotropic displacement parameters. All other
disordered non-hydrogen atoms were refined with isotropic displacement param-
eters. Hydrogen atoms were introduced in calculated positions and refined with
a riding model. 1537 restraints were used to model the disorder. R1/wR2 [I >
2σ(I)]: 0.0878/0.2446. R1/wR2 [all refl.]: 0.1114/0.2638. S = 1.074. Residual elec-
tron density between −0.94 and 1.33 e·Å−3. Geometry calculations and checking
for higher symmetry was performed with the PLATON program.157 CCDC 796962
contains the supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

3.4.6. In situ High-Pressure Infrared Spectroscopy. ZnPc (423.25 mg,
0.200 mmol, 15 equiv.) and L4 (21.220, 0.080 mmol, 5 equiv.) were stirred under Ar
in a Schlenk-tube in dichloromethane (dcm, 10 ml) at 25◦C for 20 minutes and then
transferred into the IR-autoclave. The Schlenk-tube was washed with 4 ml dcm,
which were also added to the autoclave, which was then flushed with syngas (3×25
bar) and pressurised to 19 bar. Solution of rhodium precursor Rh(acac)(CO)2 in
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Figure 3.4.6. Detail of π − π stacking interaction. The distance between the layers
was calculated as the distance between the planes defined by the four N atoms that
bind ZnII; d = 3.29 Å, comparable to graphite (3.31 – 4.30 Å) and other MPc struc-
tures.135–137,141,194,195 At a closer look, we see that L3 is coordinated to opposite sides
of two stacking ZnPc molecules, which makes the stoichiometry of ZnPc–L3 interac-
tion 2:2, rather than 1:1. The 2:2 is likely the correct stoichiometry of the ZnPc–L2
system at concentrations higher than ca. 15·10−6mol·l−1 and could be the reason for
asymmetry of the curve in the Fig. 3.4.2b. .

1 ml dcm (4.128 mg, 16.0 µmol, 1 equiv., [Rh]= 1.00 · 10−3mol·l−1) was added to
the injection chamber and pressurised to 30 bar. After heating the autoclave to
40◦C the pressure in it grew to ca. 20.3 bar. Background was taken (256 scans)
after the baseline stabilised and the rhodium precursor was then injected. Three
bands were immediately observed. Two of them (2080 and 2012 cm−1) belonged to
the square-planar rhodium precursor, Rh(acac)(CO)2, while the third at 1990 cm−1
corresponds to the square-planar species 2 (Fig. 3.2.3). The same peak was ob-
served under 1 bar Ar when the supramolecular ligand assembly L4 · (ZnPc)3 was
mixed with Rh(acac)(CO)2 under otherwise identical conditions (see Fig. 3.4.8).
This peak disappears very quickly, however, and the other two of the precursor are
replaced within 15 minutes with three new bands (1948, 2005 and the weak band at
2047 cm−1), see the main text. The injection chamber was cleaned, charged with
1-octene solution (502 µl, 200 equiv. in 0.5 ml dcm, totalling the liquid volume
in the autoclave to 16.0 ml) and pressurised to 35 bar. Conversion or the alkene
began immediately after 1-octene was injected with initial TOF of about 30 h−1
(Fig. 3.4.9a).

The second batch of 200 equivalents of substrate was injected after the first
one was fully consumed. The catalysis started readily with initial TOF of 33 h−1
(Fig. 3.4.9a). The reaction rates in both batches decrease with decreasing substrate
concentration, pointing to a positive rate order in substrate. By plotting logarithm
of rate vs. logarithm of substrate concentration and taking the slop of the resulting
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Figure 3.4.7. Illustration of the angles between ZnPc and pyridyl planes of the two
L3 fragments. The angle between ZnPc plane (blue) and the green plane is 4.5°, and
11° between the yellow and blue one. Displacement ellipsoids drawn at 50% probability.
All H atoms omitted. Colour legend: C white, N blue, O red, P orange, Zn dark violet.
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Figure 3.4.8. Square planar rhodium species under 1 bar Ar: Rh(acac)(CO)(L4 ·
(ZnPc)3). In

31P NMR this complex displays a doublet at 38 ppm (J= 179Hz).
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Figure 3.4.9. Concentration dependency of the turnover frequency (left) and the reac-
tion rate order in respect to substrate is 1, as calculated from both batches (logarithmic
scale, right).

curve we obtained the reaction order in respect to substrate of 0.87 and 1.00 for
the batches 1 and 2, respectively (Figure 3.4.9b).

3.4.7. Catalysis. The mini-4 autoclaves were closed, filled under nitrogen
with stock solutions (all in toluene) of L4 · (ZnPc)3 (or other ligand), Rh(acac)(CO)2,
substrate and was topped with toluene to 5,0 ml total volume. After filling, the
autoclaves were flushed with syngas (3×25bar), pressurised to 20 bar and immersed
in a pre-warmed oil bath. After 18 (terminal alkenes) or 85 (internal alkenes) hours
the pressure was released and the autoclaves quenched in an ice bath. Upon open-
ing of the autoclaves to air, few drops of n-tributylphosphite were added to each
reaction mixture for additional quenching. The reaction mixture (about 50 µl)
was diluted with dichloromethane and injected into GC directly without workup or
product isolation.

Catalysis concentrations and conditions (per one run):
• Terminal alkenes:

– [Rh]= 0.10 · 10−3mol·l−1
(0.130mg, 0.05 · 10−5mol Rh(acac)(CO)2)

– [L4]= 5·[Rh]= 0.50 · 10−3mol·l−1
(0.663mg, 0.25 · 10−5mol L4)

– [ZnPc]= 3·[L4]= 15·[Rh]= 1.50 · 10−3mol·l−1
(13.226mg, 0.75 · 10−5mol)

– [1-alkene]= 1000·[Rh]= 0.50mol·l−1
(2.50 · 10−3mol)

– p= 20bar, CO/H2= 1 : 1
– T= 40◦C

• Internal alkenes:
– [Rh]= 0.50 · 10−3mol·l−1

(0.645mg, 0.25 · 10−5mol Rh(acac)(CO)2)
– [L4]= 5·[Rh]= 2.50 · 10−3mol·l−1

(3.316mg, 1.25 · 10−5mol L4)
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– [ZnPc]= 3·[L4]= 15·[Rh]= 7.50 · 10−3mol·l−1
(66.13mg, 3.75 · 10−5mol)

– [trans-2-alkene]= 500·[Rh]= 0.25mol·l−1
(1.25 · 10−3mol)

– p= 20bar, CO/H2= 1 : 1
– T= 25°C.

Table 3.4.4. Amounts of alkenes used in catalysis (per one run)

Alkene Amount [µl] Alkene Amount [µl]
1-pentene 279 1-octadecene 801
1-hexene 312 trans-2-pentene 139
1-octene 392 trans-2-hexene 156
1-decene 473 trans-2-octene 196

1-dodecene 555 cis-2-octene 196
1-tetradecene 637 trans-2-nonene 220
1-hexadecene 718 trans-2-decene 236

3.4.8. Computational details. The calculations were performed using MO-
PAC2009 for semi-empirical optimisations and Gaussian 03 Rev. C.02 on for all
DFT calculations. Gaussian 03 was used on the Dutch national computing cluster
Lisa, which was installed by SARA, The Dutch National High Performance Com-
puting and e-Science Support Center.xviii We used the hybrid functional pbe1pbe
with either dgdzvp (normal and high level in ONIOM computations) or 3-21g**
(low level in ONIOM computations) as basis sets.180–182,190 Molecular modelling
of the assembly L4·(ZnPc)3 was done using the PM6 semi-empirical method as
implemented in MOPAC 2009, with the MOZYME module for calculation of large
molecules.

The model of the RhH(CO)2(η
2−C2H4)(L4·(ZnPc)3) was made by first opti-

mising the fragment RhH(CO)2(η
2−C2H4)(L4) without ZnPc with DFT method

(pbe1pbe/dgdzvp). We used the DFT-optimised fragment to build the fully en-
capsulated model of RhH(CO)2(η

2−C2H4)(L4·(ZnPc)3), which we then optimised
with MOPAC2009 using PM6/MOZYME method. The geometry of the DFT-
optimised fragment was kept frozen during the optimisation of the full capsule with
MOPAC2009.

3.4.8.1. Hydride Migration – The Non-Encapsulated Model Catalyst. The Gauss-
ian input files were generated using GaussView 3.0. Optimisation of stationary ge-
ometries of all complexes were accompanied by immediate frequency calculations.
Transition states were found by performing a preliminary relaxed scan along the
reaction coordinate, which was followed by the TS-search with calculation of forces
at every search step. The transition states were usually located after 3–5 search
steps, and were confirmed by additional frequency calculation, which displayed only
one imaginary frequency (the one describing the transfer of the hydride H from Rh
to C atom of the alkene).

The formula we used to estimate the product distribution:

xviiiSARA http://www.sara.nl/aboutsara/aboutsara_pr_eng.html
Lisa: https://subtrac.sara.nl/userdoc/wiki/lisa64/description
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(3.4.1)
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=
r(P3)

r(P2)
=

∑
i w(ai) · C · kP3(ai)∑
i w(ai) · C · kP2(ai)

=

∑
i w(ai) · C · (A · e−

∆G
#
P3

(ai)

RT )∑
i w(ai) · C · (A · e−

∆G
#
P2

(ai)

RT )

simplified as

(3.4.2)
[P3]

[P2]
=
r(P3)

r(P2)
=

∑
i w(ai) · e−

∆G
#
P3

(ai)

RT∑
i w(ai) · e−
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#
P2

(ai)

RT

with relative abundance of the ai species estimated according to the Boltzmann
distribution law

(3.4.3) w(ai) =
g(ai) · e−

G(ai)
RT

Z

and the partition function:

(3.4.4) Z =
∑
i

g(ai) · e−
G(ai)
RT

[P3] concentration of the product P3
[P2] concentration of the product P2
r(P3) rate of formation of P3
r(P2) rate of formation of P2
w(ai) relative concentration of species ai
C total concentration of all four ai species
G(ai) relative free energy of the rhodium alkene species ai
kP3(ai) rate constant of hydride migration from species ai to form the C3-

alkylrhodium species (the P3 product)
kP2(ai) rate constant of hydride migration from species ai to form the C2-

alkylrhodium species (the P2 product)
A the pre-exponential factor in the Arrhenius equation
∆G#

P3(ai) activation energy for hydride migration from species ai to form the
C3-alkylrhodium species (the P3 product)

∆G#
P2(ai) activation energy for hydride migration from species ai to form the

C2-alkylrhodium species (the P2 product)
Z the partition function
R the universal gas constant
T the absolute temperature
g(ai) degeneracy of states, g(ai) = const. = 1 for all four isomers.

The energies and other data are given in Tables 3.4.5 and 3.4.6. The average
activation energy for the hydride migration to C3- and C2-alkylrhodium are 11.1
and 10.0 kcal·mol−1, respectively.
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Table 3.4.5. The non-encapsulated catalyst: energies (in kcal·mol−1) of the species
involved in the hydride migration.

G(ai) TS-inner C TS-outer C ∆G]P3 ∆G]P2 cis-alkyl trans-alkyl
a1 0.00 9.13 9.79 9.13 9.79 -1.33 -5.19
a2 -1.38 12.11 7.83 13.49 9.21 0.42 -5.86
a3 -0.74 9.62 9.55 10.29 10.36 -3.62 0.69
a4 -0.83 9.84 10.58 11.41 10.67 -5.92 1.63

Table 3.4.6. The non-encapsulated catalyst: relative abundances of the rhodium
alkene species and the product ratios.

w(ai) [%] kP3(ai)/(A · 10−9) kP2(ai)/(A · 10−9)
a1 5.34 204 66.6
a2 54.5 0.130 180
a3 18.6 25.4 28.5
a4 21.5 15.1 4.36

Thus, r(P3, total)/(A · 10−9) = 18.9 and r(P2, total)/(A · 10−9) = 108, pre-
dicting r(P3)/r(P2) ratio of 0.176, i. e. 85% P2 and 15% P3. Calculation of
the product ratio neglecting the relative concentrations189 of species ai predicted
99.28% P2.

3.4.8.2. Hydride Migration – The ZnPc’-Encapsulated Model Catalyst. In these
calculations the aryloxy substituents on ZnPc were replaced by H atoms in order
to reduce the cpu time.xix The geometries of these molecules were optimised using
the two-layer ONIOM method available in Gaussian 03.191,192 For both layers DFT
method were used, pbe1pbe/dgdzvp for the high level layer, pbe1pbe/3-21g** for
the low level layer. The border between the layers was set between Npyridyl and Zn
atoms. The rhodium core with the substrate belonged to the high level, while the
ZnPc’ molecules were in the low level. No dummy atoms were used. The illustration
of the ONIOM layers is is shown in Fig. (3.4.10).

For the energies of the transition states we used geometries of the corresponding
previously located non-encapsulated transition states, to which we added the ZnPc
molecules. During the optimisation we kept the four atoms involved directly in TS
(Rh–H–Csp2–Csp2) frozen, assuming that their coordinates in the encapsulated and
the non-encapsulated TS will be the same. This was a necessity, since technical
requirements for real TS search and frequency calculations on this large systems
could not be met. For the calculation of the product ratio we used equations
3.4.1–3.4.4 in which the free energy G was replaced with the SCF energy E (Tab.
3.4.7). The energies and other data are given in Tables 3.4.7 and 3.4.8. The average
activation energy for the hydride migration to C3- and C2-alkylrhodium are 13.9
and 12.1 kcal·mol−1, respectively.

xixoptimisation of one ZnPc’-encapsulated structure took 20–25 days running in four parallel
processes.
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(a) RhH(CO)3(L4·(ZnPc’)3) (b) a1-ZnPc

Figure 3.4.10. Division of the encapsulated catalyst into ONIOM layers. Red coloured
atoms are high level (pbe1pbe/dgdzvp), and the green atoms the low level (pbe1pbe/3-
21g**).

Table 3.4.7. The ZnPc-encapsulated catalyst: energies (in kcal·mol−1) of the species
involved in the hydride migration.

E(ai) TS-inner C TS-outer C ∆E]P3 ∆E]P2 cis-alkyl trans-alkyl
a1 2.15 19.93 15.05 17.78 12.90 1.13 -1.02
a2 7.51 15.04 18.77 7.53 11.26 -1.62 0.09
a3 9.19 22.92 25.60 16.41 11.73 -1.74 -3.28
a4 0.00 12.67 13.92 13.92 12.67 1.38 -2.84

Table 3.4.8. The ZnPc’-encapsulated catalyst: relative abundances of the rhodium
alkene species and the product ratios.

w(ai) [%] kP3(ai)/(A · 10−9) kP2(ai)/(A · 10−9)
a1 2.57 0.00009 0.351
a2 0.0003 3020 5.64
a3 0.00002 0.0009 0.091
a4 97.4 0.063 0.518

Thus, r(P3, total)/(A · 10−9) = 0.070 and r(P2, total)/(A · 10−9) = 0.514,
predicting r(P3)/r(P2) ratio of 0.137, i. e. 88% P2 and 12% P3. Calculation f
the product ratio neglecting the relative concentrations189 of species ai predicted
99.98% P2.
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CHAPTER 4

Impact of Site-Specific Remote Substituents on
Capsule Shape and Selectivity of Encapsulated

Rhodium Hydroformylation Catalyst

Abstract. Herein the crystal structure of the supramolecular assembly tris-
(meta-pyridyl)-phosphine·(ZnTPP)3 is reported. This supramolecular ligand
was used for the encapsulation of a rhodium catalyst (Angew. Chem. Int. Ed.
2001, J. Am. Chem. Soc. 2004), which displayed high activities hydroformy-
lation of difficult 2-alkenes, converting them with high and unique selectivity
to 3-aldehydes (J. Am. Chem. Soc. 2006). We find attractive intramolec-
ular interactions between aromatic H atoms and the porphyrin core similar
to edge-to-face stacking in benzene, which explain previously reported coop-
erativity in the assembly process. Furthermore, we show that the selectivity
of the catalyst can be significantly influenced by modifications on the capsule
remote from the rhodium centre. These modifications change the shape of the
capsule and its ability to establish the attractive interactions, with significant
consequences for the catalytic selectivity.

4.1. Introduction

Reactivity in nano-sized confined spaces is regarded as one of the (most) promis-
ing areas for chemical discovery,2,29,33,35,42,90,196–201 and some fascinating examples
of potential applications of materials with structured hollow spaces have been de-
scribed in the literature.26,34,37,40,41,44,90–92,94–97,99–102,104,105,202,203 This chemistry
not only provides new materials, but it is also a means to a better fundamental un-
derstanding of unstable compounds and reactive intermediates.204–208 In addition,
reactions conducted within (supra)molecular capsules or hollow spaces have led
to otherwise inaccessible reactions or products.28,32,36,38,45,47,50,96,209 Nature has
made very extensive use of hollow spaces to regulate many processes, among which
catalytic transformations by enzymes occupy a prominent position.3 The substrate
binding pocket is one of the crucial factors of the enzymes’ modus operandi,164,165
and it was shown that the shape of the binding pocket could be changed and opti-
mised by site-directed mutations and other methods.167,168,185,210–214

In our group, a ligand-templated approach has been used to create cavities for
the encapsulation of transition metal catalysts.27,31,130 Application of ZnIItetra-
phenylporphyrin (ZnTPP, Fig. 2.1.1) as an encapsulation building block and tris-
(meta-pyridyl)-phosphine as ligand template (L4, Fig. 2.2.2a) has led to a highly
active rhodium hydroformylation catalyst which displayed high selectivities in the
hydroformylation of non-functionalised terminal and internal alkenes.27,39,60

In many reactions in confined spaces and capsules, the exact influence of the
capsule on the reaction mechanism is not known. Specific steric constraints which
pre-oriented the reactants were found to be the reason for certain unusual reaction
products, as in the the Diels-Alder reactions taking place in the spherical capsule

61
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of Rebek47,50 or in the octahedral capsule of Fujita47,50. In most of cases, however,
the explanations are not so straightforward. Therefore, a deeper understanding of
the effects of the cavity structure on the reaction mechanism is required in order
for these catalytic systems to evolve into real-life applicable chemical tools.

Herein we report the X-ray crystal structure of the tris-(meta-pyridyl)-phos-
phine·(ZnTPP)3 supramolecular assembly used to encapsulate a rhodium catalyst.
We identify attractive intramolecular interactions in the solid state, explaining pre-
viously observed cooperativity in the assembly process in solution. Furthermore,
we show that site-specific modifications of the capsule, remote from the catalyti-
cally active site, lead to steric changes of the cavity, and as a consequence, altered
catalytic selectivity. The DFT-computed molecular models of the modified capsules
allow us to anticipate the effects of the steric and electronic properties of the remote
substituents on the catalysts’ activity and selectivity. This represents a unique way
to control the properties of the transition metal catalyst and is analogous to the
site-mutagenesis strategy employed in optimisations of enzymes.167,168,185,210–214
Importantly, we locate positions in the capsule which do not alter the selectivity
when modified, opening a tantalizing possibility for chiral modification of the next
generation supramolecular capsules and catalysts which would be able to induce
chirality in non-functionalised, linear substrate molecules.

4.2. Results and Discussion

4.2.1. The X-ray structure of the capsule. Studying the assembly of
ZnTPP and tris-(para-pyridyl)-phosphine,i we previously found that the 3:1 ra-
tio in solution was changed to 5:2 in the solid state, where one ZnTPP molecule
was shared between two tris-(para-pyridyl)-phosphine molecules.54 In the case of
tris-(meta-pyridyl)-phosphine–ZnTPP assembly,ii the 3:1 stoichiometry observed in
solution,31 is preserved also in the solid state, as is shown in this work.

The assembly tris-(meta-pyridyl)-phosphine·(ZnTPP)3 was crystallised by hex-
ane diffusion into a saturated toluene solution of ZnTPP and tris-(meta-pyridyl)-
phosphine in 3:1 ratio. In Fig. 4.2.1 the molecular structure of the supramolecular
capsule and the molecular surface plot from two viewing angles are depicted.iii The
three ZnTPP molecules form a hollow space around the phosphorus atom, which
is filled with disordered solvent in the crystal. A transition metal coordinated to
the phosphorus atom replacing the solvent molecules is thus embraced by the three
ZnTPP molecules and their “frontal” phenyl groups. The capsule displays an open-
ing at the side of the phosphorus lone pair, making the metal complex coordinated

ithis supramolecular assembly did not lead to unusual selectivity in hydroformylation of internal
alkenes when applied as encapsulating ligand for rhodium catalyst.
iiwhich has led to high selectivity of 3-aldehydes in hydroformylation of 2-alkenes upon encapsu-
lation of rhodium catalyst
iiiThese and other molecular graphics images were produced using the UCSF Chimera package
from the Resource for Biocomputing, Visualization, and Informatics at the University of California,
San Francisco.150
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(a) Capsule structure in the solid state (b) molecular surface

Figure 4.2.1. The crystal structure of the tris-(meta-pyridyl)-phosphine·(ZnTPP)3
assembly (left) and the surface plots showing the shape and the size of the cavity wherein
rhodium coordinates (right). In the crystal, the cavity is filled with disordered solvent
molecules (hexanes and toluene). The displacement ellipsoids drawn at 50% probability.
H atoms not shown, C white, N blue, P orange, Zn magenta. The molecular surfaces,
plotted using also H atoms on their calculated positions. Same phenyl group marked
in all three images (♣).

to it accessible for reagents, as we see in Fig. 4.2.2.iv Importantly, the molecu-
lar model of the encapsulated Rh(CO)3H-fragment shows that the capsule retains
essentially the same geometry as in the non-coordinated state.

4.2.2. Cooperativity and CH−π interactions. Previously, the three asso-
ciation constants of the ZnTPP–tris-(meta-pyridyl)-phosphine system were found
to follow an unusual trend: the association of the second ZnTPP molecule was
stronger than the first, and the third was the strongest of them all, with K1 =
3700 < K2 = 7800 < K3 = 12000, [K]=l·mol−1.31 This trend suggested coopera-
tivity in the assembly process, and it was postulated that π−π stacking interactions
could be responsible for this phenomenon. From the crystal structure it is clear
that indeed the interactions between the adjacent porphyrins can exist, and that
they are similar to the CH –π stacking of benzene molecules in the edge-to-face
orientation to one another. The intramolecular close contacts in the solid state
exist between the H atoms on phenyl groups and the electron-rich porphyrin core

ivThe molecular model of the encapsulated Rh(CO)3H-fragment was built using the X-ray struc-
ture of the supramolecular ligand and optimised using DFT with the two-layer ONIOM method as
implemented in Gaussian 03, Rev. C.02 (DFT:DFT/dgdzvp:3-21g**).190–192,215–218 This method
was used for optimisation of all structures encapsulated by Zn(porphyrins) shown in this text.
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(a) X-ray structure and the encapsulated com-
plex

(b) X-ray and the modelled capsule

Figure 4.2.2. Comparison of the supramolecular capsule in the solid state (white,
with displacement ellipsoids at 50% probability) to the molecular model of the capsule
optimised with (left) and without (right) the Rh(CO)3H-fragment coordinated to the
phosphorus atom.

as highlighted in Fig. 4.2.3. With an average distance of 2.87Å,v these contacts
strongly indicate the existence of attractive interactions between H atoms bound
to sp2-CPhenyl atoms and the π-electron cloud of the porphyrin core, similar to
the aforementioned CH –π stacking in benzene or interactions between hexane and
graphite.219–224

The cooperative binding of ZnTPP to the template ligand tris-(meta-pyridyl)-
phosphine can therefore be explained by these attractive interactions. The trend
displayed by the association constants reflects the formation of the CH –π attrac-
tions being established in the assembly process: at a ZnTPP/tris-(meta-pyridyl)-
phosphine ratio of 2:1, one CH –π-cloud” interacting moiety is formed, causing K2

to be larger than K1. When the third ZnTPP molecule coordinates, two such inter-
acting contacts are formed, overcoming any steric repulsion and making K3 larger
than K2.

4.2.3. Introduction of substituents and distortion of the capsule by
steric effects. As our mechanistic studies have shown, the crucial parameter in the
selectivity-determining hydride migration step in the hydroformylation of internal
alkenes is the capsule rearrangement energy (see Chapter 5). During the hydride
migration the substrate rotates (Fig. 4.2.4), thereby causing conformational changes
of the capsule. Such reaction pathways are favoured, for which the energy cost
associated with this change of capsule conformation is low.

vThe distance of each meta-H atom to the corresponding π-plane is (in Å) H(292) 2.72, H(313)
2.96, H(351) 2.89. The distances C. . .π-plane are (in Å): C(292) 3.558(4), C(313) 3.679(4), C(351)
3.758(4). Other CH–π interactions can be found in the crystal structure, but these are mostly
intermolecular and likely exist only in the solid state.
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(a) (b)

(c) (d)

Figure 4.2.3. Capsule with highlighted close contacts (top left) and the magnified
sites of the intramolecular attractive interactions, which are indicated with the dashed
lines lines (dark green atoms: attractive interactions; light blue atoms: possible steric
repulsion). The attraction between Hδ

+

Ar and the porphyrinic π-electron cloud contribute
cooperatively31 to the stability of the assembly and the shape of the pocket. The steric
repulsion at the para-positions (light blue) could destabilise the supramolecular capsule.

It is very likely that the aforementioned CH –π interactions contribute signifi-
cantly to the capsule rearrangement energy, so that a disruption of these attractions
would change the energy penalty for capsule rearrangement, thereby directly influ-
encing the selectivity of the catalyst.

A closer look at the phenyl groups of the porphyrins in the crystal structure
reveals that only the para-H and one meta-H atomvi display close contacts to the

viwith respect to the C atom bound to the porphyrin core



66 4. CAPSULE X-RAY – REMOTE SUBSTITUENTS – CAPSULE SHAPE

N

Zn

N

Zn

P
N

Zn

Rh

H

CO

CO

outer C

inner C

(a) alkene complex

Rh
CO

H

OC

N

Zn

N

Zn

P
N

Zn

(b) TS to C3-alkyl

Rh
CO

H

CO

N

Zn

N

Zn

P

N

Zn

(c) TS to C2-alkyl
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crowding of the alkyl chain with the capsule (c) which raises the activation barrier.
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Figure 4.2.5. The hydroformylation scheme of 1- and trans-2-octene, with the product
distribution typical for the ZnTPP-encapsulated rhodium catalyst.

neighbouring ZnTPP molecule, as is shown in the magnified view in Fig. 4.2.3.
Therefore we can expect that substituents in bothmeta-positions or one substituent
in the para-position would cause steric repulsion between the porphyrins, pushing
them away from one another and diminishing the attractive CH –π interactions.
Also if the whole meso-phenyl group is substituted with groups which cannot estab-
lish the anticipated attractive interactions, consequences for the catalyst selectivity
are expected.

Indeed, when the DFT-optimised molecular models of the capsulesvii based on
modified ZnII porphyrins are compared to the solid state structure of the ZnTPP-
base capsule, large deviations from the original structure can be observed (Fig. 4.2.7).
Also, the average distance of the meta-H atom to the porphyrin core in these dis-
torted capsules is larger than 4.5Å (vide infra Table 4.2.2), which is too long for
CH –π interactions. Therefore, the selectivities of the rhodium catalysts encapsu-
lated by these capsules are expected to differ from the selectivity of the ZnTPP-
encapsulated rhodium catalyst. These predictions were also confirmed experimen-
tally in the hydroformylation of the showcase substrate trans-2-octene with the

viithe structures of the encapsulated RhH(CO)3 fragment were optimised; however, for a clearer
comparison, this fragment and all H-atoms were removed from the molecular images. For full
structures, please see the Experimental Section.
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Figure 4.2.6. ZnII complexes with various substituent patterns used to study the
impact of capsule shape on catalytic selectivity.

various encapsulated rhodium catalysts (Table 4.2.2). The ZnTPP-encapsulated
catalyst produces 87% C3-aldehyde (entry 1, Tab. 4.2.2), since the capsule re-
arrangement in the hydride migration for the C2-pathway is blocked by the capsule
and therefore energetically less favourable than for the C3-pathway (Chapter 5).

The capsules with the methoxy substituent in the para- or in both meta-
positions obviously disrupt the capsule assembly and their ability to form the CH –π
stacking. This change in the capsule is reflected in the selectivity of the encapsu-
lated catalysts, as it changes to 40-50% C3-aldehyde (entries 2 and 3 in Tab. 4.2.2).
The ortho-methoxy substituent, however, affects the capsule geometry in a slightly
more subtle manner: it enforces the phenyl groups in a “more perpendicular” con-
formation relative to the porphyrin core, pushing the porphyrin molecules further
away from one another and thereby weakening (or disabling) the attractive inter-
actions. Consequently, the selectivity towards the C3-aldehyde displayed by the
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(a) distorted capsules (b) distorted capsules over surface plot

Figure 4.2.7. Overlay of the molecular models of the modified capsules with the solid
state structure of the ZnTPP-based capsule. Large deviations in the structures due
to substituent-caused steric repulsions are obvious, as the overlap of their structure
with the crystal structure of the ZnTPP-capsule is bad. The molecular models of the
substituted capsules were optimised with the Rh(CO)3H-fragment coordinated to P.
However, for easier comparison, all H atoms, substituents, and the Rh(CO)3H fragment
are omitted from the figures above. Colour legend: crystal structure white with thermal
ellipsoids drawn at 50% probability; ZnTPP(p-OMe) orange; ZnTPP(o-OMe) light red;
ZnTPP−F20 magenta; ZnTPP(m,m-OMe) dark red, ZnTCx dark green.

ZnTPP-encapsulated catalyst is not retained when the ZnTPP(o-OMe)-based cap-
sule is applied (entry 4 in Tab. 4.2.2).

Replacement of the phenyl with cyclohexyl groups has a similar effect on the
capsule shape and selectivity. The Csp

3

-H –π-electron-cloud interactions are weak-
enedviii and the capsule cannot maintain the shape required for achieving high C3-
aldehyde selectivity, leading to a 1:1 product distributionix (entry 5, Tab. 4.2.2).
In the case of ZnIItetra-(pentafluorophenyl)porphyrin, ZnTPP−F20, the capsule is
significantly distorted (Fig. 4.2.7a, 4.2.7b) due to a combination of both steric and
electronic effects. The pentafluorophenyl group is larger than the phenyl group,
causing steric repulsion with the neighbouring porphyrins; moreover, the repulsion
between the electronegative fluorine atoms and the electron cloud of the porphyrin
core is an additional reason for the capsule distortion. As a consequence, the cata-
lyst changes the selectivity when encapsulated by this building block and produces
mainly the C2-aldehyde (and 43%P3, entry 6, Tab. 4.2.2).

The sensitivity of the capsule towards modifications is so high that even the
substitution of hydrogen atoms on the phenyl groups with deuterium atoms results

viiilikely due to the lower acidity of the Csp
3
-bound H atoms as compared to the Csp

2
–H; steric

reasons may also play a role in the imperfect positioning of the hydrogen atoms with respect to
the porphyrin core
ixin other words, the rearrangement energy difference between the pathways becomes diminishingly
small, so that neither of the aldehydes is the preferred product.
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Table 4.2.1. Hydroformylation of trans-2-octene using encapsulated catalysts with
various capsule shapes. In the last column: average (of three) distance from the meta-
H position to the neighbouring porphyrin plane, relevant for establishing attractive
interactions. These distances were taken from the X-ray structure and the molecular
models, where the existence of the CH –π stacking is plausible.

Nr. ZnII complex Conv. (%) P2a P3a d/Å
1 ZnTPP 25 12 87 2.7 (X-ray: 2.867)

2 ZnTPP(p-OMe) 22 50 50 4.7
3 ZnTPP(m,m-OMe) 7 60 39 5.4
4 ZnTPP(o-OMe) 21 55 45 5.0
5 ZnTCx 16 49 51 4.7
6 ZnTPP−F20 26 58 42 4.5
7 ZnTPP−D20 24 30 70 –
8♠ Zn(protoPorph) 2 60 40 –
9 ZnPc 8 59 41 –

109 ZnPc 9 70 30 –

110 ZnPc 9 69 31 –

Conditions: [Rh] = 0.50 · 103 mol · l−1, [P]/[Rh] = 5.0, [Zn]/[P] = 3.0,
[trans-2-octene]/[Rh] = 500, 85 hours; T= 25◦C, p = 20 bar, CO/H2= 1 : 1, [dipea]/[Rh] = 30.

No base (dipea) was added to experiments using ZnPc. Reaction mixture quenched with
tributylphosphite, diluted with CH2Cl2 and analysed directly by GC. a see Figure 4.2.5.
♠[Rh] = 0.10 · 103 mol · l−1. 9with trans-2-nonene as substrate. 0with trans-2-decene as

substrate.

in altered catalytic selectivity: from 87% C3-aldehyde (with ZnTPP, Tab. 4.2.2, en-
try 1) the selectivity shifts to 70% (with ZnTPP−D20, Tab. 4.2.2, entry 7). Likely,
the slight size differences between the pentaprotophenyl and the pentadeuterophenyl
group, as well as different polarisabilities of the Csp

2

–H and Csp
2

–D bonds,223,225–227
both contribute to the overall decrease of the assembly stability, resulting in slightly
lower selectivity.

Removal of the meso-substituents disables the formation of the CH –π inter-
actions completely, and when Zn(protoporphyrin) (entry 8) is used as the encap-
sulation building block, the selectivity for the C3-aldehyde is lost. Application of
ZnIIphthalocyanine ZnPc (Fig. 4.2.6) in encapsulation leads to formation of spacious
pockets, with the cavity volume five times larger than that of the ZnTPP-based
capsule (see Fig. 4.2.8 and the Experimental Section). In the hydroformylation of
internal alkenes, the ZnPc-encapsulated catalyst favoured the C2-aldehyde in up to
70% yield when trans-2-nonene and -decene were used as substrates (Tab. 4.2.2,
entries 9–11).x

4.2.4. Substituents in one meta-position do not distort the capsule.
A single methoxy substituent in meta-position (ZnTPP(m-OMe), Fig. 4.2.9) should
not influence the structure of the assembly, as the unhindered rotation of the phenyl
groups allows facile avoidance of steric crowding and ensures optimal packing of the

xdue to very poor solubility, Zn(protoporphyrin) was not used in these experiments
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(a) ZnTPP-capsule (b) ZnPc-capsule (c) ZnTPP- vs. ZnPc-capsule

(d) ZnTPP-cavity (e) ZnPc-cavity (f) ZnPc- vs. ZnTPP-cavity

Figure 4.2.8. Comparison of ZnTPP- and ZnPc-based capsule sizes and comparison
of their cavities. Large cavity allows unhindered motion of the substrate in the capsule,
leading to C2-aldehyde as major product.
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Figure 4.2.9. ZnII complexes with substituents in one meta-(meso-phenyl) position
which do not disrupt the cooperative interactions.

porphyrin molecules in the capsule. The DFT-optimised molecular model of the
ZnTPP(m-OMe)-encapsulated rhodium catalyst is virtually identical to that of the
ZnTPP-based analogue. These capsules display minimal deviations from the crys-
tal structure of the ZnTPP-capsule, as is shown in Fig. 4.2.10. Hydroformylation
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Table 4.2.2. Hydroformylation of trans-2-octene by the encapsulated catalysts using
ZnIIporphyrin building blocks which do not change the original capsule shape and the
typical ZnTPP-selectivity. In the last column: average (of three) distance from the
meta-H position to the neighbouring porphyrin plane (taken from the X-ray structure
and the molecular models), relevant for establishing attractive interactions.

Nr. ZnII complex Conv. (%) P1 P2 P3 d/Å
with trans-2-octene as substrate
1 ZnTPP 25 - 12 87 2.7 (X-ray: 2.867)

2 ZnTPP(m-OMe) 23 - 15 85 3.2
3♣ ZnTPP(m-NO2) ≤0.01 - - - 2.9
4♥ ZnTPP(m-NO2) 4 - 44 56 2.9
with 1-octene as substrate
5 ZnTPP 19 36 64 - 2.7 (X-ray: 2.867)

6 ZnTPP(m-OMe) 18 33 67 - 3.2
7 ZnTPP(m-NO2) 42♦ 39 61 - 2.9

Conditions: [Rh] = 0.50 · 103 mol · l−1, [P]/[Rh] = 5.0, [Zn]/[P] = 3.0,
[trans-2-octene]/[Rh] = 500 and 85 hours; [1-octene]/[Rh] = 7500 and 19 hours T= 25◦C,

p = 20 bar, CO/H2= 1 : 1, [dipea]/[Rh] = 30. Reaction mixture quenched with
tributylphosphite, diluted with CH2Cl2 and analysed directly by GC. ♣Identical results (no
conversion, in some cases even in 135 hours) were obtained with other trans-2-alkenes (from
2-pentene to 2-nonene), cis-2-heptene, cis-2-octene, as well as with trans-3-octene. For these

results there are no table entries. ♥T = 60◦C. ♦[1-octene]/[Rh] = 1000 and 85 hours

experiments with 1- and trans-2-octene as substrates using the ZnTPP(m-OMe)-
encapsulated catalyst resulted in almost identical conversions and selectivities as
with the original, ZnTPP-encapsulated catalyst, suggesting that the cavity is in-
deed unaffected by this “mutation” (entries 1–2 and 5–6 in Tab. 4.2.2). This result
is significant, as it identifies the exact position in the assembly available for mod-
ifications which do not compromise the regioselectivity of the catalyst. Thus we
have shown that the steric effects of the substituent in one meta-phenyl position
do not change the geometry of the capsule or its ability to establish intramolecular
cooperative interactions.

4.2.5. Increasing the capsule rigidity by electronic effects. It is likely
that electronic effects of the substituents would also have consequences on the
strength of the CH –π cooperative interactions and thereby change the reorganisa-
tion energy of the capsule, and hence the activity and/or selectivity of the catalyst
inside it. A strongly electron-withdrawing nitro group in the meta-position, as in
ZnTPP(m-NO2) (Fig. 4.2.9), polarises the Csp

2

–H bonds and increases the positive
charge on the H-atoms, resulting in a stronger attraction to the aromatic por-
phyrin core. The strengthened attractive interactions lead to a more rigid capsule,
for which the rearrangement energy is likely higher than for the original capsule.
This, in turn, affects the activity of the catalyst encapsulated by the rigid capsule,
while retaining the original selectivity.
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(a) C3-selective capsules (b) fit to X-ray surface

Figure 4.2.10. Comparison of X-ray crystal structure of the capsule (ellipsoids,
white surface) with the model structures of capsules giving C3-selective catalysts.
Colour legend: crystal structure white ellipsoids (50% probability); ZnTPP light green;
ZnTPP(m-OMe) cyan; ZnTPP(m-NO2) dark green; For easier comparison, all H atoms,
the substituents, and the rhodium fragment Rh(CO)2H are not shown.

The molecular model supports this hypothesis, as there are three pairs of coop-
erative interactionsxi in the molecular model of the ZnTPP(m-NO2)-based capsule,
just like in the X-ray structure of the tris-(meta-pyridyl)-phosphine·(ZnTPP)3 as-
sembly (Fig. 4.2.11c).xii The rigidity of the ZnTPP(m-NO2)-based capsule signif-
icantly affects the activity of the encapsulated catalyst. 2-alkenes are not con-
verted at all under typical conditions (Table 4.2.2). No conversion was observed
for trans-2-alkenes from pentene (C5) to decene (C10), as well as cis-2-heptene
(C7) and -octene (C8) as substrates. With 1-octene, which is sterically less de-
manding than trans-2-octene, the ZnTPP(m-NO2)-encapsulated catalyst displays
activity (TOF∼ 4.9h−1) significantly lower than the ZnTPP-encapsulated catalyst
(TOF∼ 250h−1). However, the selectivity in this reaction was similar to that dis-
played by the ZnTPP-encapsulated catalystxiii (entry 7 in Tab. 4.2.3), as predicted
above.

4.2.5.1. Substrate competition experiments. In order to gain better understand-
ing of the behaviour of the ZnTPP(m-NO2)-encapsulated catalyst we performed com-
petition experiments, in which we added both substrates to the catalyst. We also
used in situ FT-IR21,142,143,228,229 spectroscopy to monitor the catalyst under hy-
droformylation conditions. The substrate competition experiments (Table 4.2.3)

xialso, there are close contacts between Csp
2
–H and O atoms of the neighbouring m-NO2 group,

suggesting that these attractions may provide additional stabilisation (rigidity) to the capsule.
xiiIn comparison, two interaction pairs are present in the molecular models of the ZnTPP- and
ZnTPP(m-OMe)-encapsulated catalysts, which is likely the consequence of the theoretical model’s
inability to actually treat these interactions. What one should see in these models is the potential
to establish the attractive interactions, rather than the interactions themselves. if the model were
able to take them in account, the third attraction pair would likely be seen.
xiiiEncapsulation by ZnTPP(m-OMe) leads to similar results as ZnTPP (Tab. 4.2.2).
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(a) ZnTPP (b) ZnTPP(m-OMe) (c) ZnTPP(m-NO2)

Figure 4.2.11. Contacts (in red) indicating possibilities for cooperative interactions
adjacent porphyrins in capsules based on three different ZnII(porphyrin) complexes
(DFT-models).

Table 4.2.3. Competition experiments: hydroformylation of 1-octene in presence of
trans-2-octene. Trans-2-octene inhibits the catalyst encapsulated by the most rigid
capsule almost completely. In parentheses: conversion of 1-octene without trans-2-
octene ( also shown in entries 5–7 in Tab. 4.2.2).

Nr. ZnII complex Conversion (%) P1 P2 P3
1-octene trans-2-octene (%)

Substrate competition: trans-2-octene added to 1-octene

1 ZnTPP 17 (19) ≤ 0.1 37 63 n.d.
2 ZnTPP(m-OMe) 6 (18) ≤ 0.1 29 71 n.d.
3 ZnTPP(m-NO2) 3.6 (42)♦ ≤ 0.01 46 54 n.d.

Conditions: [Rh] = 0.50 · 103 mol · l−1, [P]/[Rh] = 5.0, [Zn]/[P] = 3.0, T= 25◦C, p = 20 bar,
CO/H2= 1 : 1, [1-octene]/[Rh] = 7500, [trans-2-octene]/[Rh] = 500, 19 hours, [dipea]/[Rh] = 30.

Reaction mixture was quenched with tributylphosphite, diluted with CH2Cl2 and analysed
directly by GC. ♦[1-octene]/[Rh] = 1000, [trans-2-octene]/[Rh] = 100, 85 hours.

show that the conversion of 1-octene by the ZnTPP(m-NO2)-encapsulated catalyst
is severely inhibited by the presence of trans-2-octene (from 42% conversion to
3.6%; entry 3, Tab. 4.2.3), whereas the ZnTPP-catalyst seems to be unaffected by
the presence of trans-2-octene in the reaction mixture (entry 1, Tab. 4.2.3). The
ZnTPP(m-OMe)-encapsulated catalyst is moderately affected, as it is inhibited, but
to a smaller degree (from 18% conversion to 6%; entry 2, Tab. 4.2.3) than the
ZnTPP(m-NO2)-encapsulated one.

4.2.5.2. The in situ high-pressure FT-IR. The in situ FT-IR21,142,143,228,229

spectroscopy of the ZnTPP(m-NO2)-encapsulated catalyst indicate the formation of
the monophosphine rhodiumhydrido species RhH(CO)3P under syngas atmosphere,
as evidenced by three CO-bands at 2001, 2045 and 2067 cm−1 (Fig 4.2.12, full black
line). These bands did not change upon addition of trans-2-octene and no aldehyde
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peak was detected in the course of 40 hours,xiv indicating that no conversion of the
substrate occurred. However, heating the reaction mixture to 60◦C did lead to slow
and non-selective conversion of trans-2-octene. It was unclear whether it happened
due to the breakdown of the capsule or the formation of free rhodium by ligand
dissociation (entry 4, Tab. 4.2.2).

1950200020502100

Wavenumber [cm
−1

]

 

 

after incubation

difference spectrum

with 1−octene

Figure 4.2.12. The in situ FT-IR spectrum of the rhodiumhydrido species (the full
black line) changes upon addition of 1-octene (the dashed line). The difference spectrum
displayed above (the dash-dot line) shows clearly the newly formed bands.

However, the in situ FT-IR spectrum of the ZnTPP(m-NO2)-encapsulated rhodi-
umhydrido species changed upon addition of 1-octene. The intensity of the orig-
inal three bands decreased, and two new bands appeared at 1990 and 2005 cm−1
(Fig 4.2.12, dashed linexv), indicating formation of an intermediate species, possi-
bly the (acylrhodium) resting state.230,231 These changes were accompanied by the
growth of the aldehyde-CO band at 1722 cm−1, indicating production of the alde-
hydes. Addition of trans-2-octene to this reaction mixture (containing 1-octene and
ZnTPP(m-NO2)-encapsulated catalyst) did not lead to any changes in the carbonyl
IR-region, but the hydroformylation of 1-octene was virtually stopped. Inversely,
when 1-octene was added to the reaction mixture containing trans-2-octene and
ZnTPP(m-NO2)-encapsulated catalyst, the IR spectrum changed slowly, with new
bands appearing at 1988 and 2008 cm−1. Parallel with these spectral changes, very

xivalso not in the following 40 hours, excluding the presence of free rhodium, which would lead to
(non-selective) aldehyde production and isomerisation of the starting alkene.
xvthe weak band at ca. 1950-1960 cm−1 could not be assigned and it is unclear whether it is an
artefact or real band; also, the third weak band belonging to the appearing acylrhodium resting
state could not be observed, most likely due to its low intensity and overlap with the other bands,
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slow conversion of 1-octene was observed. Clearly, the hydroformylation of 1-octene
dominated the catalysis, while trans-2-octene inhibited it.

This behaviour is most likely a direct consequence of the increased rigidity of the
ZnTPP(m-NO2)-based capsule: It is open enough to allow coordination of internal
alkenes, but its rigidity prevents the rearrangements required during the catalytic
cycle. The rearrangements are smaller in the case of terminal alkenes, and the catal-
ysis proceeds, albeit lower conversions than in the cases of less rigid capsules (using
ZnTPP and ZnTPP(m-OMe) as building blocks). The predicted correlations be-
tween the catalyst selectivity and the capsule structure, based solely upon the solid
state structure of the ZnTPP-capsule are in excellent agreement with the molecular
modelling studies and catalytic experiments. Thus, the remote-site modifications of
the encapsulated transition metal catalyst resemble the methodology of single-site
mutagenesis used in the enzyme modifications and optimisations.167,168,185,210–212
The current data suggest that the shape of the cavity and the catalyst’s ability to
maintain the capsule’s shape are the crucial parameters for the catalytic activity
and selectivity. Moreover, the capsule shape and regulation of its adaptability by
multiple non-covalent interactions might be the common features of the reactions
in natural and synthetic confined nano-spaces and capsules.

4.3. Conclusions and Outlook

In analogy to the site-mutations methodology applied in enzyme optimisations,
we have shown that a similar method can be used to modify the selectivity of
encapsulated transition metal catalysts. Single-site modifications of the capsule
remote from the catalytically active site have a large impact on the shape of the
supramolecular capsule (“the substrate binding pocket”) and on the selectivity of
the rhodium hydroformylation catalyst.

In the crystal structure of the archetypal (meta−pyridyl)3P·(ZnTPP)3 su-
pramolecular assembly, three CH –π stacking interactions between the adjacent
porphyrin molecules were found. These interactions explain the previously ob-
served cooperativity of binding of the ZnTPP molecules to the tris-(meta-pyridyl)-
phosphine.31 Moreover, these interactions are important for the capsule shape
preservation during the catalysis, and are affected by remote modifications on the
porphyrins. These modifications affect the ability of the encapsulating building
blocks to establish attractive intramolecular interactions, which likely contribute to
the capsule rearrangement energy, the crucial factor in the selectivity determining
hydride migration step.

Based on the crystal structure, we predicted the impact of each site modification
on the catalytic selectivity. In a series of ZnII complexes we targeted the sites in the
assembly which strengthen or disrupt the cooperative intramolecular interactions,
either by exploiting steric bulk or electronic properties of the substituents we intro-
duced in these sites. Importantly, we predicted – and experimentally confirmed – a
site which did not change the regioselectivity and the activity of the encapsulated
catalyst upon modification. This opens up new possibilities for introduction of chi-
ral substituents and the evolution of the transition metal catalyst encapsulation to
the next level, where, similar to enzymes, high activity and regioselectivity may be
combined with high stereoselectivity.
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4.4. Experimental Section

Solvents used for pyridyl-phosphine synthesis, catalysis, spectroscopic (HP-
FTIR, UV-Vis) and crystallisation experiments were dried and freshly distilled prior
to use: toluene and hexane over Na/benzophenone and CH2Cl2 over CaH2. Solvents
for synthesis and column chromatography of porphyrins were used as obtained
from the supplier. The deuterated solvents were dried and degassed using the
freeze–pump–thaw technique and kept under Ar over 4 Å molecular sieves. 1-
Octene and trans-2-octene were purified by filtration over a plug of alumina and
degassed by bubbling Ar. All handling and manipulations, except synthesis and
chromatographic purification of porphyrins, were performed under oxygen- and
water-free atmosphere (dinitrogen, Ar or syngas).

NMR spectra were acquired on the Varian Mercury-VX 300, Bruker DRX300
(1H at 300 MHz, 31P at 100 MHz, and 13C at 75 MHz), and Bruker ARX400 (1H at
400 MHz, 31P at 125 MHz, and 13C at 100 MHz). The resonances are referenced to
solvent itself as internal standard and are reported in parts per million (ppm). IR
spectra were recorded on the Nicolet Nexus 670 FT-IR spectrometer operated by
Omnic 6.2 Software; UV-Vis measurements were performed on the Hewlett-Packard
8453 and the Varian Cary 4 spectrophotometer. Gas chromatography (GC) analysis
were performed on the Shimadzu GC-17A chromatograph equipped with an FID
detector using a 30 mm long column with 0.32 mm diameter and dimethylsiloxane
cross-linked phase of 3 µm thickness.

Catalytic experiments were performed in mini-4-autoclaves connected to the
same high-pressure line, allowing all four reactions to be ran under the same pres-
sure. Before each run the autoclaves were evacuated, flushed with nitrogen, and
tested for leaks at ca. 35 bar syngas. High-pressure FTIR spectroscopy experiments
were conducted using an autoclave adapted for IR measurements of the reaction
mixture143, which was cleaned, dried, tested for leaks (pressurized with 40 bar
hydrogen for 16 hours), and flushed (3×15 bar) with syngas prior to every use.

The geometry optimisations of were performed using Gaussian 03 Rev. C.02190
on the Dutch national computing cluster Lisa, which was installed by SARA, The
Dutch National High Performance Computing and e-Science Support Centerxvi.
Molecular graphics images were produced using the UCSF Chimera package from
the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco.150

4.4.1. Syntheses. The porphyrins were synthesised according to the pub-
lished procedures, in general following the Rothemund-Adler-Longo232–235 method-
ology of pyrrole condensation with the corresponding aldehyde (in 1:1 ratio) in
boiling propionic acid under air atmosphere. The aparatus was brought under ni-
trogen, the propionic acid added and brought to reflux before the aldehyde and
the pyrrole (in this order) were added (all under nitrogen). The reaction mixture
was refluxed for one hour under nitrogen, and for a further hour of reflux, air was
gently bubbled into the reaction solution. The free-base porphyrins were precipi-
tated by addition of methanol to the cooled reaction solution and further overnight
cooling at 3◦C. The violet crystals were collected by filtration, washed with cold
methanol and purified by column chromatography (column material: basic alumina,

xviSARA http://www.sara.nl/aboutsara/aboutsara_pr_eng.html
Lisa: https://subtrac.sara.nl/userdoc/wiki/lisa64/description
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Table 4.4.1. High-resolution mass spectrometry data.

Compound (m/z)/(g·mol−1) error/ppm MW/(g·mol−1)
observed calculated

ZnTPP−D20 696.2873 696.2861 +1.7 698.2968
ZnTPP−F20 1035.9713 1035.9721 -0.8 1037.9324

ZnTPP(m-OMe) 796.2031 796.2028 +0.4 798.2282
ZnTPP(o-OMe) 796.2031 796.2028 +0.4 798.2282
ZnTPP(p-OMe) 796.2031 796.2028 +0.3 798.2282

ZnTPP(m,m-OMe) 916.2457 916.2451 +0.7 918.3334
Zn(protoPorph) 652.2034 652.2028 +0.9 654.0962
ZnTPP(m-NO2) 856.1012 856.1009 +0.4 858.1134

eluent methylene chloride with 0.1 - 1 % methanol). The (NMR) purity of thus
obtained porphyrins was >90% (in the case of the dodeca-deuterated analogue of
tetraphenylporphyrin, an additional oxidation step with DDQ and chromatography
purification were required, giving >95% pure product). The yields were typical for
this method (5–15%)

Metallation was performed by refluxing (3–5 hours) the free-base porphyrins
with 2.5–3.5 equivalents of Zn(CH3COO)2·2H2O in ca. 5:1 chloroform/methanol
mixture. The metallated porphyrin was obtained in >95% purity (NMR) after
evaporation of the reaction solvent mixture, (sometimes repeated) column chro-
matography (column material: basic alumina, eluent methylene chloride with 0.1 -
1 % methanol). The material obtained in this way was taken in methylene chloride
and additionally filtered. Yields of the metallation step were high, usually 85-90%.
Zn(protoporphyrin) was prepared by metallation of commercially available proto-
porphyrin and was kindly donated by Dr. A. Kollhöfer.

Tris-(meta-pyridyl)-phosphine ligand was prepared using the previously pub-
lished procedure.149

ZnII(phthalocyanine) ZnPc was synthesized from the 4,5-bis-(4-tbutylpheno-
xy)-phthalonitrile and zincII-acetate catalysed by DBU (1,8-diazabicyclo[5.4.0]un-
dec-7-ene) by heating in 1-pentanol, according to published procedures.178,179

The NMR data of all used compounds were in agreement with already pub-
lished characterisation data.169,232–246 In addition, we give here the list of the high
resolution mass spectrometry (FAB+ mode) analysis results of some free-base and
metallated porphyrins (Tab. 4.4.1).

4.4.2. Crystal Structure of the Supramolecular Ligand Assembly
tris-(meta-pyridyl)-phosphine·(ZnTPP)3.

4.4.2.1. Crystallisation procedure. ZnTPP (62 mg, 9.1 · 10−5 mol) and tris-
(meta-pyridyl)-phosphine (8.09mg, 3.05·10−5 mol) were dissolved in as little toluene
(≤ 5.0 ml) as possible in turns under heating (up to 100◦C) and in ultrasonic bath.
The hot, saturated solution was filtered via an HPLC syringe filter into a scratched
Schlenk-tube (ca. 1.5 ml) and top-layered with hexanes (ca. 2.0 ml). The tube
was protected from light by an Al-foil envelope and left at ambient temperature
(20–25◦C). Within 7–10 days the crystals appeared in both separate crystallisation
attempts. Alternatively, gas-phase diffusion of hexanes into the saturated solution
(described above) was applied. The hot solution was filtered directly into a Pasteur
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Figure 4.4.1. Two supramolecular capsules in the solid state (packing detail).

pipette sealed at the thin end and located under inert atmosphere (dinitrogen) in
a long Schlenk-tube. The upper 3 cm of the pipette were left unfilled, and hexanes
(ca. 20 ml) were added into the Schlenk-tube, which was then closed off, protected
from light by an Al-foil envelope, and left for two weeks at ambient temperature
(20–25◦C).

4.4.2.2. X-Ray Crystal Structure Determination of tris-(meta-pyridyl)-phos-
phine·(ZnTPP)3. C147H96N15Pzn3+ disordered solvent, Fw = 2299.47,xvii red nee-
dle, 0.48 × 0.20 × 0.4mm3, monoclinic, C2/c (no. 15), a = 53.9189(8), b =
29.3288(2), c = 18.7501(3)Å, β = 96.069(2)◦, V = 29484.8(6)Å3, Z = 8, Dx =
1.04 g · cm−3, II µ = 0.54mm−1.II 139949 Reflections were measured on a Non-
ius KappaCCD diffractometer with rotating anode and graphite monochromator
(λ = 0.71073Å) up to a resolution of sin(θ/λ)max = 0.61Å−1 at a temperature
of 150(2)K. Intensity data were integrated with the Eval14 software.152 Absorp-
tion correction and scaling was performed based on multiple measured reflections
with SADABS154 (0.50 − 0.75 correction range). 27415 Reflections were unique
(Rint = 0.141), of which 13724 were observed [I > 2σ(I)]. The structure was solved
with Direct Methods using the program SHELXS-97155 and refined with SHELXS-
97155 against F 2 of all reflections. The structure contains voids (9604.4Å3/unit
cell) filled with disordered solvent molecules. Their contribution to the structure
factors was secured by back-Fourier transformation using the SQUEEZE routine
of the PLATON package,157 resulting in 2750 electrons/unit cell. 1495 Parameters

xviiDerived values do not contain the contribution of the disordered solvent.
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Table 4.4.2. Selected distances (in Å) and angles (in ◦) in the crystal structure of
tris-(meta-pyridyl)-phosphine·(ZnTPP)3.

Selected distances
Zn1-N11 2.067(3) Zn2-N12 2.084(3) Zn3-N13 2.066(3)
Zn1-N21 2.075(3) Zn2-N22 2.070(3) Zn3-N23 2.081(3)
Zn1-N31 2.070(3) Zn2-N32 2.070(3) Zn3-N33 2.068(3)
Zn1-N41 2.068(3) Zn2-N42 2.050(3) Zn3-N43 2.050(3)
Zn1-N14 2.180(3) Zn2-N24 2.185(3) Zn3-N34 2.171(3)
P14-C14 1.832(4) P14-C64 1.836(4) P14-C114 1.837(4)

Selected angles
N11-Zn1-N21 88.31(12) N12-Zn2-N22 88.95(14) N13-Zn3-N23 89.25(12)
N11-Zn1-N31 162.35(12) N12-Zn2-N32 164.76(12) N13-Zn3-N33 163.05(13)
N11-Zn1-N41 88.62(12) N12-Zn2-N42 88.92(13) N13-Zn3-N43 88.75(12)
N11-Zn1-N14 106.82(11) N12-Zn2-N24 93.73(12) N13-Zn3-N34 97.11(12)
N21-Zn1-N31 88.65(12) N22-Zn2-N32 88.24(13) N23-Zn3-N33 88.27(12)
N21-Zn1-N41 163.62(12) N22-Zn2-N42 162.27(12) N23-Zn3-N43 162.67(12)
N21-Zn1-N14 95.04(12) N22-Zn2-N24 90.92(12) N23-Zn3-N34 91.08(12)
N31-Zn1-N41 89.41(12) N32-Zn2-N42 89.31(13) N33-Zn3-N43 88.65(12)
N31-Zn1-N14 90.76(12) N32-Zn2-N24 101.29(12) N33-Zn3-N34 99.70(12)
N41-Zn1-N14 101.25(12) N42-Zn2-N24 106.78(12) N43-Zn3-N34 106.25(12)
C14-P14-C64 100.77(18) C14-P14-C114 101.10(18) C64-P14-C114 100.20(18)

were included in the least-squares refinement. Non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen atoms were introduced in
calculated positions and refined with a riding model. 75 Restraints were used for
the refinement of the ill-defined phenyl ring C333-C383 (restraints for isotopic be-
haviour and for the flatness of the ring). R2/wR2 [I > 2σ(I)] : 0.0594/0.1410.
R2/wR2 [all refl.]: 0.1248/0.1578. S = 0.908. Residual electron density between
−0.56 and 0.70 e/Å3. Geometry calculations and checking for higher symmetry was
performed with the PLATON program.157

4.4.3. UV-Vis Titration: Determination of the (ZnTPP−D20)–Pyri-
dine Association Constant. UV-Vis titration methodology132,133 was used to
determine association constants in pyridine/ZnTPP−D20 system. As control ex-
periment, the association constant of pyridine/ZnTPP system was also determined.
These experiments were performed in order to determine whether there are differ-
ences in the binding strength of these two ZnII complexes, and to which degree they
might be used to explain the different results in catalysis of the two porphyrins. The
solutions were prepared using freshly distilled toluene. Pyridine was filtered over
plug of alumina and degassed with nitrogen. The concentration of ZnII(porphyrin)
complex (in either case) was 1.00 ·10−6 mol·l−1, that of pyridine 1.00 ·10−3 mol·l−1.
50–60 points were collected in small increments (4, 6 and 8 µl aliquots at the be-
ginning, 80 to 100 µl aliquots towards the end of titration). The absorbance data
at 430 nm (Fig 4.4.2) was used for calculation132 of the association constants.xviii

The results are:

xviiiwe also used the in-house scripts for calculation of equilibrium constants developed by I.
Jacobs.
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(a) ZnTPP (b) ZnTPP−D20

Figure 4.4.2. Changes in the UV-Vis during titration of ZnTPP and ZnTPP−D20 with
pyridine. The bands shift to higher wavelengths with increasing amount of pyridine.

ZnTPP: 4.1 · 10−3 l·mol−1
ZnTPP-D20: 4.2 · 10−3 l·mol−1xix

The estimated error of these measurements is ± (0.2 − 0.5) · 10−3 l·mol−1. The
association constants are thus virtually identical, and the observed differences in
catalytic selectivity are not caused by different binding of ZnII to a pyridyl group.

4.4.4. Catalytic Experiments. Typical procedure involved weighing of ZnII-
complex directly in the glass inserts of the autoclaves, which were then closed, set
under inert atmosphere and filled with stock solutions (in toluene, DIPEA neat)
of ligand ((3−pyridyl)3P), DIPEA (diisopropylethylamine), Rh(acac)(CO)2, sub-
strate, and was topped with toluene to 4.0 ml total volume. Alternatively, stock
solutions of ZnII complexes were used instead of weighing them directly. After
filling, the autoclaves were flushed with syngas (3×25bar), pressurised to 20 bar
(CO/H2= 1 : 1), immersed into oil bath tempered ad 25◦C, and stirred. The auto-
claves were opened after the pressure release and flushing with nitrogen. Few drops
of n-tributylphosphite were added to each reaction mixture for quenching. The
reaction mixture (about 50 µl) was diluted with dichloromethane and injected into
the GC directly without workup or product isolation. Typical reaction conditions
and amounts of used compounds are given in Tables 4.4.3a and 4.4.3b.

4.4.5. In situ FT-IR Spectroscopy: ZnTPP(m-NO2). These experiments
were performed under conditions identical to those under which the catalytic ex-
periments were done, with the only exceptions being the solvent and substrate
concentration: here we used methylene chloride instead of toluene and 200 equiv-
alents substrate. ZnTPP(m-NO2) (109.19mg, 12.75 · 10−5mol) and tris-(meta-py-
ridyl)-phosphine (11.26mg, 4.25 · 10−5mol, were stirred with DIPEA (46 · 10−6 l)
in 14ml methylene chloride in a Schlenk flask at ambient temperature for ca. 30
minutes. The mixture was transferred into the IR-autoclave under Ar, which was
then flushed with syngas (3×25 bar) and pressurised to 19 bar (CO/H2= 1 : 1).

xixthis is an average of two titrations which gave 4.70 and 3.80 · 10−3 l·mol−1.
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Table 4.4.3. Materials used in catalysis.

(a) Concentrations and amounts of compounds used in catalysis.

Compound Equiv. c/(10−3mol·l−1) n/(10−6mol) m/(10−3g)

Rh(acac)(CO)2 1.0 0.50iii♠ 2.00 0.516
P(3−pyridyl)3 5.0 2.50 10.0 2.652
ZnII complex 15.0 7.50 30.0 -
internal alkene 500 250 1000 -
terminal alkene 1000 500 2000 -

DIPEA 30 15.0 60.0 9

(b) Amounts of ZnII complexes and substrates used in catalysis.

Compound m/(10−3g) Compound V/(10−6l)
ZnTPP 22.35 trans-2-pentene 110

ZnTPP−D20 22.90 trans-2-hexene 125
ZnTPP−F20 34.25 trans-2-heptene 139

ZnTPP(o/m/p-OMe) 25.60 cis-2-heptene 139
ZnTPP(m,m-OMe) 31.0 trans-2-octene 157
ZnTPP(m-NO2) 26.55 cis-2-octene 157

ZnTCx 21.0 trans-2-nonene 173
Zn(protoPorph)iii♠ 4.91 1-octene 314

ZnPc 50.6

♠ [Rh]= 0.10 · 10−3 mol·l−1 when Zn(protoporphyrin) was used. Other concentrations
were changed with respect to this value.
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Figure 4.4.3. In situ FT-IR spectra of the ZnTPP(m-NO2)-encapsulated catalyst: the
rhodiumhydrido resting state (full black line) and with added substrates (dashed lines).

This solution was used for background correction. The injection chamber of the
autoclave was charged with solution of Rh(acac)(CO)2 in 1.5ml methylene chloride
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and pressurised to ca. 35 bar. Opening the valve to the main autoclave chamber
injected the rhodium precursor to the ligand solution.

Formation of the rhodium-carbonyl complex was followed in the region around
2000 cm−1, and after the system stabilised (2–3 hours), three bands at 2001, 2044,
and 2066 (weak) cm−1 were observed, corresponding to RhH(CO)3L complex, with
L being the supramolecular ligand [(3−pyridyl)3P·(ZnTPP(m-NO2))3] (Fig. 4.4.3).
Addition of trans-2-octene to this solution was not followed by any visible changes
in the IR (Fig. 4.4.3b). The spectra did not change even after prolonged time (40
hours). When 1-octene was injected to this solution (containing the catalyst and
trans-2-octene), two new bands appeared slowly in the region around 2000 cm−1 (at
1989 and 2006 cm−1), while the three described ones decreased intensity, producing
a mixture of five bands. Simultaneously, an aldehyde band at 1722 cm−1 started
growing slowly, indicating formation of hydroformylation products.

In a second experiment, the substrate addition sequence was inverted: 1-octene
was added was added first, and trans-2-octene second. Hydroformylation started
readily after 1-octene was injected (in the second experiment), indicated by im-
mediate appearance of the band at 1722 cm−1. Also the described two bands ap-
peared (at 1990 and 2008 cm−1, giving the known spectrum of three + two bands
(Fig. 4.4.3a). Addition of trans-2-octene to this reacting mixture did not cause this
band pattern to change. However, the reaction was nearly completely stopped. A
slight increase in aldehyde concentration was observed within 36 hours, showing
that the catalyst was almost completely inhibited by trans-2-octene.

4.4.6. Molecular Modelling. The geometry optimisations of the encapsu-
lated catalysts were performed using two-layer ONIOM method as implemented
in Gaussian 03.190–192 The hybrid functional pbe1pbe with dgdzvp as basis set
was used for high level layer, and with 3-21g** as basis set for low level layer in
ONIOM.215–218 The cut between the layers was set between the Zn and Npyridyl

atoms, as is illustrated in Fig. 4.4.4 on examples of ZnTPP(m-OMe)- and ZnTPP(m-NO2)-
encapsulated catalyst. No dummy atoms were used where the cut was made, since
the Zn–Npyridyl bond is not covalent.

Typical optimisation procedure:
(1) RhH(CO)2[P(meta-pyridyl)3] optimisation using DFT (pbe1pbe/dgdzvp)
(2) building the model of the encapsulated model using the x-ray crystal struc-

ture and the optimised Rh-fragment; addition of substituents
(3) two-layer ONIOM optimisation of the encapsulated catalyst.xx

4.4.6.1. Capsule and Cavity Volume Determination. For this purpose the sub-
stituents on the meso-phenyl groups and the Rh(CO)2H-fragment were removed
from the optimised encapsulated catalysts, and only the (meta−pyridyl)3P·(ZnII)3
assembly was used. Online utility of the Voss Volume Voxelatorxxi was used to cal-
culate the volume of the capsule (with 2 Å probe radius) and of the cavity (with
12 Å large and 1.2 Å small probe radius) wherein the catalyst is situated.247 Com-
parison of sizes and illustration of the cavity and capsule volumes is shown on the
example of the ZnTPP- and ZnPc-based capsules, shown in Fig. 4.4.7.

There seems to be no direct correlation of the cavity volume and selectivity.
However, the cavity volume in selective capsules is 7–10% of the capsule volume, and

xxThis step needs long time to complete, 10–30 days of CPU time in four parallel processes.
xxihttp://3vee.molmovdb.org/
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(a) ZnTPP(m-OMe) (b) ZnTPP(m-NO2)

Figure 4.4.4. Division of oniom layers: high level (pbe1pbe/dgdzvp) is light blue, low
level (pbe1pbe/3-21g**) is dark violet. All atoms are shown.

Table 4.4.4. Volumetric data of the capsules and the corresponding cavity.

Capsule building block Volume/Å3 Vcavity

Vcapsule
· 100%

Capsule Cavity
ZnTPP, x-ray 2859 227 7.9
ZnTPP, DFT 3008 233 7.7
ZnTPP(m-OMe) 2770 285 10.3
ZnTPP(o-OMe) 2999 229 7.6
ZnTPP(p-OMe) 2827 280 9.9

ZnTPP(m,m-OMe) 3036 142 4.7
ZnTPP−F20 3027 190 6.3
ZnTPP(m-NO2) 2888 210 7.3

ZnTCx 3123 198 6.3
Zn(protoPorph) 3011 124 4.1

ZnPc 7544 1207 16.0

in the non-selective cases it is lower, 4-6%, with notable exceptions of ZnPc, which is
much larger (16%). The cavity volumes of the ZnTPP(o-OMe)- and ZnTPP(p-OMe)-
based capsules are nearly identical to the pockets of the selective capsules.

We looked into a few geometry parameters which may help describe the reg-
ularity of our capsules. For this purpose we determined the angles α between the
ZnII complex planes (which are formed so to contain the four nitrogen atoms that
coordinate to Zn). The angle β between the ZnII complex plane and the Rh–P axis
was regarded as a measure of capsule’s openness, i. e., the capsule is more open,
as the angle is closer to 0◦. Illustration of these structural features are shown in
Fig. 4.4.8. In addition, we determined also the distance d from the porphyrinic
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Table 4.4.5. Average angles between the ZnII-building blocks’ planes, and between
them and the Rh–P axis. Where available, the average distance between the (meta-)H
atom and the porphyrins’ pyrrole moiety is listed.

Zn building block α σ(α), % β σ(β), % d/Å σ(d), %
ZnTPP, x-ray 61.3◦ 2.6 - - 2.9 3.9
ZnTPP, DFT 62.7◦ 5.4 9.7◦ 26 2.7 7.4
ZnTPP(m-OMe) 64.0◦ 9.4 12◦ 28 3.2 6.2
ZnTPP(o-OMe) 62.3◦ 3.5 8.8◦ 22 5.0 47
ZnTPP(p-OMe) 63.1◦ 0.56 10◦ 19 4.7 54

ZnTPP(m,m-OMe) 62.4◦ 27 11◦ 54 5.4 23
ZnTPP−F20 65.5◦ 8.1 10◦ 59 4.5 25
ZnTPP(m-NO2) 63.3◦ 2.6 10◦ 34 2.9 8.3

ZnTCx 60.0◦ 15 9.4◦ 61 4.7 31
Zn(protoPorph) 68.5◦ 12 17◦ 18 – –

ZnPc 60.5◦ 5.1 4.6◦ 73 – –

pyrrole centre to the closest hydrogen atom of the neighbouring porphyrin mole-
cule (usually the meta-H of the phenyl group), which are the likeliest to engage in
attractive interactions.

In order not to be redundant with numerical data, we present here the average
values of these parameters, α, β, d, along with the corresponding relative mean
standard deviations, σ(α), σ(β), and σ(d) (Tab. 4.4.5). These average values were
calculated using following formulas:xxii

(4.4.1) a =
1

n

n∑
i=1

ai

(4.4.2) σa =

1
n

n∑
i=1

|ai − a|

a
· 100%

This data set does not make it easy to come to conclusions, however a few
comments can be made. The selective capsules display average H–pyrrole distance
d ≤ 3.2Å, while in the non-selective capsules this value is significantly higher, what
reflects the ability of the former capsules to form attractive cooperative interactions
and thereby lead to preferential production of P3 aldehyde.

Acknowledgements. We thank Prof. Anthony L Spek and Dr. Martin Lutz
(Utrecht University) for X-ray crystal structure determination and Prof. Daniel T.
Gryko, Dr. Ayfer Kalkan, and Jan Lewtak (all Polish Academy of Sciences) for
their contribution in the synthesis of the ZnPc complex, and to Jan Lewtak for
synthesising the ZnTCx complex.

xxiifor a general quantity a
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(a) ZnTPP (b) ZnTPP(m−OMe) (c) ZnTPPm(-NO2)

(d) ZnTPP(o−OMe) (e) ZnTPP(p−OMe) (f) ZnTPP(m,m−OMe)

(g) ZnTPP−F20 (h) ZnTCx (i) Zn(proto-porphyrin)

Figure 4.4.5. Surface representations of the capsules based on ZnTPP building blocks
with varied substituent pattern on the remote phenyl groups. For easier comparison,
the substituents were replaced by a H atom in the structure for surface rendering.
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(a) X-ray–ZnTPP (b) x-ray–ZnTPP(m-NO2) (c) x-ray–ZnTPP(m-OMe)

(d) x-ray–ZnTPP(o-OMe) (e) x-ray–ZnTPP(p-OMe) (f) x-ray–ZnTPP(m,m-OMe)

(g) x-ray–ZnTPP−F20 (h) x-ray–ZnTCx (i) x-ray–Zn(proto-Porphyrin)

Figure 4.4.6. X-ray crystal structure of the capsule overlaid with the modeled cap-
sules. H atoms, Rh(CO)2H fragment and substituents not shown. Colours different
than in the man text, the x-ray structure is always white.
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(a) ZnTPP (b) ZnPc (c) ZnPc vs ZnTPP

Figure 4.4.7. Cavity volume comparison of ZnPc- and ZnTPP-based supramolecu-
lar capsules. Cavity is rendered as semi-transparent surface (ZnTPP: magenta, ZnPc:
cyan), and the surface of the capsule as mesh. Structure optimisation of the ZnPc-
capsule performed in two steps: the RhH(CO)(η2-ethylene)P(m-pyridyl)3-fragment was
optimised using DFT (Gaussian 03, pbe1pbe/dgdzvp), and was kept frozen in the sub-
sequent optimisation of the assembly with PM6 semi-empirical method as implemented
in MOPAC2009 using the MOZYME module.181,182

(a) ZnTPP(m-NO2) (b) ZnPc

Figure 4.4.8. Illustration of the determined structural parameters on the examples of
the ZnTPP(m-NO2)- and ZnPc-encapsulated catalyst. The diameter of the Rh–P axis
(blue) is enlarged, so that the angle between it and the Zn-complex planes in clearer,
as well as the angles between themselves.





CHAPTER 5

Supramolecular Encapsulation and Selectivity in
Hydroformylation of Internal Alkenes

Abstract. Herein we report mechanistic studies of a rhodium hydroformyla-
tion catalyst, encapsulated using the ligand-template strategy developed pre-
viously in our group (Angew. Chem. Int. Ed. 2001, J. Am. Chem. Soc.
2004). We address the origin of the curious selectivity in hydroformylation
of linear internal alkenes, which are transformed without isomerisation into
branched aldehydes. Using combined experimental (gas-uptake kinetics, catal-
ysis using isotopically labelled gas, in situ FT-IR spectroscopy) and compu-
tational (DFT of the catalytic cycle followed by the simulation of catalysis
kinetics) approach, we found that the rate-limiting processes depend greatly
on the reaction conditions. The selectivity of the catalyst is determined in
the hydride migration, where the transition state energies towards the minor
aldehyde product are raised more than those towards the major aldehyde; this
is due to the energies for the capsule reorganisation required to accommodate
the corresponding transition states. Thus, the capsule rearrangement energy,
which is higher for one product than for the other, is the crucial energy con-
tribution that ultimately leads to the observed selectivity.

5.1. Introduction

Reactions occurring in confined spaces within biological systems, i. e. in binding
pockets of enzymes, proceed with excellent selectivity and very high rates.3,164 Re-
actions of similar efficiency within synthetic confined spaces and capsules are scarce.
There are, however, several examples where the application of synthetic supramolec-
ular capsules as nano-reactors has led to high reaction rates and previously inacces-
sible selectivities.35 In 2007, Raymond and co-workers reported a supramolecular
capsule whose inner space caused a pKa shift leading to easy protonation of a
reaction intermediate as compared to the reaction medium, thereby enabling an
acid catalysed reaction in a basic aqueous solution.36 Other research groups have
reported acceleration of a Diels-Alder reaction within a spherical supramolecular
capsule,45 and within an octahedral metal-ligand assembly.47 Besides accelerat-
ing the reaction, unusual product distributions were observed when reactions were
taking place in these confined spaces.45,47

In our group, a ligand-templated strategy for the encapsulation of transition
metal catalysts was developed.27,31 Encapsulation of a rhodium hydroformylation
catalyst using this approach led to a more than tenfold increase of activity and high
selectivities in transformation of terminal alkenes.27 Also in hydroformylation of
very difficult, non-functionalised linear internal alkenes (Fig. 5.1.1), high activities
and selectivities were observed, with the hydroformylation of 2-alkenes resulting
mainly in the C3-aldehyde.60 A detailed review with more examples of catalysis in
confined spaces has been published recently.38,53 In some of the examples described
above and in the mentioned review, the mechanism of the reaction and the role of

89



90 5. SELECTIVITY AND THE ROLE OF THE CAPSULE – MECHANISM

N

N

N

N Zn

N

N
P

N

3

N

Zn

N
ZnP

N
Zn Rh(acac)(CO)2

H2/CO

Hacac

N
Zn

N
Zn

P
N

Zn

Rh

H

CO
CO

CO

CHO

CHO
P3

C3-aldehyde
85-91%

P2
C2-aldehyde

8-13%

trans-2-octene

(m-pyridyl)3P ZnTPP supramolecular
ligand-capsule

encapsulated
rhodium catalyst

Figure 5.1.1. Assembly of the supramolecular capsule, and formation of the rhodium
hydroformylation catalyst with unusual transformation of trans-2-octene mainly to the
3-aldehyde (P3).

the capsule in it is well understood. For instance, the steric conditions inside the
octahedral (by Fujita) or spherical (by Rebek) capsules allow only one orientation of
the reactants relative to one another, leading to unusual selectivities in the Diels-
Alder reactions within these capsules.45,47 However, in most other examples the
role of the (supramolecular) capsule is not, or only partly understood.

It is of fundamental interest, and importance to the field, to understand the
mechanisms of reactions in which the difficult, non-functionalised substrate molecules
are converted to the desired products with high selectivities. This might potentially
lead to an economical and more efficient utilisation of feed stocks as well as to the
production of high added value intermediates for the fine chemicals industry.i More-
over, insights into general principles regarding the reactions in confined spaces may
be gained, drawing parallels between synthetic and natural systems like enzymes,
thus contributing to a better general understanding of these phenomena.

Herein we report the mechanistic details of the hydroformylation catalysis per-
formed by the encapsulated rhodium hydroformylation catalyst, aiming to identify
the steps which determine its (unusual) selectivity, and, in particular, to cast light
on the role of the capsule in this process. Using the slightly extended hydroformyla-
tion cycle of Breslow and Heck4,7,248 as the working model, we look into the details

iLarge amounts of alkenes used in hydroformylation are produced in ethylene oligomerisation
processes, which delivers mixtures of alkenes; however, only terminal alkenes can be converted to
(linear) aldehydes with high selectivity. Internal alkenes, less reactive in hydroformylation, are
first converted to terminal alkenes in isomerisation processes, and subsequently hydroformylated
to linear aldehydes. Potentially high added-value products (highly branched aldehydes) are not
accessible directly from the internal alkenes due to the lack of selective catalysts. The ZnTPP-
encapsulated rhodium catalyst was the only one capable of achieving high selectivity (combined
with high activity) in the hydroformylation of these linear, non-functionalised internal 2- and
3-alkenes.
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using various techniques. By performing gas-uptake experiments we monitor the
kinetics and look into the rate limiting processes. Additionally, we use high pres-
sure FT-IR spectroscopy to monitor the catalyst resting states in situ to support
the conclusions from the kinetics experiments. Closer insight into the cycle, ob-
tained by combining the data from the kinetics, in situ FT-IR spectroscopy, and
deuteroformylation experiments with the DFT-based simulation model of the ki-
netics of the catalytic cycle, conclusively identify the selectivity-determining step
of the catalysis. Moreover, the molecular models and the analysis of the catalytic
pathways unveil the role of the capsule in the selectivity-determining step as an
effective steric block for paths to the minor product. In addition, we demonstrate
that the DFT model is suitable for prediction of product distribution using two sim-
ilar – and previously not studied – substrates. These substrates differ only in the
position of a substituent by one carbon atom – remote from the double bond – caus-
ing them to be converted with different selectivities by the ZnTPP-encapsulated
catalyst, as we also predict using the theoretical model.

5.2. Results and Discussion

Typically, the hydroformylation reaction (the cycle is depicted in Fig. 5.2.1)
is discussed in terms of two kinetics types, which are conveniently called type I
and type II kinetics.4,7,11,12,62,63 In type I kinetics the rate limiting step is usually
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Figure 5.2.1. Schematic representation of the hydroformylation catalytic cycle with
monophosphine rhodium catalyst and a generic trans-2-alkene as substrate. Resting
states for both types of kinetics are indicated (rsI, rsII), and hydrogenolysis is as-
sumed to consist of oxidative addition of H2 and subsequent reductive elimination of
the aldehyde. Formation of dormant dirhodium species, as well as β-H elimination
pathways (leading to isomeric alkenes) are not shown.

early in the catalytic cycle and difficult to pinpoint exactly.148 Most likely it is
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either CO dissociation from the rhodiumhydrido resting state (rsI, Fig. 5.2.1) and
subsequent alkene coordination to the electronically unsaturated species f,ii leading
to the rhodium alkene complexes a. Alternatively, the hydride migration from
Rh (species a) to the alkene, forming the alkylrhodium species b may be rate-
limiting, with a rapid pre-equilibrium from rsI. The hydride migration step is also
considered to be the selectivity determining in the type I kinetics, provided it is
irreversible.188,189 Characteristic of the type I kinetics is that the reaction rate order
is one (1) with respect to the substrate, −1 with respect to the CO, and zero (0)
with respect to the H2 concentration. Also, it is usually observed when phosphines
(or other poor π-accepting ligands) are used as ligands to form the Rh catalyst.12

The type II kinetics is typical for electron-poor ligands which are also moderate
to good π-acceptors, like phosphites. The characteristic of the type II kinetics is the
often observed high isomerisation rate, the hydrogenolysisiii is the rate determining
process, and the electronically saturated rhodium acyl species rsII is observed as
the resting state. The rate order in type II kinetics is one (1) with respect to the
H2, negative with respect to the CO, and zero (0) with respect to the substrate
concentration.11

5.2.1. Kinetics and in situ HP-FTIR.. The kinetics of the trans-2-octene
hydroformylation by the ZnTPP-encapsulated rhodium catalyst were studied at
40◦C by measuring the gas uptakeiv during the reaction. From these data, using
the reaction progress kinetics analysis approach187, we were able to determine the
reaction rate orders in reactant concentrations. The raw gas uptake data were not
fitted to analytical expressions describing potential rate laws. Instead, the data were
numerically differentiated to obtain the reaction rate (at any moment). The rate
orders in CO (m) and H2 (n) were obtained by fitting the rate vs. partial pressure
data to the equations r = K ′ ·pm(CO) (for p(H2) = const.) and r = K ′′ ·pn(H2) (for
p(CO) = const.), as is shown in the Figure 5.2.2a.v The logarithmic plot of rate vs.
substrate concentration gave the rate order in substrate as the slope of the straight
line (three examples shown in Fig. 5.2.2b, for CO/H2 = 1 : 2; 1 : 1; and 2 : 1). Thus
we found broken orders in all three reactants: −0.9 in CO, +0.7 in H2 and +0.8
in trans-2-octene. None of the rate orders was zero, suggesting that the kinetics
type under these conditions is neither type I nor type II, but intermediate. This
implies that both resting states, rsI and rsII, should be present during catalysis
under these conditions.

We used infrared spectroscopy to monitor the reaction in situ, under the condi-
tions similar to those of the gas-uptake experiments,vi and we indeed found signals
belonging to both resting states during catalysis. The Figure 5.2.3a shows the
rhodiumhydrido resting state rsI at 40◦C before the addition of substrate (three
bands at 2089, 2042 and 2006 cm−1, Fig 5.2.3a) Similar HP-IR experiments car-
ried out at 25◦C showed the appearance of the same three bands, indicative of

iithis and further species denominators refer to those in Fig. 5.2.1, if not specified otherwise.
iiiIn Figure 5.2.1 shown as sequence of steps: hydrogen oxidative addition + reductive elimination
of the aldehyde.
ivin the AMTEC synthesis robot, at four various total pressures and three CO/H2 ratios.
valternatively, the orders in partial pressures of the gases were also obtained by fitting the reaction
rate vs. (p(CO), p(H2)) surface to the equation r = K · pm(CO) · pn(H2) at different conversions,
please see the Experimental Section for more details.
vi40◦C, 20–25 bar syngas pressure, low rhodium concentration (0.50·10−3mol·l−1), variable tem-
peratures and syngas composition.
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Figure 5.2.2. Reaction rate orders in respect to gases (left) and substrate (right). Left:
order is −0.8 to −0.9 in CO, and 0.6 to 0.7 in H2 concentration; the data were fitted to
the equation of type r = K′ ·porder(gas); Fitting the reaction rate over the whole partial
pressures surface r = f(p(CO), p(H2)) to the equation r = K ·pm(CO)·pn(H2) gave n =
−0.90 and m = 0.73 (in the Experimental Section). Right: the slope of the logarithmic
plot of the reaction rate vs. substrate concentration is 0.8 and represents the order in
trans-2-octene concentration for these reactions. The initial non-linearity is most likely
caused by the incomplete catalyst incubation and/or mass transfer phenomena at the
beginning of the reaction (CO/H2 =1:2; 1:1; and 2:1). The values of these parameters
(at given reaction conditions) suggest that kinetics follows neither pure type I nor type
II profile, but could rather be characterised as “mainly” type I mixed with type II.

the rsI.31 Upon injection of trans-2-octene at 40◦C, the intensities of these three
bands decrease(Fig. 5.2.3b), and new bands at 2056, 2025 and 1992 cm−1 appear,
as is shown in the difference spectrum in Figure 5.2.3c. The new bands indicate
appearance of the acylrhodium resting state rsII,230,231 which co-exists with the
rhodiumhydrido resting rsI state during catalysis, in agreement with the kinetics
studies.

Interestingly, the addition of trans-2-octene to rsI at 25◦C does not lead to any
spectral changes (see Fig. 5.2.3d), indicating that the kinetics at this temperature
is mainly of type I. This was also suggested earlier by Kuil et al., who found that
the conversion was not influenced by the H2 partial pressure at 25◦C, in line with
the type I kinetics.

Although the reaction rate was significantly influenced by reaction conditions
(overall pressure, substrate concentration, and CO/H2 ratio), the selectivity to-
wards the C3-aldehyde remained essentially constant regardless of the conditions
(Fig. 5.2.4). This suggests that, either the reaction rate and the selectivity are de-
termined in separate steps of the catalytic cycle, or – more likely – that the reaction
rates leading to the C2- and the C3-aldehyde are equally affected by the changes in
reaction conditions, keeping the product ratio constant. Contrary to what might
be expected at 40◦C, the selectivity did not drop significantly compared to the
reaction carried out at 25◦C, but is largely retained with 62–67% C3-aldehyde as
the major product.
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Figure 5.2.3. In situ HP-IR showing the catalyst resting states at 40◦C and 25◦C
(20 bar syngas, CO/H2= 1 : 1). Top left: the hydride resting state rsI (RhP(CO)3H)
before substrate addition at 40◦. Top right: Upon substrate addition (at 40◦) and
reaction start the initial resting state bands changed; they decreased in intensity (neg-
ative in the difference spectrum, lower left), while new ones appeared (positive, arrows
point upwards), indicating the formation of RhP(CO)3(acyl) rsII resting state and the
intermediate kinetics type. Lower right: resting state rsI before and during catalysis
at 25◦, typical for type I mechanism. P=(meta−pyridyl)3P·(ZnTPP)3.

At 25◦C the catalysis follows mainly the type I kinetics, as no acylrhodium
resting state (rsII) was observed in HP-IR at this temperature (and CO/H2= 1 :
1). Under these conditions, only the RhP(CO)3H species (rsI) is visible in the
autoclave, as is evidenced by the FT-IR spectra in the Fig. 5.2.3d. Thus, the
catalysis rate at 25◦C is most likely determined by the CO dissociation/trans-2-
octene coordination/hydride migration processes, while temperature elevation leads
to intermediate kinetics, where H2 oxidative addition is rate limiting as well.
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Figure 5.2.4. Influence of syngas pressure and composition on conversion and se-
lectivity of hydroformylation of trans-2-octene catalysed by the ZnTPP-encapsulated
rhodium catalyst at 40◦C. The conversion and reaction rates decrease with increas-
ing pressure, especially when CO is in excess. The selectivity for the C3-aldehyde is
practically not influenced by CO or H2 pressures, while the yield of the C2-aldehyde
grows slightly with increasing pressure at the expense of the isomerisation products
(not shown).

Table 5.2.1. Deuteroformylation experiments results showing selective isomerisation
of trans-2-octene to cis-2-octene with two encapsulated catalysts under encapsulation
conditions, while the non-encapsulated catalysts produce statistical mixture of isomers.
Conditions: [Rh] = 0.50 · 103mol·l−1, [P]/[Rh] = 5.0, [Zn]/[P] = 3.0, p = 20bar,
CO/2H2= 1 : 1, [trans-2-octene]/[Rh] = 1000, 120 hours. Reaction mixture was
quenched with tributylphosphite, diluted with CH2Cl2 and analysed directly by GC
and 2H NMR spectroscopy.

Ligand encapsulated by non-encapsulated calc.
ZnTPP ZnTPP(m-OMe) P(m−py)3 PPh3

conversiona 14 12 4 4 -
isomersb 5.4 3.5 9 13 -
1-octenec 7 17 32 36 ∼35
cis-2-octenec 85 70 26 20 ∼27
trans-3-octenec 8 13 42 44 ∼30
C1-aldehydeb n.d. 2 2 3 -
C2-aldehydeb 8 10 56 54 -
C3-aldehydeb 87 85 33 29 -
C4-aldehydeb n.d. n.d. n.d. 2 -

a % of total converted substrate; b % of formed products (aldehydes + isomers); c % of total
amount of isomeric octenes, excluding the substrate

5.2.2. Deuteroformylation, hydride migration, β-H elimination and
selectivity. Deuteroformylation experiments show that, when no deuterium is in-
corporated into the substrate (via hydride migration/β-H elimination processes),
the deuteride (and the hydride, by analogy) migration step is irreversible, making
it therefore the selectivity determining step of the catalytic cycle.188,189,249 This
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is valid if the isomerisation process shares the same pathway as the hydroformy-
lation. However, in a complex system with multiple possible catalytic pathways
there might be those which are reversible and possibly do not even lead to the
acylrhodium species, resulting (only) in isomerised alkenes. Also, other pathways
may have an irreversible hydride migration and the subsequent full cycle to the
aldehyde product, determining the selectivity of the hydroformylation.

10 9 8 7 6 5 4 3 2 1 0 ppm

10 9 8 7 6 5 4 3 2 1 0 ppm

10 9 8 7 6 5 4 3 2 1 0 ppm

room temperature
ZnTPP−encapsulation

80 deg Celsius
ZnTPP−encapsulation

blank (toluene)

Figure 5.2.5. 2H NMR spectra of the trans-2-octene deuteroformylation reaction
mixture, showing the signals of deuterium incorporated into aldehyde products (9.3
and 1.3 ppm) and alkenes (Csp

2

-2H signal at 5.4 ppm). At 25◦C (top spectrum), the
isomerisation with the ZnTPP-encapsulated catalyst is selective. Opposite to that,
isomerisation at 80◦C (middle spectrum) is not selective, leading to the statistical dis-
tribution of isomeric octenes. This result correlates with the non-selective production of
aldehydes at this temperature, indicating that the loss of selectivity in these processes
might have the same cause. Legend: ♣ C2HO (aldehyde); 8 Csp

2

-2H (alkene); 5
toluene; ♠ Csp

3

-2H (3-octene); • Csp
3

-2H (aldehyde); ] Csp
3

-2H signals belonging to
1- and 3-octene.

Our deuteroformylation study was conducted analogously to the hydroformyla-
tion catalysis experimentsvii using two C3-selective, ZnII(porphyrin)-encapsulated
catalysts and also two non-encapsulated rhodium catalysts modified with tris-(3-
pyridyl)-phosphine and triphenylphosphine. We analysed the quenched crude re-
action mixtures by gas chromatography and 2H NMR spectroscopy. The results
are summarised in the Table 5.2.1. Isomeric octenes were found with all catalytic
systems we studied. The 2H NMR spectra of the reaction mixtures of the ZnTPP-
encapsulated catalyst (at 25 and 80◦C, Fig. 5.2.5) display clearly the signal of

viiwith 1000 or 2000 equivalents of substrate instead of 500 used in hydroformylation
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Figure 5.2.6. Isomerisation to 2 octenes under hydroformylation and deuteroformy-
lation conditions. Due to the kinetic isotope effect, cis-2-octene is formed faster than
trans-2-octene under deuteroformylation conditions.

the deuterium atom at the sp2 carbon atom of the isomerised substrate (peak at
5.4 ppm; the corresponding Csp

3

-2H signal is at 1.3 ppm). No signals between 2 and
3 ppm were found, indicating that there no deuterium atoms were incorporated on
the carbon that bears the aldehyde group.

Interestingly, while the non-encapsulated catalysts produced a nearly statis-
tical mixture of isomeric 1-, 2-, and 3-octene, the ZnTPP-encapsulated catalysts
produced selectively one isomer in 85% at 25◦C.viii The other C3-selective cata-
lyst, encapsulated by a methoxy-substituted ZnTPP-analogue, ZnTPP(m-OMe) (see
Chapter 4), gave rise to an essentially identical isomerisation pattern as the ZnTPP-
encapsulated catalyst. Importantly, with both encapsulated catalysts, the major
isomeric octene was the cis-2-octene (from trans-2-octene as the starting alkeneix).
This isomerisation pattern differs greatly from the one observed in hydroformyla-
tion, with cis-2-octene as the selective isomerisation product and the most striking
difference. In hydroformylation, any of the trans-2-octene potentially formed by
β-1H elimination would not be visible in GC. In deuteroformylation however, β-1H
elimination is faster than β-2H elimination,249–253 and instead of trans-2-octene,
cis-2-octene is formed, which is visible in GC, as is illustrated in Figure 5.2.6. In
other words, most of the isomerisation processes in hydroformylation that lead back
to the starting material (“invisible”) become largely visible in deuteroformylation,
allowing for a better insight into the hydride/deuteride migration – β-H elimination
isomerisation processes. That the cis-2-octene is the major isomer in deuteroformy-
lation, but not in hydroformylation, implies that the trans-2-octene is one of the
main isomers formed in the hydroformylation of trans-2-octene.

As shown in the scheme in Figure 5.2.7, the most relevant paths to cis-2-
octene from C2- and C3-alkylrhodium species involve rotation of an alkyl group
(n-hexyl in b1 or ethyl in b3, Fig. 5.2.7) and elimination of a β-1H atom, which is
faster than the β-2H elimination from the same carbon atom (KIE249–253). If there
were no preference for deuteride migration, indicated by 50% yield probability on
reaction arrows from the species a, Fig. 5.2.7, one would expect to observe 20–25%
of cis-2-octene (path1 + path3, Fig. 5.2.7) in the octenes mixture. In fact, the
distribution pattern of isomeric octenes as depicted in Fig. 5.2.7 is almost identical
to the distribution of isomers we observed experimentally with the non-encapsulated

viiiAt 80◦C all catalysts displayed similar, statistical distribution of isomeric octenes and their
follow-up aldehyde products.
ixand vice versa, trans-2-octene was the major produced isomer in deuteroformylation using cis-
2-octene as substrate; cis-2-octene is hydroformylated by the ZnTPP-encapsulated catalyst giving
83% C3-aldehyde, and deuteroformylated giving 85% of the same product (not shown in the table).
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Figure 5.2.7. Hypothetical deuteride migration and subsequent β-1H elimination
to give isomeric alkenes. The percentage numbers next to arrows denote roughly the
probability of the reactions in deuteroformylation (assuming kH/kD ∼ 2);250 those
in parentheses are the probabilities in hydroformylation. Approximate distribution of
the isomers is thus obtained for the non-selective case, which corresponds well with
the experiments conducted with the non-encapsulated catalysts. With the ZnTPP-
encapsulated catalyst the results are quite the opposite, as cis-2-octene was the major
isomer (85-90%), indicating that the hydride/deuteride migration (and β-1H/2H elimi-
nation) proceed with quite different selectivity than depicted above.

catalysts (at 25◦C), suggesting that the deuteride migration and the subsequent β-
1H elimination processes with the non-selective catalysts very likely proceed as in
Figure 5.2.7.

With the encapsulated catalysts, however, these reactions must proceed with
other probabilities, i. e., the yields of these reactions or their relative rates must dif-
fer significantly in order to result in the observed isomerisation pattern with 70-90%
cis-2-octene. It is very likely that the deuteride/hydride migration step proceeds
selectively, producing preferentially the C3-alkylrhodium species. The major iso-
meric alkene, cis-2-octene, is then produced via path 3, involving the rotation of
the ethyl group within the capsule. The alternative, β-1H elimination in the path
4 leading to 3-octene, requires rotations of the n-pentyl group, which is very likely
sterically more hindered than rotation of the ethyl group in the competing path
3. Thus, the isomerisations from either alkylrhodium species could proceed taking
the pathways of lesser steric hindrance, accounting for the distribution of isomers.
Also, both alkylrhodium species are free to undergo forward reactions with similar
rates, producing the aldehydes in required C3/C2 ratios. This hypothesis certainly
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offers the simplest and the most attractive explanation for the observed distribu-
tions of isomers and aldehydes,x and is also supported by DFT calculations as we
show bellow.

5.2.3. DFT study, kinetic simulation of the catalytic cycle and se-
lectivity. In order to gain qualitative insight into the catalytic cycle, especially
into the crucial initial steps, a DFT study was performed, which included the full
hydroformylation cycle using the non-encapsulated and the ZnTPP-encapsulated
catalyst. For these calculations we used the pbe1pbe functional with the dgdzvp
basis set as implemented in the Gaussian 03 program package.190,215–218,254 The
optimised structures of the non-encapsulated rhodium species were used to con-
struct the ZnTPP-encapsulated molecules, which were further optimised using the
two layer ONIOMxi method.191,192

We considered four possible rhodium-trans-2-octene complexesxii (Fig. 5.2.8a),
each of which can take two hydride migration pathways (“inner” or “outer”, see
Fig. 5.2.8), leading to C2- or C3- alkylrhodium species (generically shown as species
b in Fig. 5.2.1). Next, CO coordination to b giving c, and alkene migration to CO
lead to the electronically unsaturated acylrhodium species d. The species d can
either react reversibly with CO, leading to the acylrhodium resting state rsII,
or undergo oxidative addition of H2 to give the hexacoordinated species e. This
species can in turn undergo reductive elimination either of H2 (and return to d),
or of the aldehyde, regenerating the catalytically active species f (full details of the
computed reaction pathways are provided in the Experimental Section).

In order to relate the DFT-computed pathways to the experiments more pre-
cisely, we used the DFT results to simulate and predict the kinetics. From the
DFT-computed activation barriers in the catalytic cycle we calculated the rate

xOther possibilities are less likely. For instance, in one hypothetical case the formation of the
C2-alkylrhodium is not preferred over C3-alkylrhodium species, i. e. that the deuteride/hydride
migration is not selective. In order to satisfy the isomer and aldehyde distribution, the for-
ward reactions (with respect to the catalytic cycle; β-H elimination reactions in Figure 5.2.7 are
backward with respect to the aldehyde production cycle) from the C3-alkylrhodium (towards the
C3-aldehyde) would have to be much faster than those from the C2-alkylrhodium (these would
have to be disfavoured or blocked). Also, it means that isomerisation from the C3-alkylrhodium
would largely be suppressed, due to acceleration of the forward reactions. Thus, the only way to
produce cis-2-octene as major isomer would be to block forward reactions from C2-alkylrhodium
and selectively favour the isomerisation through the path 1 over the path 2. How this might
happen is unclear, since the first path requires rotation of the n-hexyl group within the capsule
and it is very likely that it would be more hindered than the path 2. The path 2, in turn, would
lead to formation of large amount of 1-octene. In addition, this scenario would eventually lead
either to production of near equal amounts of isomers and aldehydes, or to catalyst deactivation
due to the blocked forward reactions from C2-alkylrhodium. Since neither was observed, this
scenario is highly unlikely. Similarly, if one assumes that C2-alkylrhodium is preferentially formed
in the deuteride/hydride migration step, the only mechanism to achieve the peculiar distribu-
tion of isomers an aldehydes would have to include the blocking of the forward reactions from
the C2-alkylrhodium species, as well as acceleration of β-1H elimination through path 1 from
C2-alkylrhodium.
xiWith pbe1pbe/dgdzvp for the high level (rhodium fragment + substrate) and pbe1pbe/3-21g**
for the low level (ZnTPP molecules).215–218,254
xiithe other four, on the opposite side of the Rh atom are their mirror images and therefore not
considered. Isomers with the substrate in positions other than equatorial were either too high in
energy to be accessible or too distorted, so we did not include them in further analysis.
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Figure 5.2.8. Four rhodium-alkene isomer complexes (above) and two possible hydride
migration pathways (below) shown for the encapsulated isomer a1. With four isomers,
there are eight hydride migration pathways in total.

Table 5.2.2. Hydride migration activation energies for the non-encapsulated and the
ZnTPP-encapsulated rhodium catalyst and trans-2-octene as substrate.

entry E/(kcal·mol−1) no encapsulation ZnTPP-encapsulation
starting species ∆G#

A(C3) ∆G#
A(C2) ∆E#

A (C3) ∆E#
A (C2)

1 a1 9.79 9.13 14.12 22.55
2 a2 13.49 9.20 11.95 12.78
3 a3 10.36 10.29 8.22 10.78
4 a4 10.67 11.41 23.03 13.10
5 major product♠ C2: 84% (79%) C3: 93% (70%)
6 experiment -♣ C3: 85–91%

♠ obtained from simulation of the hydride migration step; in parentheses: amount obtained from
whole-cycle simulations; ♣ the non-encapsulated, monophosphine-rhodium catalyst is only a

model, as it is not accessible experimentally other than as in mixture with bis-phosphine- and as
possibly tris-phosphine-rhodium species; ∆(G)E#

A (C3) is the (free) activation energy of the
hydride transfer to the C2 atom, forming the C3-alkylrhodium species, ∆(G)E#

A (C2) is the
equivalent for the formation of the C2-alkylrhodium species.
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constantsxiii of all the steps in the catalysis. We used these microconstants to build
a kinetic model simulating the catalytic cycle (and the kinetics).xiv For all the
steps, except for the reductive elimination of the aldehyde, the backward reactions
were taken into account.xv The kinetic simulation of the catalysis produces the
concentrations of the species involved in the cycle, of which especially interesting
were the concentrations of the aldehyde products, and the catalyst resting states.
The kinetic model of the non-encapsulated catalyst predicts the C2-aldehyde as
the major product in 79%. The closest experimental comparison available for this
model catalyst is the ZnPc-encapsulated catalyst (see Chapter 3), whose spacious
capsule allows unhindered motion of the substrate within it, and leads to 60–70%
C2-aldehyde from long-chained trans-2-alkenes (2-octene to 2-decene). Importantly,
for the ZnTPP-encapsulated catalyst the kinetic model correctly predicts the C3-
aldehyde as the major product in up to 70% (Fig. 5.2.9a), which is in excellent
agreement with the experimental results (85-91%, entries 5 and 6, Tab. 5.2.2). In
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Figure 5.2.9. Simulation of the trans-2-octene and aldehydes concentrations during
hydroformylation by the ZnTPP-encapsulated rhodium catalyst (left), and the pre-
dicted concentrations of the resting states during catalysis (right). The simulation of
kinetics was built using the DFT-computed activation barriers to obtain the rate con-
stants.

further agreement with the experiments, the kinetic simulation model predicts that
the resting states (rsI and rsII, Fig. 5.2.1) of the ZnTPP-encapsulated catalyst
would both be present during catalysis, as is illustrated in Fig. 5.2.9b. As we have
shown, both resting states can indeed be observed during catalysis.

In order to analyse the initial steps of the catalytic cycle, we also built the
kinetic models (with both catalyst systems), taking into account only the hydride

xiiiusing the Arrhenius equation k = A · e−
E

#
A

RT , and A = 1012[k]
xivFor both, the non-encapsulated model and the ZnTPP-encapsulated catalyst. We used the
Simbiology module in MATLAB® (R2010a, The Mathworks Inc.™); for rate expressions we use
the simple Mass Action Law: r = k · cn(a) · cm(b) · . . . ; c(a): concentration of species a, m, n:
reaction rate orders with respect to the corresponding reactants; for further details please see the
Experimental Section.
xvIsomerisation pathways to octenes other than to the the starting substrate, trans-2-octene, were
not considered.
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migration and the β-H elimination steps. In either catalyst case,xvi the predicted
major product corresponds to the one predicted by the whole cycle (and which is
also observed experimentally), although the numbers are slightly different:
non-encapsulated – 84% C2 (H-migration) vs. 79% C2 (full cycle)
ZnTPP-encapsulated – 93% C3 (H-migration) vs. 70% C3 (full cycle)
ZnTPP-encapsulated – experiment: 85-91% C3, (see Tab. 5.2.2).
The product distribution initially determined in the hydride migration step is thus
largely preserved in the later stagesxvii of the catalytic cycle. The DFT compu-
tations and the simulation of the kinetics built using the DFT data clearly point
out that the hydride migration determines the selectivity. Importantly, this is in
line with the discussion in the deuteroformylation section, where we found that the
selectivity in the hydride migration is the most likely explanation for the observed
isomerisation and hydroformylation product distributions.

It might seem contradictory to simultaneously find the hydride migration to be
reversible and the selectivity-determining step. However, we would like to empha-
size that there are eight hydride migration pathways (which we considered in the
DFT-study), and 28xviii possible β-H elimination pathways. Some of these elimina-
tion pathways are accessible, producing the isomers, while others are inaccessible,
determining the aldehyde distribution. If we look at the energy diagrams of the
hydride migration with the ZnTPP-encapsulated catalyst (shown in Fig. 5.2.10),
we see that some activation barriers for β-H elimination are very similar to those of
their corresponding hydride migration steps, making the backward reaction possible
(according to the principle of the microscopic reversibility). At closer inspection,
we see that in all alkylrhodium pairs in Fig. 5.2.10, the species lying higher in
energy is always the one where the alkyl moiety coordinates to Rh cis to the P
atom. The alkyl group is deep inside the capsule, as is shown in Figure 5.2.11a
for the example of the alkylrhodium complex stemming from the a3 species, and
it is most likely that the steric crowding within the capsule destabilises the whole
complex. On the other hand, the species where the alkyl group lies trans to the P
atom (Fig. 5.2.11b) is usually lower in energy (more stable), most likely because in
this configuration the alkyl chain avoids steric crowding with the capsule.xix

Therefore, the capsule seems to be destabilising the products of the hydride
migration in which the alkyl group lies cis to the P atom, creating steric crowding
within the capsule; this destabilisation lowers the barrier for β-H elimination from
these alkylrhodium species. At the same time, the reaction forward from this
species may be associated with high energy barriers. Thus it is possible to have
hydride migration as the selectivity determining step (because there are irreversible
H-migration pathways), and simultaneously observe isomerisation (because some β-
H elimination pathways are accessible, and do not lead to acylrhodium or aldehyde
species). In the case of the ZnTPP-encapsulated catalyst, the main produced isomer

xvinon-encapsulated and ZnTPP-encapsulated
xviiThat it does not remain constant may be a manifestation of the imperfection of the model,
or, it may suggest that it is not one single step that determines the selectivity absolutely, but
that more catalytic steps influence it. In this case it seems that the selectivity determined by the
hydride migration step is moderated to a certain degree by the latter catalysis steps.
xviiifrom each of the four C2-alkylrhodium species there are three, and from each of the four
C3-alkylrhodium species there are 4 β-H elimination possibilities, making in total: 4 · (3+4) = 28.
xixelectronic effects can also contribute to its stability.
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Figure 5.2.10. Energy diagrams of the eight hydride migration pathways. Three out
of four rhodium-alkene complexes favour the formation of the C3-alkylrhodium species.
The isomer a3 has the lowest activation barrier towards the C3-alkylrhodium complex
and it most probably dominates the catalysis. ∆E = ∆E#

A (C2)−∆E#
A (C3).

of a 2-alkene is also a 2-alkene, so that the effect of the isomerisation processes is
very small on the final product distribution.

5.2.4. Selectivity and the role of the capsule. Having shown which step
determines the selectivity, we will take a look at how the unusual selectivity is
achieved and what the role of the supramolecular capsule is in the selection of
hydride migration pathways.

The activation barriers for the hydride migration pathways of the encapsulated
rhodium-alkene isomers show that the C3-path is preferred from the intermediate
a1 (by 8.5 kcal·mol−1), a2 (by 0.8 kcal·mol−1), and a3 (by 2.5 kcal·mol−1) isomers,
while the C2-alkylrhodium is clearly the preferred product of the a4 isomer (see
Tab. 5.2.2 and Fig. 5.2.10). Product distribution analysis of the individual reaction
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(a) cis-(C3-alkyl)rhodium (b) trans-(C2-alkyl)rhodium

Figure 5.2.11. The alkylrhodium species formed from the a3 rhodium alkene isomer
showing the alkyl group within the capsule in the cis position to the P atom (left), and
outside of the capsule in the trans position to the P atom (right). The cis-alkylrhodium
isomers are generally higher in energy than the trans isomers (in this case ca. 10
kcal·mol−1), and thus more prone to β-H elimination.

Table 5.2.3. Contributions of individual reaction pathways to the total product dis-
tribution according to the simulation of the full catalytic cycle.

entry isomer contribution [%]
P2 P3

1 a1 0 25
2 a2 5 20
3 a3 0 25
4 a4 25 0
5 total 30 70

pathways,xx (starting with the species a1 to a4) confirms the qualitative estimate
based on the hydride migration. The individual contributions to the total amount of
the produced aldehydes in the simulation of the full cycle are shown in Table 5.2.12.
The pathways to the C2-aldehyde starting from the rhodium-alkene isomers a1 and
a3 are blocked, as is the pathway to the C3-aldehyde in the case of the a4 isomer
(Fig. 5.2.12). Both the C2- and the C3-aldehyde are formed only from the a2
isomer, which clearly favours the C3-aldehyde (Fig. 5.2.12b). The effect of the
supramolecular capsule is most pronounced – and best to visualise – in the case of
the rhodium-alkene complex (isomer) a1 (Fig. 5.2.8c). For the non-encapsulated
catalyst, the activation energies for hydride migration to C3- and C2-pathways differ
only by 0.7 kcal·mol−1, whereas this difference is 8.5 kcal·mol−1 when the catalyst is
encapsulated. The main contribution to this increase of the activation barrier is the
energy required for capsule rearrangement from the rhodium-alkene species (a1) to

xxaccording the the DFT-based kinetic simulation of the catalytic cycle
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Figure 5.2.12. Contribution of individual reaction pathways to the overall product
distribution, showing which aldehydes are the preferred products in each of the path-
ways, according to the simulation including the full catalytic cycle.

the transition state geometry. Single point energies of the supramolecular capsules
(the assembly (meta−pyridyl)3P·(ZnTPP)3) in the conformations of the hydride
migration transition states towards the C2- and C3-products have been calculated
by removing the Rh-fragments from the intermediates of the previously calculated
pathways; the corresponding energy diagrams are shown in Fig. 5.2.13). These
reorganisation energies of the capsules that accommodate the transition states for
the C3-aldehyde are 6–8 kcal·mol−1 lower in energy than those towards the C2-
aldehyde, except in the example of the isomer a4, where the pathway to the C2-
aldehyde is favoured (Fig. 5.2.13). The rearrangement energy in the case of the
isomer a1 is 3.8 and 12.5 kcal·mol−1 for the C3- and the C2-pathway respectively.
This difference of 8.7 kcal·mol−1 in capsule rearrangement energies corresponds very
well to the difference in the activation energies of 8.5 kcal·mol−1 (see Tab. 5.2.2
and Fig. 5.2.10a) demonstrating that in this pathway the capsule rearrangement
energy is the main cause for the selectivity. The capsule of the other rhodium
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Figure 5.2.13. Single point energies of the ZnTPP-capsule in conformations corre-
sponding to the indicated catalyst intermediates and the hydride migration transition
states with trans-2-octene as substrate. The capsule rearrangement energies are the
energy differences between these conformations, and they are in three out of four path-
ways larger for the hydride migration towards formation of the C2-product. The overall
hydride migration activation barriers for the C2-paths are thus increased and these
reaction pathways clearly disfavoured.

alkene complexes display similar behaviour,xxi and the overall trend confirms the
importance of the capsule rearrangement energy in the selectivity determining step.
The reason for the different capsule conformations in the hydride migration step
are the steric requirements for accommodation of the substrate alkyl chain for the
C2-alkyl path, as is illustrated in Fig. 5.2.14. In order to form the C2-alkylrhodium,
the substrate must rotate the “outer” C (the C3, Fig. 5.2.8b) towards the hydride
(which is transferred to it), and in this process the alkyl chain of the substrate
collides with the capsule (ZnTPP molecules). These must rearrange in order to
accommodate the substrate (Fig. 5.2.14c and 5.2.14d), what is associated with an
energy penalty.xxii In the case of the path to the C3-alkylrhodium, the “inner” C

xxithe isomer a4 displays the same mechanism, except that the C2-product is favoured
xxiione need also recall here the attractive interactions responsible for the cooperativity in the
capsule assembly: at least one pair must be broken for the rearrangement to occur.
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Figure 5.2.14. The role of the capsule in the selectivity determining step: it hinders
the hydride migration pathways for which the capsule rearrangement energy is higher,
which is mainly towards C2-alkylrhodium species (and the P2-aldehyde). Here the
hydride migration in the case of a1 species is shown: steric crowding of the substrate
alkyl chain with the capsule raises the energy of the transition state that leads to the C2-
alkylrhodium (5.2.14d) 8.5 kcal·mol−1 higher than that of the transition state leading
to the C3-product (5.2.14b). Thus, the reaction pathway towards the C2-aldehyde is
efficiently blocked.
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(the C2) rotates towards the hydride, leading to a small steric rearrangement of the
capsule (Fig. 5.2.14a and 5.2.14b) and causing the C3-alkylrhodium to be produced
much faster than the C2-product.

Probably the most important aspect concerning the high catalytic activity and
selectivity of enzymes is that the enzymes “bring the reacting species together in
a geometry that favours” one specific reaction,164 often imposing this geometry
by additional substrate binding sites or by the shape of their substrate binding
pocket.3,165,212 The restrictions of the rotational freedom of the substrate (2-alkene)
within our synthetic capsule and its favourable conformations in the transition
states leading to formation of the C3-aldehyde represents a concept that is similar
to that exercised in Nature by enzymes.

5.2.5. Predicting the outcome of hydroformylation: two new sub-
strates. In order to evaluate the predictive power of our method, we calculated
the capsule effect of the hydride migration step in the hydroformylation of two sub-
stituted trans-2-hexenes, (5-phenyl)- and (6-phenyl)-trans-2-hexene. These alkenes
differ only in the position of the phenyl substituent by one carbon atom, but we an-
ticipated that this would largely affect the occupation of space within the capsule at
the active site. To estimate this effect the encapsulated rhodium alkene complexes
with these two substrates were calculated using DFT (two-layer ONIOM method
as described earlier).

(a) 5-phenyl (b) 6-phenyl

Figure 5.2.15. ZnTPP-encapsulated catalyst with coordinated substituted substrates.
Left: (5-phenyl)-trans-2-hexene and right: (6-phenyl)-trans-2-hexene. In both struc-
tures the alkene is positioned as in a2 species (Fig. 5.2.8a)

The DFT-optimised molecular models show that the phenyl group in position
five (C5) is mainly within the capsule (Fig. 5.2.15a), while that on the C6 is just
outside the capsule (Fig. 5.2.15b). The 5-phenyl group might thus distort the
capsule during the selectivity determining hydride transfer also in the C3-pathways,
potentially leading to changes in selectivity. The 6-phenyl group, being outside of
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Table 5.2.4. Activation energies for the hydride migration step with (5-phenyl)-trans-
2-hexene and (6-phenyl)-trans-2-hexene as substrates for the ZnTPP-encapsulated
rhodium catalyst. The calculated values show excellent correlation with the experi-
mental results.

entry E/(kcal·mol−1) (5-phenyl)-2-hexene (6-phenyl)-2-hexene
starting species ∆E#

A (C3) ∆E#
A (C2) ∆E#

A (C3) ∆E#
A (C2)

1 a1 16.42 16.12 16.62 18.23
2 a2 20.86 24.90 17.70 20.15
3 a3 8.40 7.64 13.75 16.37
4 a4 13.66 14.63 17.69 10.37
5 calculation C3, 37% C3, 77%
6 experiment C3, 44% C3, 86%
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Figure 5.2.16. Predicted (DFT/kinetics simulation) aldehyde distributions of (5-
phenyl)- (left) and (6-phenyl)-trans-2-hexene (right) hydroformylation. The kinetics
simulation is based only on the DFT-computed hydride migration, and the results are
in excellent agreement with the experiments.

the cavity, may not change the product distribution compared to that found for
2-octene.

Indeed, the (DFT-)calculation of the product ratioxxiii based on the hydride
migration predicts that the major product in the (6-phenyl)-trans-2-hexene hy-
droformylation would be the C3-aldehyde in 77%, while only 37% C3-aldehyde
would be obtained from (5-phenyl)-trans-2-hexene (Fig. 5.2.16). These results are
in excellent agreement with the experiments: the major product in each of the
cases is predicted correctly, with the numeric values differing only slightly from

xxiiiusing the kinetic simulation model built with the DFT-computed activation barriers
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the experiments: 86% C3-aldehyde (77% calc.), and 44% C3-product (37% calc.)
from (6-phenyl)- and (5-phenyl)-trans-2-hexene respectively (see entries 5 and 6 in
Tab. 5.2.4). Importantly, these experiments confirm our model, in which the hy-
dride migration determines the selectivity. It gives us a solid method for qualitative
(and even near-quantitative) prediction of the distribution of regioisomers in the
hydroformylation of internal alkenes by the ZnTPP-encapsulated catalyst.

5.3. Summary and Conclusions

In this contribution the mechanistic aspects of the internal alkene hydroformy-
lation catalysed by the ZnTPP-encapsulated rhodium catalyst was reported. This
catalyst was studied by detailed kinetics, in situ spectroscopy, DFT calculations,
and evaluation of deuteroformylation experiments, allowing identification of the
rate- and selectivity-determining processes. The role of the supramolecular capsule
in determining the selectivity for the hydroformylation of trans-2-octene as arche-
typal substrate has been uncovered. Using the knowledge thus acquired, we were
able to predict the regioselectivity of hydroformylation of two substituted 2-alkenes,
and confirm this prediction experimentally.

From kinetics studies we found that the encapsulated catalyst follows an inter-
mediate kinetics type, showing characteristics of type I and type II at 40◦C or low
CO concentrations, with CO dissociation/alkene coordination and hydrogenolysis
determining the rate of reaction. At a lower temperature (25◦C) and higher CO
concentrations, type I kinetics dominates, and the rate limiting step is early in the
cycle (the CO dissociation from the rhodiumhydrido resting state rsI, subsequent
alkene coordination step, and possibly the hydride migration). Deuteroformylation
studies, together with the DFT computation coupled with the kinetic model of the
catalytic cycle using the DFT-calculated activation barriers, allowed identification
of the hydride migration as the selectivity-determining step. Moreover, the molec-
ular models and the analysis of the hydride migration pathways unveiled the role
of the capsule in determining the selectivity. The supramolecular capsule blocks or
hinders the pathways by increasing the energies of the respective hydride migration
transition states, for which the required capsule rearrangement energy is too high.
For trans-2-octene as substrate, most of the blocked pathways are those towards
the C2-aldehyde, leaving the C3-aldehyde as the main product. In addition, using
the combined DFT/kinetic model including only the hydride migration step with
two novel substrates, (5-phenyl)- and (6-phenyl)-trans-2-hexene, we were able to
predict the outcome of their hydroformylation with the ZnTPP-encapsulated cata-
lyst. Thus, the ZnTPP-encapsulated catalyst is not only substrate-specific, but its
substrate specificity is also predictable.

Thus, we are now in possession of a practical tool for predicting the outcome
of internal alkene hydroformylation catalysed by the ZnTPP-encapsulated catalyst.
Moreover, we found a similarity between the role of our synthetic capsule and that
of the enzymes in the catalysis mechanism, indicating that the reactions in confined
spaces – natural or synthetic – may have some common general guiding rules.

5.4. Experimental Section

5.4.1. General. Solvents used for pyridyl-phosphine synthesis, catalysis, spec-
troscopic (HP-FTIR, UV-Vis) and crystallisation experiments were dried and freshly
distilled prior to use: toluene and hexane over Na/benzophenone and CH2Cl2 over
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CaH2. Solvents for synthesis and column chromatography of porphyrins were used
as obtained from the supplier. The deuterated solvents were dried and degassed
using the freeze–pump–thaw technique and kept under Ar over 4 Å molecular
sieves. 1-Octene and trans-2-octene were purified by filtration over alumina plug
and degassed by Ar bubbling. All handling and manipulations, except synthesis
and chromatographic purification of porphyrins, were performed under oxygen- and
water-free atmosphere (dinitrogen, Ar or syngas).

NMR spectra were acquired on the Varian Mercury-VX 300, Bruker DRX300
or Bruker ARX400. The resonances are referenced to solvent itself as internal
standard and are reported in parts per million (ppm). IR spectra were recorded on
the Nicolet Nexus 670 FT-IR spectrometer operated by Omnic 6.2 Software. Gas
chromatography (GC) analysis were done on the Shimadzu GC-17A chromatograph
equipped with an FID detector using a 30 mm long column with 0.32 mm diameter
and dimethylsiloxane cross-linked phase of 3 µm thickness.

Catalytic experiments were performed in mini-4-autoclaves, each equipped with
a magnetic stirring bar and a glass insert, connected to the same high-pressure line,
allowing all four reactions to be ran under the same pressure. Before each run the
autoclaves were evacuated, flushed with nitrogen, and tested for leaks at ca. 35 bar
syngas.

High-pressure FTIR spectroscopy experiments were conducted in an autoclave
designed for the in situ monitoring of the reaction using infrared spectroscopy.143
The autoclave was cleaned, dried, tested for leaks (pressurized with 40 bar hydrogen
for 16 hours), and flushed (3×15 bar) with syngas prior to every use.

The geometry optimisations of were performed using Gaussian 03 Rev. C.02190
on the Dutch national computing cluster Lisa, which was installed by SARA, The
Dutch National High Performance Computing and e-Science Support Center.xxiv

Molecular graphics images were produced using the UCSF Chimera package from
the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco.150

5.4.2. Synthesis of ZnII(porphyrin) complexes. Synthesis of porphyrins
were performed according to the published procedures, in general following the
Rothemund-Adler-Longo232–235 methodology of pyrrole condensation with the cor-
responding aldehyde (in 1:1 ratio) in boiling propionic acid under air atmosphere
(described in the Section 4.4). Free-base porphyrins were precipitated by addi-
tion of methanol and cooling at 3◦C. They were collected by filtration, washed
thoroughly with cold methanol and purified by column chromatography (column
material: basic alumina, eluent methylene chloride with 0.1 - 1 % methanol). The
(NMR) purity of of thus obtained porphyrins was >90%. Metallation of the free-
base porphyrins was performed by refluxing (3–5 hours) with 2.5–3.5 equivalents
of Zn(CH3COO)2·2H2O in ca. 5:1 chloroform/methanol mixture. The metallated
porphyrin was obtained in >95% purity (NMR) after evaporation of the reaction
solvent mixture, column chromatography (column material and eluent same as
above) and filtration of insoluble residue (column material dissolved during chro-
matography). Yields of this step were 80–90%.

The tris-(meta-pyridyl)phosphine ligand was prepared using previously pub-
lished procedure.149

xxivSARA http://www.sara.nl/aboutsara/aboutsara_pr_eng.html
Lisa: https://subtrac.sara.nl/userdoc/wiki/lisa64/description
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Table 5.4.1. Amounts of chemicals used in catalysis (per experiment). Total reaction
volume was 4.0 ml, rhodium concentration 0.50·10−3mol·l−1.

Compound m/(10−3g) equiv. Substrate V/(10−6l)
ZnTPP 20.35 15 trans-2-octene 157

Rh(acac)(CO)2 0.516 1.0 cis-2-octene 157
(3− pyridyl)3P 2.652 5.0 (5-Ph)-trans-2-hexene 182

diisopropylethylamine 10 30 (6-Ph)-trans-2-hexene 182

5.4.3. Catalytic Experiments. Typical procedure involved weighing of ZnII-
complex directly in the glass inserts of the autoclaves, which were then closed,
set under inert atmosphere and filled with stock solutions (all in toluene, di-
pea was added neat) of ligand ((3−pyridyl)3P), DIPEA (diisopropylethylamine),
Rh(acac)(CO)2, 500 equivalents substrate, and was topped with toluene to 4.0ml
total volume. Alternatively, stock solutions of ZnII complexes were used instead of
weighing them directly. After filling, the autoclaves were flushed (3×25bar) with
syngas, pressurised to 20 bar (CO/H2= 1 : 1), immersed in an oil bath tempered at
required temperature and stirred. The autoclaves were opened after the pressure
release and flushing with nitrogen. Few drops of n-tributylphosphite were added
to each reaction mixture for quenching. The crude reaction mixture (about 50 µl)
was diluted with dichloromethane and injected into GC directly without work-up
or product isolation.

Figure 5.4.1. 2H NMR spectra of the trans-2-octene deuteroformylation reaction
mixture at 25 and 80◦C. The isomerisation is random and identical for both non-
encapsulated, and the encapsulated catalyst . Legend: ♣ – aldehyde; 8 – Csp

2

-2H; 5
– toluene (solvent); rest – various Csp

3

-2H, with ♠ most likely 3-octene.
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Table 5.4.2. Deuteroformylation experiments results showing selective isomerisation
of trans-2-octene to cis-2-octene with two encapsulated catalysts under encapsulation
conditions, while the non-encapsulated catalysts produce statistical mixture of isomers.
Conditions: [Rh] = 0.50 · 103 mol·l−1, [P]/[Rh] = 5.0, [Zn]/[P] = 3.0, p= 20bar,
CO/2H2= 1 : 1, [trans-2-octene]/[Rh]= 1000, 120 h. Reaction mixture was quenched
with tributylphosphite, diluted with CH2Cl2 and analysed directly by GC.

(a) Deuteroformylation at 25◦C. All numbers in %.

Ligand encapsulated by non-encapsulated calc.
ZnTPP ZnTPP(m-OMe) P(m−py)3 PPh3

conversiona 14 12 4 4 -
isomersb 5.4 3.5 9 13 -
1-octenec 7 17 32 36 ∼37
cis-2-octenec 85 70 26 20 ∼24
trans-3-octenec 8 13 42 44 ∼33
C1-aldehydeb n.d. 2 2 3 -
C2-aldehydeb 8 10 56 54 -
C3-aldehydeb 87 85 33 29 -
C4-aldehydeb n.d. n.d. n.d. 2 -

(b) Deuteroformylation at 80◦C. All numbers in %.

Ligand encapsulated by ZnTPP P(m−py)3 PPh3
conversiona 44 35 87
isomersb 78 18 6
1-octenec 4 6 n.d.
cis-2-octenec 41 40 22
trans-3-octenec 55 55 78
C1-aldehydeb 9 36 6
C2-aldehydeb 11 42 53
C3-aldehydeb 2 4 28
C4-aldehydeb 1 n.d. 7

a percentage of total converted substrate; b percentage of formed products (aldehydes +
isomers); c percentage of total amount of isomeric octenes, excluding the substrate

5.4.3.1. Deuteroformylation Experiments. These experiments were performed
analogously to the standard catalysis experiments (same solvent, catalyst concen-
tration and overall pressure). The reaction time at 25◦C was significantly prolonged
(from 85 to 135 hours) in order to obtain sufficient (for NMR) amount of isomeric
octenes, and the starting amount of 2-octene was increased to 1000 equivalents
(314·10−6l). The temperature was elevated (to 85◦C) in some experiments in order
to study the isomerisation at lower encapsulation degrees; for same purposes we
performed the experiments without ZnTPP (at both temperatures). Samples for
GC-analysis were prepared as described, and ca. 0.7 ml of the raw reaction solu-
tion were taken for 2H NMR in deuteroformylation experiments (no other solvents
added). By correlating the peaks in the GC with those in the NMR it was possible
to assign them to isomeric alkenes formed in the reaction, as well as quantify their
amounts. The results are listed in the Table 5.4.2.
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Figure 5.4.2. Formation of products and isomeric alkenes in hydroformylation.

5.4.4. Gas-Uptake Kinetics. The kinetics study was performed by monitor-
ing the syngas uptake rate during the reaction (p = const.) at various pressures and
three syngas compositions using the AMTEC robot.xxv The reaction temperature
of 40◦C was chosen in order to obtain measurable gas flow rates. The concentra-
tions of the catalyst and substrate were identical to those described above, however,
the reaction volume was 8.0 instead of 4.0 ml, so that the amounts of compounds
used for a single run were double of those given in the Table 5.4.1.

Procedure. ZnTPP, (meta−pyridyl)3P and diisopropylethylamine were stirred
in toluene (under Ar) for 30 minutes at room temperature, before Rh(acac)(CO)2
and trans-2-octene were added. Portions of 8.0 ml of this stock solution were
transferred into the stainless steel autoclaves (all under Ar), which were flushed
with syngas (3×15bar) and pressurised to 20 bar. Gas uptake measurement started
upon finished pressurisation of all autoclaves.
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Figure 5.4.3. Determining the reaction rate order in CO and hydrogen. Influence of
partial pressure of CO and H2 on reaction rate at different conversions.

xxvWe kindly acknowledge the help of Dr. R. Detz, Dr. A. Kluwer and R. Bellini in these
experiments.
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Table 5.4.3. GC-analysis results of the reactions monitored by gas-uptake in the
AMTEC robot.

p/bar Conv. [%]a Isomers [%]b Aldehydes [%]b
total 1-oct. cis-2-oct. 3-oct. P1 P2 P3 P4

CO/H2= 1 : 1, 90 hours reaction time, c0(substrate) = 0.25mol·l−1

10 97.6 2.8 0.0 2.4 0.4 8.5 21.9 59.5 7.3
20 95.1 2.6 0.2 1.7 0.7 3.6 24.0 65.2 4.6
30 93.0 2.5 0.2 1.4 0.9 2.3 27.1 64.5 3.5
40 87.7 3.3 0.2 1.4 1.7 1.7 27.8 64.5 2.7

CO/H2= 1 : 1, 60 hours reaction time, c0(substrate) = 0.60mol·l−1

10 86.2 8.3 0.2 5.2 2.9 8.1 26.6 51.0 6.1
20 83.0 7.0 0.1 4.0 2.9 3.8 31.1 53.3 4.9
30 86.1 3.8 0.0 2.0 1.8 2.0 30.5 60.4 3.4
40 81.5 4.6 0.1 2.0 2.4 1.5 34.3 56.6 3.0

CO/H2= 1 : 2, 50 hours reaction time, c0(substrate) = 0.25mol·l−1

15 95.8 2.8 0.0 0.6 2.2 5.8 24.3 61.4 5.5
23 95.6 2.2 0.0 0.5 1.7 4.1 25.9 62.9 4.9
30 94.6 2.1 0.0 0.5 1.6 3.1 27.1 63.3 4.3
45 91.6 2.2 0.0 0.8 1.4 2.1 29.5 62.7 3.5

CO/H2= 2 : 1, 50 hours reaction time, c0(substrate) = 0.25mol·l−1

8 61.3 13.9 0.0 6.9 7.0 6.0 25.3 51.8 2.9
15 67.1 7.7 0.0 3.4 4.3 3.0 28.7 58.1 2.6
23 67.1 5.6 0.0 2.5 3.1 1.9 31.7 58.5 2.3
30 62.3 4.8 0.0 2.2 2.6 1.3 32.8 59.2 2.3
apercentage consumed trans-2-octene; bpercentage of consumed trans-2-octene

Since the catalysis was started without prior gas-liquid equilibration and cata-
lyst incubation period, the initial gas uptake data is not caused solely by substrate
conversion (in the first 3-5 hours). The consequences thereof can be observed to
a larger (at smaller pressures/higher CO concentration) or a smaller (higher pres-
sures/lower CO concentration) degree, depending on the reaction conditions. Typ-
ically, the rates at the beginning of the reaction deviate from the trend displayed
during the most of the reaction period. Therefore, the gas uptake values in the
initial period were not taken in account, when this effect was significant, although
the full data are shown in the graphs throughout this and the main text.

Three syngas compositions were employed, at four different total pressures:
CO/H2= 1 : 1: 10, 20, 30, and 40 bar; total reaction time 90 hours;xxvi

CO/H2= 1 : 2: 15, 23, 30, and 45 bar; total reaction time 50 hours;
CO/H2= 2 : 1: 8, 15, 23, and 30 bar; total reaction time 45 hours.

In addition, a series of four experiments at CO/H2= 1 : 1 (at 10, 20, 30, and
40 bar) was performed with 0.60mol·l−1 substrate (in other experiments it was
0.25mol·l−1). Upon de-pressurisation, tributylphosphite was added for quenching,
and the samples were analysed by GC in a usual way (reaction mixture diluted
with methylene chloride without product isolation). The results are shown in the

xxvifor initial substrate concentration of 0.25 ·10−3mol·l−1. The reaction time was 60 hours when
0.60 · 10−3mol·l−1 initial substrate concentration was used.
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Figure 5.4.4. Concentration profiles of trans-2-octene hydroformylation at various
conditions.

Table 5.4.3. The raw data, in ml gas, was correlated with conversion using the final
values of either, so that the data pairs (substrate) concentration vs. time could be
reconstructed. These data vectors were subject to as little numeric manipulation
as possible;xxvii the data points were smoothed, in order to perform numerical
differentiation and obtain the substrate consumption rates (r = −(dc/dt)).

Applying reaction progress kinetic analysis187 to the data, we extracted thus
the reaction rates, the rate orders in CO, H2, and substrate concentration. Addi-
tionally, plot of the graphical rate equation was done in order to investigate potential
decomposition or deactivation phenomena during catalysis. The orders in partial
pressures of the gases were obtained by fitting the reaction rate vs. (p(CO), p(H2))
surface to the equation r = K ·pm(CO)·pn(H2) at different conversions (Fig. 5.4.3a).
The orders in CO and H2 (m and n) were also obtained from two-dimensional pro-
jections of the curves r = f(p(CO)|p(H2)=const.

and r = f(p(H2)|p(CO)=const. by
fitting the rate to the simplified equations r = K ′ · pm(CO) and r = K ′′ · pn(H2),
respectively.

xxviiNo equation with physical meaning could be used for fitting the kinetics data.
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Figure 5.4.5. Graphical rate equation of hydroformylation of trans-2-octene at four
different pressures and 1:1 syngas. The overlap of the curves at 10 and 20 bar is a clear
evidence that the catalyst decomposition does not occur under these conditions. At
higher pressures (30 and 40 bar) the lines are a lot noisier and do not overlap, although
they do have similar slope. This could be the consequence of the lowered signal-to-noise
ratio at higher pressures or formation of dormant rhodium species, which decrease the
available amount of catalytically active rhodium.

5.4.5. In-Situ High-Pressure Infrared Spectroscopy. These experiments
were performed under conditions identical to those under which the catalytic ex-
periments were done, with the only exceptions being the solvent and substrate con-
centration: here we used methylene chloride instead of toluene and 200 equivalents
substrate (trans-2-octene) instead of 500. ZnTPP (86.45 · 10−3 g, 12.75 · 10−5mol)
and tris-meta-pyridyl)-phosphine (11.26 · 10−3 g, 4.25 · 10−5mol, were stirred with
DIPEA (46 · 10−6l ) in 13·10−3l methylene chloride in a Schlenk flask at ambi-
ent temperature for ca. 30 minutes. The mixture was transferred into the IR-
autoclave under Ar, which was then flushed with syngas (3×25 bar) and pres-
surised to 19 bar (CO/H2= 1 : 1). This solution was used for background cor-
rection spectrum (after the equilibrium was established between the gas and the
liquid). The injection chamber of the autoclave was charged with solution of
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Figure 5.4.6. Determination of reaction rate order in substrate concentration as the
slope of the logarithmic plot of the reaction rate vs. substrate concentration. Top
row: c0 = 0.25 · 10−3mol·l−1, CO/H2= 1 : 1; second row: c0 = 0.60 · 10−3mol·l−1,
CO/H2= 1 : 1; third row: c0 = 0.25 · 10−3mol·l−1, CO/H2= 2 : 1; bottom row:
c0 = 0.25 · 10−3mol·l−1, CO/H2= 1 : 2.

Rh(acac)(CO)2 (2.193 · 10−3g, 0.85 · 10−5mol) in 1.5·10−3l methylene chloride and
pressurised to ca. 35 bar. Opening the valve to the main autoclave chamber injected
the rhodium precursor to the ligand solution.

Formation of the rhodium-carbonyl complex was followed in the region around
2000 cm−1, and after the system stabilised (1–2 hours), three bands at 2011, 2039,
and 2089 cm−1 were observed, corresponding to RhH(CO)3L complex, with L being
the supramolecular ligand [(3−pyridyl)3P·(ZnTPP)3] (Fig. 5.4.7a).

The geometry of this pentacoordinated rhodiumhydrido complex is most likely
the trigonal bipyramid, with the P atom in the equatorial plane and the hydride
in one apical position. This is supported by DFT (pbe1pbe/dgdzvp) calculations
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Figure 5.4.7. HP-FTIR of RhP(CO)3H species and the carbonyl vibrational modes.

on a model system (without the ZnTPP molecules) as well, as the DFT-computed
spectrum displays the same number of bands in approximately similar intensity ra-
tio.xxviii The bands at 2039 and 2089 cm−1 are produced by combined CO and Rh–H
stretches (vibrational modes 1 and 2, Fig. 5.4.7b), while the band at 2011 cm−1 is
due to the asymmetric stretch of the CO molecules (vibrational mode 3, Fig. 5.4.7b).
Therefore, if the hydrogen were replaced with deuterium, only those vibrational
modes in which the Rh–H stretch participates should be affected and, due to the
higher reduced mass µ of the vibrational system (ν̃ ∼ 1√

µ ), they should be shifted
towards lower wavenumbers. The DFT-computed spectrum of the analogous rhodi-
umdeuterido species shows indeed that exactly those bands shift, which correspond
to the vibrational modes 1 and 2 (Fig. 5.4.8a). Also, the calculated shift was 7-10
cm−1 to lower energies.

Repeating this experiment but using syngas with deuterium instead of hydrogen
(CO/2H2= 1 : 1) confirmed the DFT-computed changes, strongly supporting the
proposed geometry of the rhodiumhydrido (-deuterido) complex (Fig. 5.4.8b). The
shifts of the bands are:

1: 2089 (hydride) → 2082 cm−1 (deuteride)
2: 2039 (hydride) → 2030 cm−1 (deuteride)
3: 2011 cm−1 - no change.

Injection of trans-2-octene to the rhodiumhydrido (-deuterido) species into the au-
toclave was performed under various conditions:

• 25◦C and CO/H2= 1 : 1, 20 bar; this led to no changes in the region
around 2000 cm−1
• 40◦C and CO/H2= 1 : 1, bar; the three bands decreased in intensity, and

three new ones appeared at 2056 (weak), 2025 and 1992 cm−1; all bands
present

xxviiiThe DFT-computed IR spectrum of the rhodiumhydrido species with all three CO molecules
in the equatorial plane of the complex displays two very close bands of similar intensity at around
2000 cm−1, and one very weak band at higher frequency (∼2060 cm−1). This IR-bands pattern is
clearly different from the observed and therefore the structure with all three CO molecules in the
equatorial plane is considered unlikely.
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Figure 5.4.8. Comparison of DFT-computed and measured IR spectra of the
RhP(CO)31H rhodiumhydrido (rsI, black full line) and analogous RhP(CO)32H rhodi-
umdeuterido (dash-dotted red line) species. Only those vibrational modes shift frequen-
cies, which include Rh–H or Rh–D stretches.

• 25◦C and excess hydrogen: CO/H2= 1 : 4, 23 bar; the three bands were
replaced completely by the new three at 2050 (weak), 2023, and 1994 cm−1
(Fig. 5.4.9a);
• 25◦C and CO/2H2= 1 : 1, 20 bar; acylrhodium species is visible due to

slower activation of 2H2 compared to 1H2, thus allowing the accumulation
of the acylrhodium resting state rsII (bands at 2051, 2023 and 1995 cm−1,
see Fig. 5.4.9d).

Clearly, this pattern indicates trigonal-bipyramidal geometry with three COmolecules
in the equatorial plane, as is also supported by DFT-calculation of the acylrhodium
species rsII with all-equatorial arrangement of the CO molecules (Fig. 5.4.9b).
Similar spectra have been observed and assigned to the acylrhodium resting state
rsII.230,231 The spectrum in Fig. 5.4.9a (formed under 23 bar CO/H2= 1 : 4 syngas)
changes when the syngas composition is altered and CO is introduced to it in excess
(CO/H2= 4.5 : 1, 25 bar total pressure). Then three bands of the rhodiumhydrido
species rsI start reappearing slowly at 2011, 2039, and 2089 cm−1. Comparison
of reaction rates in these experiments at 25◦C is shown in Fig. 5.4.10. Clearly,
excess hydrogen does not accelerate the reaction as much as excess CO inhibits the
catalysis.

5.4.6. Computational Details. The DFT computations were performed us-
ing Gaussian 03190, as indicated above, using the combination of the hybrid func-
tional of Perdew, Burke, and Ernzerhof217,218 (pbe1pbe) with the DGauss double-ζ
double valence polarisation215,216 (dgdzvp) all-electron basis set.254

5.4.6.1. The non-encapsulated catalyst. A similar computational study was per-
formed by using ethylene as substrate, what circumvented the calculation of mul-
tiple pathways due to different rhodium-alkene intermediates.255,256 Our model
catalyst is the monophosphine rhodium species with tris-(meta-pyridyl)-phosphine
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Figure 5.4.9. HP- IR Spectra of the catalyst resting states under various conditions.

as ligand in the rhodium equatorial plane, as supported by the in situ infrared spec-
troscopy. The equilibrium geometry optimisations of the non-encapsulated struc-
tures were performed with additional frequency calculation after the optimisation
was finished, in order to obtain the free energy of the system (per default it was
computed at 298K, and those values are also given in the Table 5.4.4). The tran-
sition states were found by performing the relaxed scan computation along the
reaction coordinate (backwards for the hydride migration and oxidative addition of
hydrogen, forwards for the alkyl (CO) migratory insertion and reductive elimination
of the aldehydes) in order to locate the preliminary, near-saddle point structure.
Next, the transition state search with calculation of forces at every search step led
to the saddle point structure in 3-5 steps. All transition state structures displayed
an imaginary frequency in their infrared spectra, describing the motion of the bond
breaking and/or the bond forming event in the transition state.
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Figure 5.4.11. Energy diagrams of the hydroformylation catalytic cycle with the
non-encapsulated model catalyst.

The four rhodium alkene isomers a1–a4 undergo separate reaction pathways
for the C3- and the C2-aldehydes. However, we have found that the different C3-
paths merge into one after the alkyl migration step, since they all undergo this
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Table 5.4.4. Free energies of the species participating in the catalytic cycle with the
non-encapsulated catalyst (in kcal·mol−1, at 25◦C). In parentheses are the energies of
the alternative pathways for reductive elimination of the aldehyde (either of the H atoms
of the dihydridorhodium species e can undergo this reaction).

starting rhodium-alkene isomer
species a1 a2

C3-path C2-path C3-path C2-path
rsI+CO+H2+trans-2-octene -7.92 -7.92 -7.92 -7.92
f+2CO+H2+trans-2-octene 0.00 0.00 0.00 0.00

a+2CO+H2 8.02 8.02 6.64 6.64
H-migration TS+2CO+H2 17.15 17.81 20.13 15.85

b+2CO+H2 2.83 6.69 2.16 8.44
c+CO+H2 -2.12 -0.55 -2.12 -0.55

alkyl migration TS+2CO+H2 13.15 14.05 13.15 14.05
d+CO+H2 -11.92 -11.56 -11.92 -11.56
rsII+H2 -16.10 -15.84 -16.10 -15.84

H2 oxidative addition TS+CO 5.04 6.38 5.04 6.38
e+CO -0.29 0.10 -0.29 0.10

aldehyde red. elimin. TS+CO 7.22 (7.78) 6.45 (7.47) 7.22 (7.49) 6.45 (7.47)
f+CO+aldehyde -21.37 -21.56 -21.37 -21.56
rs1+aldehyde -29.29 -29.48 -29.29 -29.48

species a3 a4
C3-path C2-path C3-path C2-path

rsI+CO+H2+trans-2-octene -7.92 -7.92 -7.92 -7.92
f+2CO+H2+trans-2-octene 0.00 0.00 0.00 0.00

a+2CO+H2 7.28 7.28 7.19 7.19
H-migration TS+2CO+H2 17.64 17.57 17.86 18.60

b+2CO+H2 8.71 4.40 9.65 2.10
c+CO+H2 3.76 -3.76 3.76 -3.76

alkyl migration TS+2CO+H2 13.15 14.05 13.15 14.05
d+CO+H2 -8.03 -13.64 -8.03 -13.64
rsII+H2 -15.87 -18.20 -15.87 -18.20

H2 oxidative addition TS+CO 9.83 3.90 9.83 3.90
e+CO -0.29 0.10 -0.29 0.10

aldehyde red. elimin. TS+CO 6.65 (8.83) 5.89 (6.49) 6.65 (8.83) 5.89 (6.49)
f+CO+aldehyde -21.37 -21.56 -21.37 -21.56
rs1+aldehyde -29.29 -29.48 -29.29 -29.48

reaction (migration of the alkyl group to the coordinated CO and formation of
the acylrhodium species d) through identical transition state. Equivalent is valid
also for the C2-pathways. The free energy diagrams displayed in Figure 5.4.11,
and Table 5.4.4 were obtained by summation of the free energies (at 298K) of
the molecules participating in one catalytic cycle: the rhodium catalyst, CO, H2,
substrate and/or products.

5.4.6.2. The encapsulated catalyst. The optimised non-encapsulated structures
of the model catalyst were used to construct the ZnTPP-encapsulated catalyst
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Table 5.4.5. Entropy-corrected SCF-energies of the species participating in the cat-
alytic cycle with the ZnTPP-encapsulated catalyst (in kcal·mol−1, at 25◦C). Only one
pathway for aldehyde elimination is shown, which is energetically more favourable. En-
tropy correction of 10 kcal·mol−1 was applied to the species participating in reactions
where the number of molecules changed (formation: -10 kcal·mol−1 and consumption:
+10 kcal·mol−1 of molecules).

starting rhodium-alkene isomer
species a1 a2

C3-path C2-path C3-path C2-path
rsI+CO+H2+trans-2-octene -22.81 -22.81 -22.81 -22.81
f+2CO+H2+trans-2-octene 0.00 0.00 0.00 0.00

a+2CO+H2 -13.05 -13.05 -12.31 -12.31
H-migration TS+2CO+H2 1.07 9.50 -0.36 0.47

b+2CO+H2 -20.43 -17.82 -26.17 -13.99
c+CO+H2 -35.70 -29.89 -35.70 -29.89

alkyl migration TS+2CO+H2 -15.47 -24.96 -15.47 -24.96
d+CO+H2 -42.78 -47.36 -42.78 -47.36
rsII+H2 -68.11 -69.37 -68.11 -69.37

H2 oxidative addition TS+CO -12.88 -16.25 -12.88 -16.25
e+CO -19.84 -25-28 -19.84 -25-28

aldehyde red. elimin. TS+CO -11.45 -12.06 -11.45 -12.06
f+CO+aldehyde -52.89 -53.24 -52.89 -53.24
rs1+aldehyde -75.70 -76.05 -75.70 -76.05

species a3 a4
C3-path C2-path C3-path C2-path

rsI+CO+H2+trans-2-octene -22.81 -22.81 -22.81 -22.81
f+2CO+H2+trans-2-octene 0.00 0.00 0.00 0.00

a+2CO+H2 -7.32 -7.32 -12.40 -12.40
H-migration TS+2CO+H2 0.90 3.45 10.63 0.70

b+2CO+H2 -14.32 -23.99 -12.08 -17.93
c+CO+H2 -23.13 -38.79 -23.13 -38.79

alkyl migration TS+2CO+H2 -15.47 -24.96 -15.47 -24.96
d+CO+H2 -42.78 -47.36 -42.78 -47.36
rsII+H2 -68.11 -69.37 -68.11 -69.37

H2 oxidative addition TS+CO -12.88 -16.25 -12.88 -16.25
e+CO -19.84 -25-28 -19.84 -25-28

aldehyde red. elimin. TS+CO -11.45 -12.06 -11.45 -12.06
f+CO+aldehyde -52.89 -53.24 -52.89 -53.24
rs1+aldehyde -75.70 -76.05 -75.70 -76.05

molecules by simply replacing the tris-(meta-pyridyl)-phosphine with the crystal
structure of the supramolecular capsule. The geometry optimisation was performed
using the two-layer ONIOM191,192 method, with all except the ZnTPP molecules
belonged to the high layer. The high layer was calculated using pbe1pbe/dgdzvp
functional and basis set, while the three ZnTPP molecules in the low level were
calculated with pbe1pbe/3-21g** level of theory. The cut between the levels was
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Figure 5.4.12. Energy diagrams of the hydroformylation catalysis cycle with the
ZnTPP-encapsulated catalyst.

thus between the Zn (low layer) and the Npy (high layer) atoms. No dummy atoms
were used. The energies of the transition states were computed by performing a
normal geometry optimisation of the structure in which the atoms participating in
the transition state were kept frozen (structure from the previously calculated non-
encapsulated complex). Due to the size of the catalyst system, neither a proper
transition state search, nor the calculation of forces could not be conducted. A
numerical evaluation of forces on one example molecule was not finished even after
three months of continuing computations. We assumed that the geometry of the
transition states would not differ greatly (if at all) in the non-encapsulated and
the ZnTPP-encapsulated molecules, and by freezing the geometry from the non-
encapsulated case, we were able to look mainly at steric effects affecting the energies
of the transition states in the capsule. Moreover, the trends, rather than the exact
energies were our main interest, and these could be well observed in spite of these
approximations.

The SCF-energies obtained in calculations were corrected for entropy contribu-
tions to energy (at 298K) in the reaction steps consuming, or creating a molecule
by +10 and −10 kcal·mol−1 respectively.xxix The energies obtained in this way and
the corresponding diagrams are shown in Table 5.4.5 and Figure 5.4.12.

5.4.6.3. ZnTPP-Encapsulation and Phenyl-Substituted Substrates. Using the struc-
tures optimised with trans-2-octene and analogous DFT method, computation of

xxixThe entropy contribution to energy in the non-encapsulated case was 9.7 and 9.8 kcal·mol−1

in two arbitrary reactions.
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Table 5.4.6. SCF-Energies of the hydride migration step on the ZnTPP-encapsulated
catalyst with (5-phenyl)- and (6-phenyl)-trans-2-hexene. Notation ai in these cases is
analogous to the previous rhodium-alkene isomers (the position of the alkene to rhodium
in the capsule is analogous). Common energy scale for all species (both substrates).

(6-phenyl)-trans-2-hexene
species a1 a2

C3-path C2-path C3-path C2-path
a 2.37 2.37 -0.81 -0.81

H-migration TS 20.06 22.51 15.80 17.42
b -4.67 -1.52 -8.37 7.15

species a3 a4
C3-path C2-path C3-path C2-path

a 1.49 1.49 5.45 5.45
H-migration TS 15.24 17.86 23.14 15.82

b 2.60 -7.45 3.42 -2.01

(5-phenyl)-trans-2-hexene
species a1 a2

C3-path C2-path C3-path C2-path
a 0.45 0.45 0.00 0.00

H-migration TS 21.31 25.35 16.42 16.12
b -6.59 9.92 -5.26 2.78

species a3 a4
C3-path C2-path C3-path C2-path

a 9.86 9.86 4.66 4.66
H-migration TS 18.26 17.50 18.32 19.28

b 2.61 -3.40 -0.04 -2.97

the hydride migration step was performed with the two substituted trans-2-hexenes,
(5-phenyl)- and (6-phenyl)-trans-2-hexene.

5.4.6.4. Capsule rearrangement energy. These energies were computed by re-
moving the rhodium fragments from the previously optimised encapsulated com-
plexes with trans-2-octene as substrate, leaving only the capsules
([(3− pyridyl)3P·(ZnTPP)3] ) behind, which were then subject to single point en-
ergy calculations (DFT, pbe1pbe/dgdzvp). The energies of the capsules in their
various conformations through the catalytic cycle obtained in this way are shown
in the Table 5.4.7 and in the Figure 5.4.14.

5.4.6.5. The kinetic model of the catalytic cycle. The data obtained from the
DFT calculations contains the geometries and relative energies of the species in-
volved in the catalytic cycle. Also the (free in the case of the non-encapsulated
model) activation energies could be obtained as differences between the equilib-
rium geometries and the neighbouring resting states. Using the Arrhenius equation

k = A · e−
E

#
A

RT , with A = 1 · 1012[k], and the activation energies we were able to
calculate the microconstants of the reaction steps (forward and backward) in the
catalytic cycle. These microconstants were subsequently entered as parameters into



5.4. EXPERIMENTAL SECTION 127

(a) ∆E#
A = 16.1 kcal ·mol−1, (5-phenyl)-

trans-2-hexene, C2-path
(b) ∆E#

A = 18.2 kcal ·mol−1, (6-phenyl)-
trans-2-hexene, C2-path

(c) ∆E#
A = 16.4 kcal ·mol−1, (5-phenyl)-

trans-2-hexene, C3-path
(d) ∆E#

A = 16.6 kcal ·mol−1, (6-phenyl)-
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Figure 5.4.13. Hydride migration transition states (from the a2-analogue rhodium
alkene isomer as example) towards the C2- (first row) and the C3-alkylrhodium (second
row) species with (5-phenyl)- (left) and (6-phenyl)-trans-2-hexene (right) as substrate.

the simulation model of the catalytic cycle, built with the Simbiology module (pro-
vided with the MATLAB® program package).xxx In addition, in order to obtain the
product distribution after hydride migration, a kinetic model was built using only
the hydride migration step, whereby forward and backward (β-H elimination) reac-
tions were taken in account. As rate law simple mass action law (r = k · c(a) · c(b))
was used. The flow charts of the simulation model (full catalytic cycle) is shown in
Figure 5.4.16 as an illustration of the simplified, but still complex reaction network
in this hydroformylation reaction.

xxxR2010a, The Mathworks Inc.™
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Table 5.4.7. Capsule energies in the conformations during the catalytic cycle.

starting rhodium-alkene isomer
species a1 a2

C3-path C2-path C3-path C2-path
rsI 0.24 0.24 0.24 0.24

f 0.00 0.00 0.00 0.00

a −3.77 −3.77 0.50 0.50

H-migration TS 0.05 8.74 0.03 8.73

b −1.05 1.19 −2.13 −0.58

c 2.87 −0.97 2.87 −0.97

alkyl migration TS 4.25 −4.65 4.25 −4.65

d 5.00 1.95 5.00 1.95

rsII −3.81 0.41 −3.81 0.41

H2 oxidative addition TS 1.34 −0.30 1.34 −0.30

e −2.38 −3.32 −2.38 −3.32

aldehyde red. elimin. TS −1.08 −2.34 −1.08 −2.34

species a3 a4
C3-path C2-path C3-path C2-path

rsI 0.24 0.24 0.24 0.24

f 0.00 0.00 0.00 0.00

a 4.39 4.39 −1.04 −1.04

H-migration TS −2.58 3.66 8.51 2.34

b 0.92 −1.93 2.53 0.65

c −0.02 0.14 −0.02 −0.14

alkyl migration TS 4.25 −4.65 4.25 −4.65

d 5.00 1.95 5.00 1.95

rsII −3.81 0.41 −3.81 0.41

H2 oxidative addition TS 1.34 −0.30 1.34 −0.30

e −2.38 −3.32 −2.38 −3.32

aldehyde red. elimin. TS −1.08 −2.34 −1.08 −2.34

Since the transition states for CO or trans-2-octene dissociation/association
were not calculated, we assumed that their values were low in comparison to
other reaction steps; therefore we used the barrier of 2 kcal·mol−1 for CO, and
3 kcal·mol−1 for trans-2-octene dissociation/association as correction to the acti-
vation energies of the steps in which these events occur. Also, a correction of the ac-
tivation barrier of the H2 oxidative addition to the ZnTPP-encapsulated species was
necessary, since it was clearly overestimated by the computation (∼ 30 kcal·mol−1).
Increasing the order of magnitude of the corresponding microconstants (but keep-
ing their relative ratio unchanged) let the the simulation run within reasonable
time frame. Initial concentrations of the rhodium catalyst and trans-2-octene in
the simulation were set to be identical as in the experiments, 0.50 ·10−3mol·l−1 and
0.25mol·l−1, respectively. The concentrations of CO and H2 were set at a constant
value of 0.10mol·l−1.257

As simulation output the concentrations of the aldehyde products and of the
catalyst resting states were obtained (see the main text). In Figure 5.4.17 are
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Figure 5.4.14. Energy diagrams of the capsule conformations in the hydroformylation
catalytic cycle with the ZnTPP-encapsulated catalyst.
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Figure 5.4.15. Energy diagrams of the capsule conformations in the hydroformylation
catalytic cycle with the ZnTPP-encapsulated catalyst (continued).
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Figure 5.4.16. The flow diagram of the kinetic simulation model for the full hydro-
formylation cycle. The catalysis intermediates, resting states, gases, substrate, and the
products are represented as squares with rounded corners. The circles represent reac-
tions, i. e., the transition states. Black lines with arrows connect the reacting species.
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Figure 5.4.17. The simulated concentrations of the aldehydes, trans-2-octene, and
the resting states during catalysis by the non-encapsulated catalyst. The results of
the simulated product distribution for the ZnTPP-encapsulated catalyst based on the
hydride migration are also shown (right).

the results of the simulation using the non-encapsulated catalyst. According to
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the simulation, the C3-aldehyde will be produced in 37% (Fig. 5.4.17) by the non-
encapsulated monophosphine rhodium catalyst, while the (C2-acyl)rhodium resting
state rsII should be the major resting state(Fig. 5.4.17c). The simulations includ-
ing the full catalytic cycle (Fig. 5.4.17a), as well as only hydride migration step
(Fig. 5.4.17b) predict the product distribution close to that observed in experiments
with the non-selective catalysts. The main resting state, however, with monophos-
phine rhodium catalyst should be the acylrhodium species (Fig. 5.4.17c), what is
in agreement with our observation in experiments using the ZnPc-encapsulated
catalyst (that also showed preference toward production of C2-aldehydes). Impor-
tantly, the simulation with the ZnTPP-encapsulated catalyst is in agreement with
the experiments, here we show the results based on the hydride migration step
(Fig. 5.4.17d).
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Summary

Catalysis is a powerful tool for selective transformations, and it has received a
considerable attention in industry and academia. It is estimated that in 80–90% of
all chemicals production processes worldwide, there is at least one step involving
catalysis. At present, most of the bulk industrial processes utilise heterogeneous
catalysts, while (transition metal) homogeneous catalysts are mostly applied in the
fine chemicals industry. However, the recent Nobel Prize Awards for homogeneous
catalysisxxxi indicate that homogeneous catalysis based on transition metal com-
plexes will be gaining in importance in the future. The great advantage of the
homogeneous systems is the excellent control of catalytic activity and selectivity,
which is usually achieved by controlling the properties of the catalysts used in these
reactions. The design of transition metal catalysts and control of their properties
is traditionally done by modifications in the primary coordination sphere of the
metal, i. e. by tuning the electronic and steric properties of the ligands that co-
ordinate to the metal centre. Thus, ligand properties as electronic density on the
donor atom, steric bulk (the cone angle), the number of binding sites, or the rigidity
of the ligand backbone (the bite angle), are all relevant parameters for transition
metal catalyst development and exploration. However, this approach has not yet
resulted in a general strategy for design of catalysts suitable for selective transfor-
mations of non-functionalised and poorly reactive substrate molecules that do not
possess any “handles”xxxii for steering the selectivity. The enzymes, however, are
very efficient at exploiting subtle size differences and achieving high selectivities by
providing binding pockets at their reactive sites, thereby constraining the motion
of substrates and pre-orienting them for reaction. For the enhanced regio- and
stereocontrol of chemical reactions for which the classical ligand design approach
could not provide satisfactory solutions, more emphasis is being placed lately on
the reactivity in confined nano-spaces, such as well-defined cavities of metal-organic
frameworks, and (supra)molecular capsules, taking heavy inspiration from the bio-
logical systems. Catalysis in nano-spaces has the potential to produce sophisticated
tools required to meet difficult synthetic challenges. Encapsulation imposes steric
constraints within the capsule, decreasing the degrees of freedom of the reacting
molecules and limiting the number of available conformations or relative orienta-
tions to one another. As a consequence, the reactions within the confined spaces
are usually accelerated, and product distributions are often obtained, that are oth-
erwise not accessible. Diels-Alder reactions in a spherical capsule of Rebek, or in an

xxxi2001: William S. Knowles, Ryoji Noyori, and K. Barry Sharpless; 2005: Yves Chauvin, Robert
H. Grubbs and Richard R. Schrock; 2010: Richard F. Heck, Ei-ichi Negishi and Akira Suzuki.
xxxiilike acetamido functionality required in most asymmetric hydrogenation reactions, or
electron-withdrawing groups next to the alkene double bond to direct the selectivity in the hy-
droformylation
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octahedral metallocapsule of Fujita, as well as the acid-catalysed reaction within a
tetrahedral metallocapsule of Raymond surrounded by a basic medium, are elegant
examples of such reactions.

In our group, a ligand-templated strategy has been used to create cavities for
the encapsulation of transition metal catalysts. We have specifically looked into
hydroformylation of non-functionalised, linear internal alkenes, which are highly
challenging substrates due to their poor reactivity and their lack of selectivity-
steering handles. Their selective (isomerisation-free) functionalisation into either
of the branched aldehydes is not yet possible. Free, or phosphine-modified rhodium
catalysts typically produce a mixture of aldehydes and a considerable amount of
isomerisation, while application of electron-poor ligands like phosphites leads to an
isomerisation-hydroformylation sequence, producing mainly linear aldehydes. The
branched aldehydes as potentially high added value products have remained inac-
cessible, due to the lack of catalysts able to produce them. However, the rhodium
catalyst encapsulated using the ligand-template approach has displayed remarkable
selectivity in this reaction. Moreover, this selectivity was possible to steer purely
by using different building blocks for the encapsulation, as we have shown in this
work.
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The DFT-study of the trans-2-octene hydroformylation by the non-encapsulated
mono-phosphine rhodium catalyst, and the subsequent MATLAB simulation of
the kinetics using the DFT-computed reaction constants, have shown that the
major aldehyde product should be the 2-aldehyde (in ca. 80%, Chapter 5). The
mono-phosphine rhodium catalyst is not accessible using the conventional ligands,
and our encapsulation approach (using large ZnIIcomplexes; application of smaller
ZnIIcomplexes, like bis-(thiosemicarbazonato)Zn complexes leads to formation of
bis-phosphine ligated rhodium catalysts, see Chapter 2) was a successful alterna-
tive to a clean formation of the monophosphine rhodium-hydrido species under
hydroformylation conditions. The coordination of a ZnIIcomplex to the pyridyl
groups of the template ligand tris-(meta-pyridyl)-phosphine ((m-py)3P) creates a
supramolecular capsule with the lone pair on the phosphorus atom free for coor-
dination of a transition metal, as we have seen in the solid state structure of the
supramolecular capsule formed using ZnII(tetraphenylporphyrin) for the encapsu-
lation (Chapter 4). The rhodium atom coordinated to phosphorus is thus situated
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within the capsule, whose structure practically does not change upon formation of
the catalytically active species. In order to simulate the non-encapsulated catalyst,
a large cavity was created using a ZnII(phthalocyanine) (ZnPc, Chapter 3) com-
plex, a compound structurally related to porphyrins, without out-of-plane meso-
substituents and with an extended planar surface around the Zn-centre. The volume
of the cavity formed using ZnPc was about five times larger than the one formed
using ZnTPP. The DFT-computed product ratio of the trans-2-octene hydroformy-
lation using the catalyst encapsulated by a simplified ZnPc complex (without the
peripheral aryloxy substituents) predicted the 2-aldehyde as the major product.
Opposite to this, the DFT-predicted product ratio of the ZnTPP-encapsulated
rhodium catalyst was 70% 3-aldehyde (Chapter 5). These DFT-computed results
are in an excellent agreement with the experiments, as the ZnPc-encapsulated
catalyst led to a formation of 2-aldehyde as major product (60–70%) when 2-
alkenes (octene to decene) were used as substrates. The selectivity of the ZnTPP-
encapsulated catalyst was opposite to this, as 3-aldehyde was obtained as the major
product (85-91%) from 2-alkenes.

Further detailed experimental and computational (DFT) studies of the the cat-
alytic cycle have shown that the selectivity of the trans-2-octene hydroformylation
by the ZnTPP-encapsulated catalyst is the transfer of the H atom from rhodium
species to the coordinated alkene and formation of the alkylrhodium species (i. e.,
the hydride migration step). We have found that for three of the four possible
rhodium-alkene complexes, each with two reaction pathways (one to 2-, the other
to 3-aldehyde), the hydride migration to form the 2-alkylrhodium species is greatly
disfavoured, so that the formation of 3-aldehyde becomes the dominant process.
During the hydride migration process, the supramolecular ZnTPP-based capsule
needs to rearrange in order to accommodate the transition state, and the path-
ways leading to the minor product (2-aldehyde) are disfavoured since the substrate
rotation in the respective transition states causes distortion of the capsule, which
is associated with an energy penalty (Chapter 5). The distortion of the capsule
disables the formation of the CH –π attractive interactions between the adjacent
porphyrin molecules, whose existence is suggested in the solid state, and in the solu-
tion as the origin of the cooperativity previously observed in the binding. In most
of the pathways to the major product (3-aldehyde), the capsule distortion (and
thus the rearrangement energy) is minimal, so that 3-aldehyde becomes the major
product. Thus, the ZnTPP-based capsule represents an effective steric block for
substrate rotation in the hydride migration step towards the 2-alkyl product, while
the ZnPc-based one allows largely unhindered substrate motion during catalysis.

We have thus shown that the selectivity in the hydroformylation of 2-alkenes
catalysed by the encapsulated rhodium catalyst can be steered by the size of the
supramolecular capsule. Application of ZnPc in the encapsulation creates a spa-
cious capsule that leads to formation of 2-aldehydes as major products. Opposite
to this, the ZnTPP-capsule, whose shape is stabilised by the intra-supramolecular
CH –π attractive interactions, blocks most of the reaction pathways towards the
2-aldehyde, and leads to 3-aldehyde as the major product. In addition, we have
demonstrated that the selectivity is dramatically influenced by modifications on
sites remote from the catalytically active centre, which weaken the cooperative in-
teractions between the adjacent porphyrins and/or distort the shape of the capsule
(Chapter 4). This is a unique example of a transition metal catalyst that displays
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significant selectivity in the hydroformylation of challenging 2-alkenes. Moreover,
the selectivity could be steered by modifications in the secondary coordination
sphere of the transition metal which change the capsule shape, a phenomenon ob-
served in enzymatic catalysis and exploited in enzyme optimisation methodologies.
The effects by which the enzymes are able to achieve high level of activity and selec-
tivity strategies of catalyst control in transition metal catalysis are still scarce,258
however, we believe that the future generations of sophisticated transition metal
catalysts will include enzyme-like features in order to be able to achieve selective
functionalisation of poorly reactive and challenging substrate molecules.



Sammenvating

Katalyse is een zeer krachtige werkwijze om selectieve omzettingen te bew-
erkstelligen en deze aanpak heeft daarom aanzienlijke aandacht gekregen in zowel
de industrie als de universitaire onderzoekswereld. Ongeveer 80 to 90% van alle
chemische producten kent tenminste één katalytische stap. Heden ten dage maken
de meeste productieprocessen voor bulkchemicalien gebruik van heterogene kata-
lysatoren, terwijl (overgangsmetaal) homogene katalysatoren voornamelijk worden
toegepast in de fijnchemische industrie. Echter, de recente toekenningen voor No-
bel prijzen voor homogene katalysexxxiii laten zien dat homogene katalyse op ba-
sis van overgangsmetaal komplexen zeker een grotere rol zullen gaan spelen in de
toekomst. Het grote voordeel van deze homogene systemen is de uitstekende cont-
role over zowel katalytische activiteit alsook selectiviteit, wat voorkomt uit controle
over de eigenschappen van de in de reacties toegepaste katalysatoren. Het on-
twerp van overgangsmetaal katalysatoren en de controle over hun eigenschappen
is traditioneel gebaseerd op veranderingen in de primaire coordinatiesfeer van het
metaal, door de electronische en sterische eigenschappen van de liganden die co-
ordineren aan het metaal centrum te varieren. Kortom, ligand eigenschappen zoals
de elektronendichtheid op het donor atom, de sterische bulk (de kegel-hoek), het
aantal bindingsgroepen of de stijfheid van het ligand-skelet (de bijthoek) zijn alle-
maal relevante parameters voor de ontwikkeling en exploratie van overgangsmetaal
katalysatoren. Echter, deze aanpak heeft nog niet geleid tot een algemene strategie
voor de ontwikkeling van katalysatoren die geschikt zijn voor selectieve omzettingen
van ongefunctionalizeerde en weinig reactieve substraat moleculen die geen ‘hand-
vatten’ bezitten om de selectiviteit te sturen.xxxiv Daarentegen zijn enzymen zeer
efficient in het benutten van subtiele verschillen in grootte en het bewerkstelligen
van hoge selectiviteiten door bindingsplaatsen aan hun reactieve centra te creeren,
waardoor de beweging van substraten wordt ingeperkt en ze worden gepreorgan-
iseerd voor reactie. Om regio- en stereocontrole te bereiken voor chemische reac-
ties waarvoor de klassieke ligand-ontwerp aanpak geen tot tevredenheid stemmende
oplossingen heeft kunnen aandragen, wordt tegenwoordig meer nadruk gelegd op de
reactiviteit in ingeperkte nanoruimtes, zoals goed gedefinieerde holtes van metaal-
organische netwerken en (supra)moleculaire capsules, waarbij veel inspiratie uit de
biologische systemen wordt gehaald. Katalyse in nanoruimtes heeft de potentie om
hoogstaande werkwijzen te produceren die benodigd zijn om moeilijke synthetische

xxxiii2001: William S. Knowles, Ryoji Noyori, en K. Barry Sharpless; 2005: Yves Chauvin, Robert
H. Grubbs en Richard R. Schrock; 2010: Richard F. Heck, Ei-ichi Negishi en Akira Suzuki.
xxxivBijvoorbeeld een acetamido functionaliteit die in de meeste asymmetrische hydrogeneringsre-
acties benodigd is of electronenzuigende groepen naast de dubbele binding van een alkeen om de
selectiviteit in de hydroformylering.
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uitdagingen het hoofd te bieden. Inkapseling leidt to sterische beperkingen bin-
nenin de capsule, wat het aantal vrijheidsgraden van de reagerende moleculen, het
aantal beschikbare conformaties of hun relatieve orientaties verminderd. Als gevolg
hiervan worden reacties in beperkte ruimtes normaal gesproken versneld en worden
vaak productverdelingen bereikt die normaliter niet beschikbaar zijn. Diels-Alder
reacties in Rebek’s ronde capsule of in de octahedrische metallocapsule van Fu-
jita alsook de zuur-gekatalyseerde reactie in basisch medium met de tetrahedrische
metallocapsule van Raymond zijn elegante voorbeelden van zulke reacties. In onze
groep is een ligand-templaat strategie gebruikt om hotes te creeren voor de inkapsel-
ing van overgangsmetaal katalysatoren.

We hebben specifiek gekeken naar de hydroformylering van ongefunctional-
izeerde, lineaire interne alkenes, wat zeer uitdagende substraten zijn vanwege hun
lage reactiviteit en de afwezighedi van selectiviteits-sturende ‘handvatten’. Hun
selectieve functionalizatie (zonder isomerizatie) in eender welk van de vertakte
aldehydes is tot op heden niet mogelijk. Fosfine-vrije of fosfine-gemodificeerde
rhodium katalysatoren leiden normaal gesproken tot een mengsel van aldehydes
en een aanzienlijke hoeveelheid geisomerizeerd product, terwijl de toepassing van
elektronen-arme liganden zoals fosfieten to een isomerizatie-hydroformylerings-se-
quentie en dientengevolge tot lineare aldehydes als hoofdprodukt. Vertakte aldehy-
des zijn potentiele hoogwaardige producten die vooralsnog niet beschikbaar zijn als
gevolg van een gebrek aan katalysatoren die deze producten selectief kunnen maken.
Echter, de middels een ligand-template aanpak ingekapselde rhodium katalysator
heeft zeer opmerkelijke selectiviteit laten zien in deze reactie. Verder was het mo-
gelijk om de selectiviteit te sturen door eenvoudig verschillende bouwstenen te ge-
bruiken voor de inkapseling, zoals we in dit proefschrift hebben aangetoond.
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Een dichtheidfunctionaaltheorie-studie van detrans-2-octeen hydroformylering
met een niet-geinkapsuleerde monofosfine-rhodium katalysator en daaraan gekop-
pelde MATLAB simulatie van de kinetiek, gebruikmakend van de DFT-berekende
reactie-constantes, hebben aangetoond dat het aldehyde dat als hoofdproduct wordt
geproduceerd het 2-aldehyde zou moeten zijn (in ongeveer 80%, zie hoofdstuk 5).
De monofosfine-rhodium katalysator is niet toegankelijk wanneer conventionele lig-
anden worden gebruikt en onze inkapselingsaanpak (gebruikmakend van grote ZnII
complexen; toepassing van kleinere ZnII complexes, like bis-(thiosemicarbazonato)Zn
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complexen, zoals bis-(thiosemicarbazonato)Zn complexen leidt tot de vorming van
bisfosfine geligeerde rhodium katalysatoren, zie hoofdstuk 2) was een succesvol
alternatief om het monofosfine rhodium-hydride deeltje zuiver te vormen onder
hydroformyleringscondities. De coordinatie van een ZnIIcomplex aan de pyridyl-
groepen van het template ligand tris-(meta-pyridyl)-fosfine ((m-py)3P) creert een
supramoleculaire capsule met het fosfor vrije electronenpaar beschikbaar voor co-
ordinatie aan een overgangsmetaal, zoals we hebben aangetoond in de kristal-
structuur van de supramoleculaire capsule gevormd met behulp van using ZnII-
((tetrafenylporfyrine) voor de inkapsulering (hoofdstuk 4). Het rhodium atoom dat
is gecoordineerd aan fosfor is hierdoor in de capsule gepositioneerd, wier structuur
praktisch niet veranderd door de vorming van het katalytisch actieve deeltje. Om de
niet-geinkapsuleerde katalysator te simuleren, is een grote holte gecreerd met behulp
van een ZnII(fthalocyanine) (ZnPc, hoofdstuk 3) complex, een verbinding die struc-
tureel gerelateerd is aan porfyrine, maar zonder uit-het-vlak meso-substituenten
en met een uitgebreid vlak oppervlak rondom het Zn-centrum. Het volume van
de holte gevormd door ZnPc was ongeveer vijf keer zo groot als dat gevormd met
ZnTPP. De DFT berekende product-verhouding van de trans-2-octeen hydroformy-
lering middels een katalysator, ingekapseld door een vereenvoudigd ZnPc complex
(zonder de perifere aryloxy substituenten) ingekapselde katalysator, gaf wederom
aan dat het 2-aldehyde het hoofdproduct zou moeten zijn. In tegenstelling hiermee
was het DFT-voorspelde product voor de ZnTPP-ingekapselde rhodium katalysator
het 3-aldehyde in 70% (hoofdstuk 5). Deze DFT-berekende resulten komen zeer
goed overeen met de experimenten, aangezien de ZnPc-ingekapselde katalysator tot
de vorming van het 2-aldehyde leidt als hoofdproduct (60–70%) indien 2-alkenen
(octeen tot deceen) als substraat worden gebruikt. De selectiviteit van de ZnTPP-
ingekapselde katalysator is compleet omgekeerd, aangezien 3-aldehyde wordt verkre-
gen als hoofdproduct uit 2-alkenen (85-91%).

Uitgebreid en gedetailleerd experimentele en computationele (DFT) studies van
de katalytische cyclus hebben aangetoond dat de selectiviteit van de trans-2-octeen
hydroformylering met de door ZnTPP ingekapselde katalysator wordt bepaald door
de overdracht van het H-atoom van het rhodium deeltje naar het gecoordineerde
alkeen, onder vorming van de alkylrhodium verbinding (de hydride migratie stap).
We hebben voor drie van de vier mogelijke rhodium-alkeen complexen, elk met twee
reactiepaden (een naar het 2-, het andere naar het 3-aldehyde), gevonden dat de hy-
dride migratie om het 2-alkylrhodium deeltje te vormen sterk ongunstig is, waardoor
de vorming van het 3-aldehyde het dominante proces wordt. Gedurende het hy-
dride migratie proces dient de supramoleculaire ZnTPP-gebaseerde capsule zich te
herschikken vooraleer de overgangstoestand kan worden bereikt en de reactiepaden
die leiden tot het minderheidsproduct (2-aldehyde) zijn ongunstig aangezien de
substraat rotatie in de respectievelijke overgangstoestanden voor vervorming van
de capsule zorgt, wat kan worden gecorreleerd aan een energieboete (hoofdstuk 5).
De vervorming van de capsule verhindert de vorming van CH –π attractieve inter-
acties tussen de naburige porfyrine moleculen en waarvan in de vaste toestand en
in oplossing wordt gesuggereerd dat het de bron is van de voorheen waargenomen
cooperativiteit in de binding. In de meeste reactiepaden tot het meerderheidsprod-
uct (3-aldehyde) is de capsule vervorming (en hierdoor de herschikkingsenergie)
minimaal, waardoor het 3-aldehyde het meerderheidsproduct wordt. Kortom, de
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ZnTPP-gebaseerde capsule representeert een effectieve sterische blokker voor sub-
straat rotatie in de hydride migratie stap naar het 2-alkyl product, terwijl het ZnPc-
systeem vrijwel ongehinderde substraat beweging gedurende de katalyse toestaat.

We hebben laten zien dat de selectiviteit in de hydroformylering van 2-alkenen
gekatalyseerd door de ingekapselde rhodium katalysator kan worden gestuurd door
de grootte van de supramoleculaire capsule. Toepassing van ZnPc voor de inkapsel-
ing creert een ruime capsule die leidt tot de vorming van 2-aldehydes als meerder-
heidsproduct. Tegengesteld blokkeert de ZnTPP capsule, wier vorm wordt gesta-
bilizeerd door de intra-supramoleculaire CH –π attractieve interacties, de meeste
reactiepaden leidend tot 2-aldehyde en als gevolgd is het 3-aldehyde het meerder-
heidsproduct. Bovendien hebben we aangetoond dat de selectiveit dramatisch wordt
beinvloed door veranderingen in plaatsen die ver verwijderd zijn van het katalytische
actieve centrum, omdat de cooperatieve interacties tussen de naburige porfyrines
worden verzwakt en/of de vorm van de capsule wordt veranderd (hoofdstuk 4). Dit
is een uniek voorbeeld van een overgangsmetaal katalysator die significante selec-
tiviteit in de hydroformylering van uitdagende 2-alkenen laat zien. Tevens kan de
selectiviteit worden gestuurd door veranderingen in de secundaire coordinatiesfeer
van het overgangsmetaal die de capsule vorm veranderen, een fenomeen dat wordt
gezien in enzymatische katalyse en dat wordt toegepast in enzym-optimalizatie
methodologiëen. Effecten waardoor de enzymen in staat zijn om hoge activiteit te
behalen en selectiviteitsstrategiëen voor katalyse-controle zijn nog steeds schaars in
overgangsmetaal katalyse.258 Wij geloven echter dat de toekomstige generaties van
hoogwaardige overgangsmetaal katalysatoren enzym-achtige eigenschappen zullen
bevatten om zodoende de selectieve functionalizering van weinig reactieve en uitda-
gende substraat moleculen mogelijk te maken.



Bibliography

[1] P. Ball, Nature 442, 500 (2006). 3, 35, 46
[2] P. Smaglik, Nature 406, 807 (2000). 3, 61
[3] A. Lehninger, D. L. Nelson, M. M. Cox, Lehninger Principles of Biochemistry

(W. H. Freeman, 2008), fifth edn. 4, 61, 89, 108
[4] P. W. N. M. van Leeuwen, Homogeneous Catalysis: Understanding the Art

(Kluwer Academic Publishers, Dordrecht, Boston, London, 2004). 4, 9, 11,
90, 91

[5] J. A. Moulijn, P. W. N. M. V. Leeuwen, R. A. V. Santen, eds., Catalysis: An
Integrated Approach to Homogenous, Heterogenous and Industrial Catalysis
(Studies in Surface Science and Catalysis) (Elsevier Science, Amsterdam,
1999). 4, 9, 11

[6] R. Noyori, Nat. Chem. 1, 5 (2009). 4, 35
[7] P. W. N. M. van Leeuwen, Rhodium Catalyzed Hydroformylation: Introduc-

tion to hydroformylation (Kluwer Academic Publishers, Amsterdam, 2000),
chap. 1, pp. 1–13. 4, 9, 11, 12, 90, 91

[8] C. A. Tolman, Chem. Rev. 77, 313 (1977). 4, 5
[9] G. T. Whiteker, C. P. Casey, Isr. J. Chem. 30, 299 (1990). 5
[10] P. W. N. M. van Leeuwen, P. C. J. Kamer, J. N. H. Reek, P. Dierkes, Chem.

Rev. 100, 2741 (2000). 4, 5
[11] P. C. J. Kamer, J. N. H. Reek, P. W. N. M. van Leeuwen, Rhodium Cat-

alyzed Hydroformylation: Rhodium Phosphite Catalysts (Kluwer Academic
Publishers, Amsterdam, 2000), chap. 3, pp. 35–62. 4, 25, 26, 36, 91, 92

[12] P. W. N. M. van Leeuwen, C. P. Casey, G. T. Whiteker, Rhodium Catalyzed
Hydroformylation: Phosphines as ligands (Kluwer Academic Publishers, Am-
sterdam, 2000), chap. 4, pp. 63–105. 4, 12, 25, 26, 42, 91, 92

[13] P. W. N. M. van Leeuwen, P. C. J. Kamer, J. N. H. Reek, Pure Appl. Chem.
71, 1443 (1999). 4

[14] P. C. J. Kamer, P. W. N. M. van Leeuwen, J. N. H. Reek, Acc. Chem. Res.
34, 895 (2001). 4, 5, 23, 27

[15] P. Dierkes, P. W. N. M. van Leeuwen, J. Chem. Soc. Dalton Trans. p. 1519
(1999). 4

[16] E. Sinn, M. Harris, Coord. Chem. Rev. 4, 391 (1969).
[17] Y. Yan, X. Zhang, X. Zhang, J. Am. Chem. Soc. 128, 16058 (2006). 4
[18] S. J. Meek, R. V. O. Brien, J. Llaveria, R. R. Schrock, A. H. Hoveyda, Nature

471, 461 (2011). 5
[19] A. Miyashita, et al., J. Am. Chem. Soc. 102, 7932 (1980). 5
[20] R. Noyori, H. Takaya, Acc. Chem. Res. 23, 345 (1990). 5
[21] K. Nozaki, T. Matsuo, F. Shibahara, T. Hiyama, Organometallics 22, 594

(2003). 5, 24, 72, 73

141



142 Bibliography

[22] S. Bell, et al., Science 311, 642 (2006). 36
[23] K. Tanaka, J. Am. Chem. Soc. 131, 10822 (2009). 5
[24] K. Tanaka, T. Shoji, Organic letters 7, 3561 (2005).
[25] M. Zimmer-De Iuliis, R. H. Morris, J. Am. Chem. Soc. 131, 11263 (2009). 5
[26] M. Eddaoudi, et al., Acc. Chem. Res. 34, 319 (2001). 6, 17, 61
[27] V. F. Slagt, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Angew.

Chem. Int. Ed. 40, 4271 (2001). 7, 11, 12, 14, 18, 24, 36, 40, 41, 61, 89
[28] F. Hof, J. J. Rebek, PNAS 99, 4775 (2002). 61
[29] S. L. James, Chem. Soc. Rev. 32, 276 (2003). 17, 61
[30] J. Rowsell, Microporous and Mesoporous Mater. 73, 3 (2004). 17
[31] V. F. Slagt, P. C. J. Kamer, P. W. N. M. van Leeuwen, J. N. H. Reek, J. Am.

Chem. Soc. 126, 1526 (2004). 7, 9, 12, 13, 14, 16, 18, 21, 24, 36, 61, 62, 63,
65, 75, 89, 93

[32] D. Fiedler, D. H. Leung, R. G. Bergman, K. N. Raymond, Acc. Chem. Res.
38, 349 (2005). 6, 7, 17, 36, 61

[33] B. W. Purse, J. J. Rebek, PNAS 102, 10777 (2005). 61
[34] W. Lin, J. Solid State Chem. 178, 2486 (2005). 6, 17, 61
[35] D. M. Vriezema, et al., Chem. Rev. 105, 1445 (2005). 6, 61, 89
[36] M. D. Pluth, R. G. Bergman, K. N. Raymond, Science 316, 85 (2007). 6, 7,

36, 61, 89
[37] C.-D. Wu, W. Lin, Angew. Chem. Int. Ed. 46, 1075 (2007). 6, 17, 61
[38] T. S. Koblenz, J. Wassenaar, J. N. H. Reek, Chem. Soc. Rev. 37, 247 (2008).

7, 36, 61, 89
[39] P. W. N. M. van Leeuwen, ed., Supramolecular Catalysis (Wiley VCH Verlag

GmbH & Co, Weinheim, 2008). 17, 61
[40] S. Proch, et al., Chem. Eur. J. 14, 8204 (2008). 61
[41] B. Chen, S. Xiang, G. Qian, Acc. Chem. Res. 43, 1115 (2010). 6, 17, 61
[42] A. Mueller, Nat. Chem. 1, 13 (2009). 6, 36, 61
[43] J. F. Stoddart, Nat. Chem. 1, 14 (2009). 6
[44] A. M. Shultz, O. K. Farha, J. T. Hupp, S. T. Nguyen, J. Am. Chem. Soc.

131, 4204 (2009). 6, 17, 61
[45] J. Kang, G. Hilmersson, J. Santamaría, J. J. Rebek, J. Am. Chem. Soc. 120,

3650 (1998). 6, 7, 61, 89, 90
[46] J. J. Rebek, Acc. Chem. Res. 32, 278 (1999).
[47] M. Yoshizawa, M. Tamura, M. Fujita, Science 312, 251 (2006). 6, 7, 36, 61,

62, 89, 90
[48] R. J. Hooley, P. Restorp, T. Iwasawa, J. J. Rebek, J. Am. Chem. Soc. 129,

15639 (2007).
[49] J. J. Rebek, Acc. Chem. Res. 42, 1660 (2009). 6
[50] C. J. Waiter, H. L. Anderson, J. K. M. Sanders, Chem. Commun. pp. 458–460

(1993). 6, 61, 62
[51] L. G. Mackay, R. S. Wylie, J. K. M. Sanders, J. Am. Chem. Soc. 116, 3141

(1994). 6
[52] A. W. Kleij, M. Lutz, A. L. Spek, P. W. N. M. van Leeuwen, J. N. H. Reek,

Chem. Commun. pp. 3661–3663 (2005). 7, 9, 10, 11, 12, 18, 21, 24, 39
[53] A. W. Kleij, J. N. H. Reek, Chem. Eur. J. 12, 4218 (2006). 7, 14, 18, 21, 89
[54] A. W. Kleij, M. Kuil, D. M. Tooke, A. L. Spek, J. N. H. Reek, Inorg. Chem.

44, 7696 (2005). 7, 8, 10, 11, 12, 24, 62



Bibliography 143

[55] Q. Zhang, M. Kantcheva, I. G. Dalla Lana, Ind. Eng. Chem. Res. 36, 3433
(1997). 11

[56] A. Bollmann, et al., J. Am. Chem. Soc. 126, 14712 (2004).
[57] S. Tobisch, J. Am. Chem. Soc. 126, 259 (2004).
[58] M. J. Overett, et al., J. Am. Chem. Soc. 127, 10723 (2005).
[59] P. Kuhn, D. S, D. Matt, J. Chetcuti, P. Lutz, Dalton Trans. pp. 515–528

(2007). 11
[60] M. Kuil, T. Soltner, P. W. N. M. van Leeuwen, J. N. H. Reek, J. Am. Chem.

Soc. 128, 11344 (2006). 12, 14, 18, 36, 40, 61, 89
[61] C. F. Roobeek, P. W. N. M. van Leeuwen, J. Organomet. Chem. 258, 343

(1983). 14, 26
[62] T. Jongsma, G. Challa, P. W. N. M. van Leeuwen, J. Organomet. Chem. 421,

121 (1991). 91
[63] A. van Rooy, J. N. H. de Bruijn, K. F. Roobeek, P. C. J. Kamer, P. W. N. M.

van Leeuwen, J. Organomet. Chem. 507, 69 (1996). 91
[64] A. van Rooy, P. C. J. Kamer, P. W. N. M. van Leeuwen, J. Organomet. Chem.

535, 201 (1997). 14, 26
[65] E. Hess, G. Baehr, Z. Anorg. Allg. Chem. 268, 351 (1952). 15, 18, 19
[66] E. Hess, E. Steinkopf, G. Schleitzer, G. Baehr, Z. Anorg. Allg. Chem. 273,

325 (1953). 19
[67] G. Bahr, G. Schleitzer, Z. Anorg. Allg. Chem. 280, 161 (1955). 15, 18, 19
[68] A. Braun, J. Tcherniac, Ber. Dtsch. chem. Ges. pp. 2709–2714 (1907). 15, 37
[69] M. J. Robertson, J. Chem. Soc. pp. 615–621 (1935). 37
[70] A. L. Thomas, Phthalocyanine Research and Applications (CRC Pres, Boca

Raton, Fl, 1990). 15, 38
[71] J.-M. Lehn, Science 295, 2400 (2002). 17
[72] J.-M. Lehn, Chem. Soc. Rev. 36, 151 (2007). 17
[73] A. F. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th edition (Wi-

ley, New York, 1988). 17
[74] J. E. Huheey, E. A. Keiter, R. L. Keiter, Inorganic Chemistry, 4th edition

(Harper Collins, New York, 1993). 17
[75] B. J. Holliday, C. a. Mirkin, Angew. Chem. Int. Ed. 40, 2022 (2001). 17
[76] E. C. Constable, Chem. Commun. pp. 1073–1080 (1997). 17
[77] E. C. Constable, Chem. Soc. Rev. 36, 246 (2007). 17
[78] P. J. Stang, Chem. Eur. J. 4, 19 (1998). 17
[79] D. L. Caulder, K. N. Raymond, Acc. Chem. Res. 32, 975 (1999).
[80] M. Fujita, M. Tominaga, A. Hori, B. Therrien, Acc. Chem. Res. 38, 369

(2005).
[81] S. R. Seidel, P. J. Stang, Acc. Chem. Res. 35, 972 (2002). 17
[82] B. Champin, P. Mobian, J.-P. Sauvage, Chem. Soc. Rev. 36, 358 (2007). 17
[83] J.-P. Collin, C. Dietrich-Buchecker, P. Gaviña, M. C. Jimenez-Molero, J.-P.

Sauvage, Acc. Chem. Res. 34, 477 (2001). 17
[84] A.-M. Fuller, et al., Angew. Chem. Int. Ed. 43, 3914 (2004).
[85] J. Berna, et al., Angew. Chem. Int. Ed. 46, 5709 (2007).
[86] S. J. Loeb, Chem. Soc. Rev. 36, 226 (2007). 17
[87] J.-P. Sauvage, Acc. Chem. Res. 31, 611 (1998).
[88] S. Saha, J. F. Stoddart, Chem. Soc. Rev. 36, 77 (2007). 17
[89] L. Flamigni, J.-P. Collin, J.-P. Sauvage, Acc. Chem. Res. 41, 857 (2008). 17



144 Bibliography

[90] L. Brammer, Chem. Soc. Rev. 33, 476 (2004). 17, 61
[91] A. K. Cheetham, C. N. R. Rao, R. K. Feller, Chem. Commun. pp. 4780–4795

(2006).
[92] H. Furukawa, J. Kim, N. W. Ockwig, M. O’Keeffe, O. M. Yaghi, J. Am.

Chem. Soc. 130, 11650 (2008). 61
[93] C. Valente, et al., Chem. Commun. 6 (2010).
[94] N. L. Rosi, et al., Science 300, 1127 (2003). 61
[95] J. L. C. Rowsell, O. M. Yaghi, Angew. Chem. Int. Ed. 44, 4670 (2005).
[96] M. Latroche, et al., Angew. Chem. Int. Ed. 45, 8227 (2006). 61
[97] Y. Liu, et al., Angew. Chem. Int. Ed. 46, 3278 (2007). 61
[98] Y. Li, R. T. Yang, J. Am. Chem. Soc. 128, 726 (2006).
[99] F. Nouar, et al., J. Am. Chem. Soc. 130, 1833 (2008). 61
[100] Y. Li, L. Xie, Y. Li, J. Zheng, X. Li, Chem. Eur. J. 15, 8951 (2009).
[101] B. Chen, L. Wang, F. Zapata, G. Qian, E. B. Lobkovsky, J. Am. Chem. Soc.

130, 6718 (2008).
[102] Y.-F. Song, L. Cronin, Angew. Chem. Int. Ed. 47, 4635 (2008). 61
[103] Y. Li, L. Xie, Y. Li, J. Zheng, X. Li, Chem. Eur. J. 15, 8951 (2009).
[104] G. Lu, J. T. Hupp, J. Am. Chem. Soc. 132, 7832 (2010). 61
[105] H.-L. Jiang, Y. Tatsu, Z.-H. Lu, Q. Xu, J. Am. Chem. Soc. 132, 5586 (2010).

17, 61
[106] J. E. Falk, Porphyrins and Metalloporphyrins (Elsevier Publishing Co., Am-

sterdam, 1964). 17, 18
[107] E. B. Fleischer, Acc. Chem. Res. 3, 105 (1970). 17
[108] A. M. Kluwer, et al., PNAS 106, 10460 (2009). 18
[109] J. Flapper, J. N. H. Reek, Angew. Chem. Int. Ed. 46, 8590 (2007). 18
[110] A. W. Kleij, et al., Chem. Eur. J. 11, 4743 (2005). 18, 21, 24, 39
[111] E. C. Escudero-Adán, J. Benet-Buchholz, A. W. Kleij, Inorg. Chem. 46, 7265

(2007). 18
[112] E. C. Escudero-Adán, J. Benet-Buchholz, A. W. Kleij, Dalton Trans. 6, 734

(2008). 18, 19
[113] K. A. Jensen, Z. Anorg. Allg. Chem. 221, 6 (1934). 18
[114] K. A. Jensen, Z. Anorg. Allg. Chem. 221, 11 (1934).
[115] E. Rancke-Madsen, K. A. Jensen, Z. Anorg. Allg. Chem. 219, 243 (1934). 18
[116] H. G. Petering, H. H. Buskirk, G. E. Underwood, Cancer Res. 24, 367 (1964).

19
[117] D. H. Petering, Bioinorg. Chem. 1, 255 (1972).
[118] M. Campbell, Coord. Chem. Rev. 15, 279 (1975). 19
[119] A. R. Cowley, J. R. Dilworth, P. S. Donnelly, E. Labisbal, A. Sousa, J. Am.

Chem. Soc. 124, 5270 (2002). 19
[120] J. L. J. Dearling, P. J. Blower, Chem. Commun. pp. 2531–2532 (1998).
[121] R. I. Maurer, et al., J. Med. Chem. 45, 1420 (2002).
[122] P. J. Blower, et al., J. Inorg. Biochem. 85, 15 (2001).
[123] R. L. Aft, J. S. Lewis, F. Zhang, J. Kim, M. J. Welch, Cancer Res. 63, 5496

(2003).
[124] D. W. McCarthy, et al., Nucl. Med. Biol. 26, 351 (1999).
[125] S. I. Pascu, et al., Dalton Trans. 9226, 4988 (2007).
[126] S. I. Pascu, et al., Dalton Trans. pp. 2107–2110 (2008). 19



Bibliography 145

[127] A. R. Cowley, J. R. Dilworth, P. S. Donnelly, J. M. Heslop, S. J. Ratcliffe,
Dalton Trans. pp. 209–17 (2007). 19, 28, 29

[128] M. Christlieb, H. S. R. Struthers, P. D. Bonnitcha, A. R. Cowley, J. R.
Dilworth, Dalton Trans. pp. 5043–54 (2007). 19

[129] M. Christlieb, et al., Dalton Trans. pp. 327–331 (2007). 19
[130] A. W. Kleij, et al., Inorg. Chim. Acta 359, 1807 (2006). 20, 61
[131] M. Kuil, et al., Dalton Trans. pp. 2311–2320 (2007). 21, 22, 23
[132] P. A. Bisson, C. A. Hunter, C. J. Morales, K. Young, Chem. Eur. J. 4, 845

(1998). 21, 32, 38, 39, 48, 79
[133] C. A. Shalley, ed., Analytical Methods in Supramolecular Chemistry (Wiley

VCH Verlag GmbH & Co, Weinheim, 2007). 21, 38, 48, 79
[134] L. Alsop, et al., Inorg. Chim. Acta 358, 2770 (2005). 22
[135] C. W. Dirk, T. Inabe, K. F. Schoch, T. J. Marks, J. Am. Chem. Soc. 105,

1539 (1983). 22, 53
[136] B. N. Diel, et al., J. Am. Chem. Soc. 105, 1551 (1983).
[137] B. N. Diel, et al., J. Am. Chem. Soc. 106, 3207 (1984). 53
[138] T. Inabe, et al., J. Am. Chem. Soc. 107, 7224 (1985).
[139] C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 112, 5525 (1990).
[140] T. Inabe, H. Tajima, Chem. Rev. 104, 5503 (2004).
[141] E. H. Gacho, et al., Inorg. Chem. 45, 4170 (2006). 22, 53
[142] L. Damoense, M. Datt, M. Green, C. Steenkamp, Coord. Chem. Rev. 248,

2393 (2004). 23, 72, 73
[143] P. C. J. Kamer, A. van Rooy, G. C. Schoemaker, P. W. N. M. van Leeuwen,

Coord. Chem. Rev. 248, 2409 (2004). 23, 32, 41, 46, 72, 73, 76, 111
[144] A. van Rooy, P. C. J. Kamer, P. W. N. M. van Leeuwen, N. Veldman, A. L.

Spek, J. Organomet. Chem. 494, C15 (1995). 26
[145] B. G. Van den Hoven, H. Alper, J. Org. Chem. 64, 3964 (1999).
[146] S. Deerenberg, P. C. J. Kamer, P. W. N. M. van Leeuwen, Organometallics

19, 2065 (2000).
[147] S. A. Moteki, D. Wu, K. L. Chandra, D. S. Reddy, J. M. Takacs, Organic

Letters 8, 3097 (2006). 26
[148] E. Zuidema, et al., Chem. Eur. J. 14, 1843 (2008). 27, 91
[149] A. M. Kluwer, I. Ahmad, J. N. H. Reek, Tetrahedron Lett. 48, 2999 (2007).

28, 46, 77, 111
[150] E. F. Pettersen, et al., J. Comput. Chem. 25, 1605 (2004). 28, 46, 62, 76, 111
[151] R. W. Bost, W. F. Smith, J. Am. Chem. Soc. 53, 652 (1931). 29
[152] A. J. M. Duisenberg, L. M. J. Kroon-Batenburg, A. M. M. Schreurs, J. Appl.

Cryst. 36, 220 (2003). 31, 78
[153] Z. Otwinowski, W. Minor, Methods in Enzymology, Volume 276 (Academic

Press, 1997), pp. 307–326. 31, 51
[154] G. M. Sheldrick, Sadabs. Universität Göttingen, Germany. 31, 78
[155] G. M. Sheldrick, Acta Cryst. A64, 112 (2008). 31, 51, 78
[156] A. Altomare, et al., J. Appl. Cryst. 32, 115 (1999). 31, 51
[157] A. L. Spek, Acta Cryst. D65, 148 (2009). 31, 51, 52, 78, 79
[158] E. F. Lutz, J. Chem. Ed. 63, 202 (1986). 35
[159] E. Fuchs, M. Keller, B. Breit, Chem. Eur. J. 12, 6930 (2006). 36



146 Bibliography

[160] P. Arnoldy, Rhodium Catalyzed Hydroformylation: Process aspects of
rhodium-catalyzed hydroformylation (Kluwer Academic Publishers, Amster-
dam, 2000), chap. 8, pp. 203–231. 36, 42

[161] B. Breit, E. Fuchs, Chem. Commun. pp. 694–5 (2004). 36
[162] C. Müller, D. Vogt, Dalton Trans. pp. 5505—-5523 (2007). 36
[163] U. Ermler, Science 278, 1457 (1997). 36
[164] D. Ringe, G. A. Petsko, Science 320, 1428 (2008). 61, 89, 108
[165] D. H. Sherman, Nature 461, 1068 (2009). 36, 61, 108
[166] A. W. Kleij, et al., Inorg. Chim. Acta 359, 1807 (2006). 36
[167] A. D. Mesecar, B. L. Stoddard, D. E. Koshland Jr., Science 277, 202 (1997).

36, 41, 61, 62, 75
[168] J. B. Siegel, et al., Science 329, 309 (2010). 36, 41, 61, 62, 75
[169] K. M. Kadish, K. M. Smith, R. Guilard, eds., The Porphyrin Handbook (Aca-

demic Press, San Diego, 2003). 38, 77
[170] S. Ogura, K. Tabata, K. Fukushima, T. Kamachi, I. Okura, J. Porphyrins

Phthalocyanines 10, 1116 (2006).
[171] O. Seven, B. Dindar, S. Aydemir, F. Cilli, J. Porphyrins Phthalocyanines 12,

253 (2008). 38
[172] J. Li, J. S. Lindsey, J. Org. Chem. 64, 9101 (1999). 38
[173] M. A. Miller, R. K. Lammi, S. Parthapan, D. Holten, J. S. Lindsey, J. Org.

Chem. 65, 6634 (2000). 38
[174] H. Zollinger, Color Chemistry (Wiley-VCH, Weinheim, 2003). 38
[175] N. B. McKeown, Phthalocyanine Materials: Synthesis, Structure and Func-

tion (CRC Pres, Cambridge, 1998). 38
[176] A. Kalkan, S. Guner, Z. A. Bayir, Dyes and Pigments 74, 636 (2007). 38
[177] M. Calvete, M. Hanack, Eur. J. Org. Chem. pp. 2080–2083 (2003). 38
[178] D. Wöhrle, M. Eskes, K. Shigehara, A. Yamada, Synthesis pp. 194–196

(1993). 38, 46, 47, 77
[179] S. E. Maree, T. Nyokong, J. Porphyrins Phthalocyanines 5, 782 (2001). 38,

46, 77
[180] M. J. S. Dewar, H. S. Rzepa, J. Am. Chem. Soc. 100, 777 (1978). 39, 56
[181] J. J. P. Stewart, J. Mol. Modeling 13, 1173 (2007). 87
[182] J. J. P. Stewart, Mopac2009. Http://OpenMOPAC.net. 39, 56, 87
[183] V. F. Slagt, P. W. N. M. van Leeuwen, J. N. H. Reek, Angew. Chem. Int. Ed.

42, 5619 (2003). 39
[184] V. F. Slagt, P. W. N. M. van Leeuwen, J. N. H. Reek, Chem. Commun. pp.

2474–5 (2003). 39
[185] H.-S. Park, et al., Science 311, 535 (2006). 41, 61, 62, 75
[186] T. Jongsma, G. Challa, P. W. N. M. van Leeuwen, J. Organomet. Chem. 421,

121 (1991). 41
[187] D. G. Blackmond, Angew. Chem. Int. Ed. 44, 4302 (2005). 42, 92, 116
[188] R. Lazzaroni, R. Settambolo, A. Caiazzo, Rhodium Catalyzed Hydroformyla-

tion: Hydroformylation with unmodified rhodium catalysts, no. 1995 (Kluwer
Academic Publishers, Amsterdam, 2000), chap. 2, pp. 15–33. 42, 92, 95

[189] R. Lazzaroni, R. Settambolo, G. Alagona, C. Ghio, Coord. Chem. Rev. 254,
696 (2010). 42, 58, 59, 92, 95

[190] M. J. Frisch, et al., Gaussian 03, Revision C.02. Gaussian, Inc., Wallingford,
CT, 2004. 42, 56, 63, 76, 82, 99, 111, 120



Bibliography 147

[191] M. Svensson, et al., J. Phys. Chem. 100, 19357 (1996). 42, 58, 99, 124
[192] K. Morokuma, Bull. Kor. Chem. Soc. 24, 797 (2003). 42, 58, 63, 82, 99, 124
[193] E. Zuidema, et al., Chem. Eur. J. 14, 1843 (2008). 43
[194] T. Inabe, et al., J. Am. Chem. Soc. 107, 7224 (1985). 53
[195] T. Inabe, H. Tajima, Chem. Rev. 104, 5503 (2004). 53
[196] M. Fujita, Chem. Soc. Rev. 27, 417 (1998). 61
[197] S. J. Dalgarno, P. K. Thallapally, L. J. Barbour, J. L. Atwood, Chem. Soc.

Rev. 36, 236 (2007).
[198] S. Dalgarno, N. Power, J. Atwood, Coord. Chem. Rev. 252, 825 (2008).
[199] J. J. Rebek, Acc. Chem. Res. 42, 1660 (2009).
[200] D. J. Tranchemontagne, Z. Ni, M. O’Keeffe, O. M. Yaghi, Angew. Chem. Int.

Ed. 47, 5136 (2008).
[201] J. M. Rivera, T. Martín, J. J. Rebek, Science 279, 1021 (1998). 61
[202] J. Li, et al., Organometallics 29, 1379 (2010). 61
[203] Q. Li, et al., Science 325, 855 (2009). 61
[204] M. Kawano, M. Fujita, Coord. Chem. Rev. 251, 2592 (2007). 61
[205] T. Kawamichi, T. Haneda, M. Kawano, M. Fujita, Nature 461, 633 (2009).
[206] P. Mal, B. Breiner, K. Rissanen, J. R. Nitschke, Science 324, 1697 (2009).
[207] Y. Inokuma, T. Arai, M. Fujita, Nat. Chem. 2, 780 (2010).
[208] Y.-M. Legrand, A. van Der Lee, M. Barboiu, Science 329, 299 (2010). 61
[209] M. R. Ams, D. Ajami, S. L. Craig, J.-S. Yang, J. J. Rebek, J. Am. Chem.

Soc. 131, 13190 (2009). 61
[210] C. K. Savile, et al., Science 305 (2010). 61, 62, 75
[211] S. Borngräber, et al., J. Biol. Chem. 274, 37345 (1999).
[212] S. Lutz, Science 329, 285 (2010). 75, 108
[213] N. J. Turner, Nat. Chem. Biol. 5, 567 (2009).
[214] R. J. Kazlauskas, U. T. Bornscheuer, Nat. Chem. Biol. 5, 526 (2009). 61, 62
[215] N. Godbout, D. R. Salahub, J. Andzelm, E. Wimmer, Can. J. Chem. 70, 560

(1992). 63, 82, 99, 120
[216] C. Sosa, et al., J. Phys. Chem. 96, 6630 (1992). 120
[217] J. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996). 120
[218] A. Rabuck, G. E. Scuseria, Chem. Phys. Lett. 309, 450 (1999). 63, 82, 99,

120
[219] A. J. Groszek, Proc. R. Soc. A 314, 473 (1970). 64
[220] J. Krim, J. Suzanne, H. Schechter, Surf. Sci. 162, 446 (1985).
[221] E. A. Meyer, R. K. Castellano, F. Diederich, Angew. Chem. Int. Ed. 47, 1210

(2003).
[222] C. Pint, M. Roth, C. Wexler, Phys. Rev.B 73, 1 (2006).
[223] J. D. Dunitz, R. M. Ibberson, Angew. Chem. Int. Ed. 47, 4208 (2008). 69
[224] C. Ruspic, J. R. Moss, M. Schürmann, S. Harder, Angew. Chem. Int. Ed. 47,

2121 (2008). 64
[225] R. P. Bell, Trans. Faraday Soc. 38, 422 (1942). 69
[226] K. B. Wiberg, Chem. Rev. 55, 713 (1955).
[227] L. Essen, Proc. Phys. Soc. B 66, 189 (1953). 69
[228] S. C. van Der Slot, P. C. J. Kamer, P. W. N. M. van Leeuwen, J. A. Iggo,

B. T. Heaton, Organometallics 20, 430 (2001). 72, 73
[229] M. Caporali, P. Frediani, A. Salvini, G. Laurenczy, Inorg. Chim. Acta 357,

4537 (2004). 72, 73



148 Bibliography

[230] J. Zhang, M. Poliakoff, M. W. George, Organometallics 22, 1612 (2003). 74,
93, 120

[231] C. Kubis, et al., ChemCatChem 2, 287 (2010). 74, 93, 120
[232] P. Rothemund, J. Am. Chem. Soc. 57, 2010 (1935). 76, 77, 111
[233] P. Rothemund, A. R. Menotti, J. Am. Chem. Soc. 70, 1808 (1948).
[234] A. D. Adler, F. R. Longo, J. D. Finarelli, J. Org. Chem. 32, 476 (1967).
[235] J. S. Lindsey, I. C. Schreiman, H. C. Hsu, P. C. Kearney, A. M. Marguerettaz,

J. Org. Chem. 52, 827 (1987). 76, 111
[236] P. Rothemund, J. Am. Chem. Soc. 58, 625 (1936).
[237] P. Rothemund, J. Am. Chem. Soc. 61, 2912 (1939).
[238] P. Rothemund, A. R. Menotti, J. Am. Chem. Soc. 63, 267 (1941).
[239] F. R. Longo, M. G. Finarelli, J. B. Kim, J. Am. Chem. Soc. pp. 927–931

(1969).
[240] J. B. Kim, J. J. Leonard, F. R. Longo, J. Am. Chem. Soc. 94, 3986 (1972).
[241] A. L. W. Shroyer, C. Lorberau, S. S. Eaton, G. R. Eaton, J. Org. Chem 45,

4296 (1980).
[242] M. J. Crossley, L. D. Field, A. J. Forster, M. M. Harding, S. Sternhell, J.

Am. Chem. Soc. 109, 341 (1987).
[243] J. Dalton, S. M. Pemberton, J. Chem. Soc. Perkin Trans. II pp. 370–372

(1987).
[244] A. Bettelheim, B. A. White, S. A. Raybuck, R. W. Murray, Inorg. Chem. 26,

1009 (1987).
[245] M. Pineiro, et al., Chem. Eur. J. 4, 2299 (1998).
[246] P. D. Rao, S. Dhanalekshmi, B. J. Littler, J. S. Lindsey, J. Org. Chem. 65,

7323 (2000). 77
[247] N. R. Voss, M. Gerstein, Nucleic Acids Res. 38, W555 (2010). 82
[248] R. F. Heck, D. S. Breslow, J. Am. Chem. Soc. 83, 4023 (1961). 90
[249] T. Horiuchi, E. Shirakawa, K. Nozaki, H. Takaya, Organometallics 16, 2981

(1997). 95, 97
[250] J. Evans, J. Schwartz, J. Organomet. Chem. 81, C37 (1974). 98
[251] F. Ozawa, T. Ito, A. Yamamoto, J. Am. Chem. Soc. 102, 6457 (1980).
[252] M. E. V. D. Boom, C. L. Higgitt, D. Milstein, Organometallics 18, 2413

(1999).
[253] J. Vela, et al., Organometallics 23, 5226 (2004). 97
[254] F. Pichierri, Chem. Phys. Lett. 426, 410 (2006). 99, 120
[255] M. Sparta, K. J. Bø rve, V. R. Jensen, J. Am. Chem. Soc. 129, 8487 (2007).

120
[256] S. A. Decker, T. R. Cundari, Organometallics 20, 2827 (2001). 120
[257] J. J. Simnick, H. M. Sebastian, H.-M. Lin, K.-C. Chao, J. Chem. Eng. Data

23, 339 (1978). 128
[258] H. J. Yoon, J. Kuwabara, J.-H. Kim, C. A. Mirkin, Science 330, 66 (2010).

136, 140



Acknowledgements

The work described in this book is the final fruit of research efforts in the
previous 4–5 years. However, it was not only the effort from my side that was
contributed, but also that of many other dear people I was lucky to meet, work,
and have fun with. Here, I would like to mention and thank them for all their
kindness and help.

Foremost, I am grateful to my supervisor and mentor in Amsterdam, who was
brave to take me in his research group and challenge me with an exciting chemical
riddle, that of the encapsulated catalyst and its catalysis mechanism. Dear Joost,
thank you for trusting in me and for your support all this time while we were trying
to understand and solve our chemical puzzle. Without your ideas and suggestions,
our research and this thesis would have been left without some most interesting
experiments and important conclusions. I admit that I might have been stubborn
at times, but I can say now, also as an advice to fresh PhD students, that I should
have listened to and thought about what you were saying more carefully from the
very beginning.xxxv Doing a PhD in your group was a great challenge and a most
precious learning experience.

Most welcome was the help – and especially the criticism – received from Bas
de Bruin. Bas, your advice concerning the calculations when I was learning how
to do DFT, and comments at a later stage have been of great value to me. Thank
you for all the help and for accepting to be a member in the Promotiecommissie.

Jarl-Ivar van der Vlugt has been so kind to do a very detailed proofreading of
the text of this thesis. Jarl, I appreciate your corrections and suggestions a lot,
although I did not always agree with you about what elements of the text should
be present in the book.xxxvi Thank you for being kind and tolerant to me.

At this point I would like to thank senior HomKat members who left: Piet van
Leeuwen, Bert Sandee, František Hartl – thank you for your warm welcome in the
group and all ready advice and help when I needed it.

I have spent three wonderful months in Poland, learning the advanced chemistry
of porphyrinoids in the research group of Daniel Gryko. Dear Daniel, you accepted
me as an equal member of your team and gave me your full attention. The chemistry
we attempted was tough and complex, it took a long time to put it down on
paper, but I think it resulted in a very nice story and it helped us understand the
encapsulation a little better. Thank you for all the help and discussions, as well as
for accepting to be in my Promotion Committee.

I would also like to thank Kees Elsevier, Henk Hiemstra, Christian Müller, and
Jonathan Nitschke for doing me great honour by accepting to be in my Promotion
Committee.
xxxvMind me, I did not say I should have done all you had suggested.
xxxviHave I said already that I just love footnotes? ,

149



150 ACKNOWLEDGEMENTS

During my education years, several people have markedly influenced me and
the decisions I would make (which eventually led me to Amsterdam): Karl Kirchner
(TU Wien) has shown me the organometallic chemistry and catalysis, which still
keeps me fascinated; Ljubinka Rajaković (TMF, Belgrade) has given me decisive
support and appreciation during the difficult period in Belgrade; Miodrag Stano-
jević (Gymnasium Negotin) has made me enthusiastic about chemistry in the first
place, by giving me freedom to explore it freely in his laboratory. I am greatly
indebted and grateful to you.

The behind-the-scenes people without whom no lab can operate are the tech-
nicians, and so in my case the research would have been much more difficult if not
impossible without them: Erik Duin-Berteling, around whom the lab revolves (peo-
ple in the lab are lucky to have you); Taasje Mahabiersing, our expert for the high-
pressure lines and autoclaves; Fatna Ait El Maate, who will patiently go with you
through ordering equipment; Jan Meine, Jan Genewassen, our NMR-administrators
and first help for complex/exotic NMR techniques; Han Peters, expert in the mass
spectrometry. Thank you all, for your support was precious to me.

The supramolecular encapsulation using ligands as templates was first described
by Vincent F. Slagt, who made interesting discoveries using the encapsulated cat-
alysts; I used his thesis as THE source of information on this chemistry. Arjan
Kleij, has continued the work on this systems, showing us some beautiful crystal
structures of the encapsulated ligands. Just after I joined the group, Mark Kuil
has published the article on the application of the encapsulated rhodium catalyst
in hydroformylation of internal alkenes, which was virtually my starting point and
it created the central question of my thesis. Toward all three I have deep respect
for the achieved results and insights, which helped me a lot in proposing the mech-
anistic model described in this book.

Sander Kluwer, one of the most remarkable personalities I met in the HomKat
group, has developed an improved method for synthesis of the crucial template
ligand. Using your synthesis, Sander, once I synthesised the ligand, I had it till the
end of the PhD. Not only are you one of the most optimistic and joyful people I
know, but you are also extremely knowledgeable in about any area of chemistry,
always ready to give advice, suggest a procedure and point out the not-so-obvious
weak conclusions. I am proud and grateful to have you as my Paranymph at the
defence.

My other Paranymph, Ivo Jacobs, who has worked and suffered with me while
we were studying the encapsulated catalyst, has also helped me a lot in all the
discussions about the experiments, interpretations of our results, and the DFT-
calculations. Dear Ivo, these 4–5 years, we have gone through chemical Scylla and
Charybdis, but managed to swim out, as the end is near. I enjoyed a lot our extra-
chemical activities, the concerts, the nights in Korsakoff and in the church (,), as
well as our conversations and discussions. I thank you for all that time, with best
wishes for a quick finish of your thesis, and a rich future with your other half, Alma
Olivos Suarez. Dear Alma, it was a great a pleasure to meet you. I particularly
appreciated your patient stories about Mexico, and enjoyed a lot our talks about
culinary specialties of our homelands. Good luck with your research and my best
wishes for the future.



ACKNOWLEDGEMENTS 151

A person one could talk with pleasure about many topics (preferably linguo-
historic), and a most pleasant flatmate and neighbour, Wojciech Dzik, was a valu-
able colleague and friend during these years. I have been most blessed by our
conversations and discussions on the many occasions in the lab, at home, at the
conferences, and at the NIOK course in Schiermonnikoog, Wojciech, it has been a
most pleasurable experience. Herewith I would like to apologise for the suffering
you went through at the Butthole Surfers concert and ensure you that on that oc-
casion we have witnessed a historical and a character-building event. I wish you
success with your post-doc research and the best of luck in the future.

Tehila Koblenz was the PhD student I first met at the interview in the HomKat
group, I consider myself very lucky to have had such a kind host to introduce me
to the people in the lab. Tehila, you were also the one who shortened my name
when I later joined the group, baptising me “Vladi”, as everyone knows me now.
Thank you for being kind and helpful whenever I needed advice, and also for the
very interesting conversations. Wish you the best of luck to find a position to your
liking.

In Franco Doro I have found a reliable colleague, who has always given me
very sound scientific advice, and with whom I had most pleasant discussions about
many non-chemical topics. Dear Franco, you have given me support and advice
from the first days of my PhD in Amsterdam, and taught me how to do infrared
spectroscopy experiments under high pressure. Besides that, we had quality time
on many other occasions as dinners, going to cinema, and playing football. Finally,
you have honoured me by making me a paranymph on your promotion. I thank
you very much for all, and wish you all best with your new job and your family,
now that you are a freshly baked father.

I would like to thank the people in the “HomKat Colony” in the Fokke Si-
monszstraat in Amsterdam for being great colleagues and neighbours: Pierre-Alain
Breuil (a formidable football opponent/team mate: thank you for all the dinners
– especially for the cuisses de grenouille in garlic butter – and the quality time we
shared), Fabrizio Marras and Fabrizio Ribaudo (guys, it was great to have you as
colleagues in the lab and neighbours).

Jurjen Meeuwissen has introduced me to our weekly football games, where I met
many nice people (Victor Guevara, Mauro de Pra, Alex ter Beek, Thomas Bernard,
Gordon Lim, Alessia Amore, Andreas Angermayr, Yves Fomekong Nanfack, Alessia
Gasparini, Arnaud Spangenberg, Salvo Minissale,... – thank you for the games, it
was a pleasure), and had a wonderful time. Thank you, Jurjen, I wish you all the
best further on with your career.

I would like to thank to all the people who, in their own way, contributed to
the great atmosphere in the lab and at the Institute, Elsbeth Goudriaan (my first
hood neighbour, thank you for transferring your porphyrin experience to me and
all the advice you were kind to give me when I joined HomKat), Guillaume Berthon
(you took Elsbeth’s hood when she finished; I enjoyed our discussions about wild
chemical ideas, as well as non-chemical conversations – thank you), Sofia Derossi
(you took over my hood and inherited the porphyrin-suffering of a challenging
chemistry: wish you the best of luck and courage with it), Piluka Pilar del Rio
Varea (dear Piluka, your spirit and your unorthodox wall calendars were a most
delightful addition to our lab and office), Jitte Flapper (the most authoritative lab
chief I have known and a great chemist), Massimo Casanova (it was great to meet



152 ACKNOWLEDGEMENTS

you, Massimo, too bad that the Rh-porphyrin did not work out), Axel Köllhofer
(thanks for donating me a bit of the proto-porphyrin and for the linux-stuff you
taught me), Tendai Gadzikwa (dear Tendai, thank you for correcting the English of
my manuscript, as well as for the nice conversations we had; it was a real pleasure
to know you), Johanneke Ernsting (you just finished with your difficult chemistry,
congratulations! thank you for all the patient help and non-invasive reliability in the
lab, Johanneke), Yasmin Gumrukcu (good luck with your research, Yasmin: never
give up!), Miguel Rubio (great to have met you in Amsterdam after having seen you
in Vienna), Ruta Kapre (quiet crystallisation master), Frederic Paturau (brilliant
and enthusiastic scientist, it was a pleasure to have you as a colleague and to teach
the students together with you), Pawel Didio (great start, Pawel, keep up the pace;
thank you for organising the football games and letting me use your new fume
hood), Denis Hetterscheid (nice chemistry you are doing), Gledison Fonseca (spirit
maker and football charmer, too bad you left soon after I came), Jeroen Wassenaar
(most capable chemist and a great colleague; thank you for the warm welcome to
HomKat and good times at the RevCat meetings; I only wish your ligands stank
less ,), Erika Jelema (our specialist for Erika-polymers, catalyst ageing and perma-
smile; thank you for always being helpful, and for your great humour,xxxvii including
the music beats near the micro-balance; my best wishes to you both), Annemarie
Walters (best voice of the lab, I will miss your singing), Rene den Heeten (thank
you and Jitte for taking me to the Tool concert and for being always helpful to
me), Quinten Knijnenburg, Chrétien Simons (company guys, I will remember your
uninhibited singing and great Stimmung), Samir Chikkali (expert in asymmetric
hydroformylation, wish you luck at getting the position you want), Rosalba Bellinni
(encapsulation co-sufferer, IR-expert and a great organiser; dear Rosalba, thank you
for the nice times at the RevCat meetings and in the lab, for your help when I needed
it, and your courage to keep on the wireless waves; I wish you success with finalising
your thesis, with even more great results), Genady Oshovski (thank you for the
impulse you gave me to do the simulation of the kinetics and for the stimulating
talks; wish you best luck and courage in the future), Jana Lubkoll, Frederic Terrade
(good luck with your tough chemistry), Markus Finger (thank you for all the tips
about DFT calculations and for the book; I wish you to find a position you like),
Zohar Abiri (dear Zohar, thanks for all the interesting conversations on all possible
and impossible subjects, and for the book tips you gave me; it was a great pleasure
for me), Lidy van der Burg (our expert in organic synthesis), Remko Detz (thank
you for help and patience with the AMTEC experiments, Remko, without you
they would have failed miserably), Florian Mummy, Stefan Mollin (our exchange
students, hope you are doing well, guys), Carien van Aubel, Linda, Vincent Vreeken
(my dear students, it was great to supervise such motivated and bright people like
you; I wish you a lot of fun and success with your research), Matthijs Panman
(2D-IR spectroscopy specialist, it was really exciting to try to learn about catalysts
using 2D-IR, although I could never completely understand how it works; I wish
you success with doing the fancy experiments, for which I had no time anymore),
Deniz Günbas (my very first flat mate in Gein upon arrival in Amsterdam, thank
you for the help at the beginning and all the nice time afterwards; good luck with
your post-doc in Delft), Szymon Smolarek (a physicist doing PhD in chemistry is

xxxviiSteinkohlendeutsch,



ACKNOWLEDGEMENTS 153

not very common, but you did it; thank you for the nice time we had in South-
East), Peter Hauwert, Stefan Warsink, Eveline Jansen (organometallic crew, it was
nice having you as neighbours), Petra Hagen (our indispensable secretary; dear
Petra, thank you for your kindness that I knew even before I came to Amsterdam,
you helped me then, and also later you were always there; thank you), and Jo
Lansbergen (thank you for having made the administrative EU-paperwork a lesser
torture than it would have been).xxxviii

During the three months spent in Poland, I have met many nice people in the
group of Daniel Gryko: Dorota Gryko, Beata Kozsarna, Ayfer Kalkan (expert in
phthalocyanine synthesis, thank you for teaching me the tricks of the trade, and
for the great time we spent in Warszawa), Jan Lewtak (congratulations to you and
your wife, newly married couple; wish you two all the best in the future), Olena
Vakuliuk, Roman Voloshchuk, Maciek Rogacki, the football enthusiasts, and many
more to whom I thank for their hospitality and help.

I also want to thank people who play(ed) an important part of my life and
have influenced me, directly or indirectly, to come to this point: Sonja Pavlik,
Eva Becker, Julia Wiedermann, David Benito-Garagorri, Robert Potzmann, Robert
Lichtenberger (Vom Herzen bin ich euch dankbar für all die Unterstützung, Hilfe
und Freundlichkeit mir gegenüber.), Piotr Bronovski (my dear room mate, thank
you for all the discussions and the good times together; you definitely taught me
and changed me much), T. Djekić, M. Zubić, N. Miletić, M. Milošević, V. Bojović,
J. Erceg, I. Grgurić (dear friends at TMF), Milica and Jelena Savić (drage gošće,
svedokinje i svastike).

My adventures in Vienna and Amsterdam would have not been possible without
the constant and unwavering support I had from family Kostić (Tatjana, Dragiša,
Jelena and Aleksandar: hvala vam na podršci i pomoći bez koje ne bih preživeo u
Beču) and from my parents, who helped when it was most difficult (dragi mama,
tata, Icko, hvala vam na bezuslovnoj pomoći i veri u mene; jako mi je znacilo da
sam u svakom trenutku mogao da računam na vas).

Without your understanding support, and you, Marija, I definitely could not
have made it through all the periods of desperation, when nothing seemed to make
sense, and you made the moments of happiness and joy so precious. I wish I could
find enough words to tell you how grateful I am to you. Bila si uvek uz mene,
Marija, i kada je bilo teško i kada je lepo; sa tobom, život mi je ispunjen, moja
ljubavi. Hvala ti.

Amsterdam, Den Haag
May 2011

Vladica Bocokić

xxxviiiHave I also mentioned that I like long sentences?


	Chapter 1. Introduction
	Chapter 2. Bis-(thiosemicarbazonato) ZnII Complexes as Building Blocks for Construction of Supramolecular Catalysts
	Chapter 3. Selectivity Control by Supramolecular Encapsulation: Hydroformylation of Internal Aliphatic Alkenes using ZnIIPhthalocyanine–Encapsulated Rhodium Catalyst
	Chapter 4. Impact of Site-Specific Remote Substituents on Capsule Shape and Selectivity of Encapsulated Rhodium Hydroformylation Catalyst
	Chapter 5. Supramolecular Encapsulation and Selectivity in Hydroformylation of Internal Alkenes
	Summary
	Sammenvating
	Bibliography
	Acknowledgements



