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A chemist goes to God and says, “We don't need you anymore. I can
create a human from a mere handful of dust.”
“Alright then, show me”, God replies.
“No problem”, says the chemist as he bends over to scoop up some dust.
“Hold on”, God interrupts, “get your own dust.”
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Chapter 1

Introduction
Inspired by the impressive enzymatic machinery nature has developed to
synthesize, modify and degrade DNA, this thesis aims to expand upon
past and present research projects to prepare processive enzyme
mimics. Two complimentary supramolecular synthetic methods are
proposed to prepare catalytically active porphyrin assemblies with
cavities large enough to accommodate a range of polymers, of synthetic
as well as biological nature.
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1.1 Mechanically Linked Molecules
Rotaxanes and catenanes are the most well-studied examples of
mechanically linked molecular structures.1,2 Rotaxanes are molecular species in
which one or more rings are threaded onto an axle (figure 1.1). In a rotaxane,
which is a molecule, bulky stoppers at the ends of the axle prevent the rings
from dethreading, whereas in a pseudorotaxane, which is a supramolecular
complex, the ring is free to dethread. There is no well-defined distinction
between these two species, as an external stimulus, such as an increase in
temperature, may allow for the ring of a rotaxane to overcome the transitional
barrier and slip over the bulky stoppers. Similarly, if there are strong
supramolecular or even covalent interactions between the axle and ring
components, the pseudorotaxane becomes essentially a rotaxane since it is
prevented from slipping off. This kind of problem in nomenclature does not
apply to catenanes, which are molecules consisting of interlocking rings (figure
1.1). Rotaxanes and catenanes, together with polyrotaxanes,3,4,5 knotanes
(molecular knots)6,7 and interlocked bundles8,9 form a special family within
supramolecular chemistry, the family of topologically or mechanically linked
molecules.2

Figure 1.1 Conceptual representation of a rotaxane, a pseudorotaxane and a
catenane. The number between brackets indicates the total number of
components in the molecule or complex.
Many biomolecules, often nucleic acids or the enzymatic machinery
involved in the processing thereof, feature topological structural elements.
Circular DNA, for example, is well-known to exhibit a rich variety of knotted
structures (figure 1.2).10 The so-called supercoiling of DNA functions as a
means of compacting it, allowing for the approximately 2 meters of DNA
typically present in a human cell to be accommodated in a spherical space of
about 600 microns in diameter. The enzymes cells have at their disposal to
handle these tangles and knots, the so-called topoisomerases,11,12 often form
pseudorotaxane intermediates during their catalytic actions designed to wrap or
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Figure 1.2 Electron micrographs of supercoiled DNA, illustrating topological
elements (‘ knots’) present in biomolecules.
untangle DNA. Far from being a mere scientific curiosity,13 topoisomerases are
subject to intense scientific investigation, as topoisomerase inhibitors have been
shown to be useful as anti-cancer drugs.14,15
Proteins themselves also have been found to fold into topologically
linked structures, i.e. knots,16,17 catenanes18 and rotaxanes.19 A peptide
designated Microcin J25 (MccJ25), for example, was shown to inhibit gene
expression system of bacteria, thus generating wide interest as a potential new
class of antibiotics.20 Originally, the structure was determined to be a cyclic
head-to-tail 21 residue peptide.21 Synthetic versions of this peptide however did
not exhibit any antibacterial activity. From subsequently carried out studies and
detailed structural determination of the peptide isolated from biological
sources, MccJ25 was shown to contain an extraordinary structural fold
reminiscent of a lasso.19 Apparently, the topology of the inhibitor plays an
intricate role in its inhibitory action. Although the detailed implications of the
entanglements on protein function and properties remain elusive, a few studies
on interlocked proteins have already revealed interesting features such as
increased chemical and thermal stability22 and resistance to peptidases.23
Perhaps the most fascinating example of a rotaxane-like structure in
biology is ATP synthase (figure 1.3, page 4).24,25,26 It consists of two main
subunits, F0 and F1). F0 may be considered ‘hollow’ and is located inside the
cell membrane and F1 contains a rod, which is located inside the cavity of the
membrane-bound subunit. The link between the two subunits is not completely
topological as there are additional small proteins holding the assembly together,
but the analogy with rotaxanes is evident. Through a widely accepted
hypothesis,27 subunit F1 acts as a ‘catalytic rotor’, generating chemical energy
by converting ADP to ATP, the driving force of which is a transmembrane
proton gradient generated by ‘stator’ subunit F0.
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Figure 1.3 Conceptual representation of ATP synthase. Subunit F0 generates a
proton gradient across the membrane which is used as the driving force for the
catalytic action of subunit F1, which synthesizes ATP
The topological features of biomolecules have inspired many scientists
to prepare synthetic analogs. Initially, the topological link itself proved
challenging enough to keep chemists occupied,28,29,30,31 but since the advent of
supramolecular chemistry32 convenient and high yielding synthetic routes have.
become available for the preparation of topologically linked molecules.33,34 Not
surprisingly, contemporary chemists dare dream therefore of using rotaxanes to
mimic ATP synthase in some rudimentary fashion, i.e. use interlocked
assemblies as artificial molecular machines.35,36,37,38 Similarly, Leigh et al.,
intrigued by the role of topological protein folding in its conjectured role in
antibacterial activity, recently published a rotaxane in which the macrocycle
entirely consists of peptides, thus taking the first step to providing the generic
machinery needed to synthesize naturally occurring interlocked peptides.39 The
work presented in this thesis is inspired by yet another class of proteins: the socalled processive enzymes.

1.2 Processive Enzymes
Biopolymers are essential to living organisms.40 Genetic information
is stored in DNA, is transcripted into the related biopolymer RNA, which
functions as a template for protein synthesis. Cellose, a polysaccharide, and
collagen, a superhelical polypeptide, are essential for maintaining structural
integrity of cells and starch is a convenient way of temporarily storing surplus
energy. To synthesize, modify, and degrade these polymers, cells have a
myriad of enzymes at their disposal, some of which are processive (from Latin
procedere, to go forward). Processivity is defined41 as an enzyme’s ability to
remain attached to the substrate while performing multiple rounds of catalysis
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prior to dissociation.†,42,43,44 It can be expressed as a number, which states how
many rounds of catalysis are performed between binding and dissociation. By
and large, processive enzymes are typically mediators in the replication,
maintenance and degradation of DNA,45,46,47,48,49 but other substrates are
thought to be processed processively as well.50,51,52
Processive enzymes are strongly associated with topological binding.
They are generally divided in to two subclasses.45 One class encompasses those
enzymes who do not possess a completely closed architecture when bound to
their substrate (figure 1.4a), while the other class of enzymes completely
encircle their substrate, forming a pseudorotaxane topology (figure 1.4b). Both
classes can be envisioned as sliding along the polymeric substrate while
sequentially performing their catalytic cycles. The binding mode roughly
correlates to the extent of processivity: partially encircling, ‘quasi’ processive
enzymes have a tendency to dissociate after performing 200-1000 rounds of
catalysis, whereas fully processive pseudorotaxane forming enzymes are
capable of performing an order of magnitude more catalytic cycles before
dissociation.
b)

a)

Figure 1.4 Binding mode of a quasi-processive (a) and a fully processive
enzyme (b).
The role of topological binding is to reduce the dimensionality of
finding a substrate.53 An enzyme sliding along a polymer reduces the search for
a target to an one dimensional endeavour compared to a three dimensional
reaction medium (solution). As such, there probably is a relation between the
topological nature of processive enzymes and their high activity. High activity
can only be achieved when the interaction between macrocycle and substrate
strikes the right balance. If the interaction is too weak, the catalysts will slip
off; if it is too strong, activity and processivity is diminished.
Similarly, a structural basis may exist for their selectivity. Since the
replication and maintenance of DNA is essential to life, the selectivity and
fidelity of the enzymes involved is crucially important. It is not surprising
therefore that DNA polymerases generally rank among the enzymes with the
highest processivity known to date, while at the same time generating an error
only every 109 – 1010 bases they process.54 For example, the crystal structure of
a processive polymerase that is part of the replisome of bacteriophage RB69
†

Processivity is also associated with myosin and kinesin, which processively
generate mechanical force or the ribosomal apparatus, which synthesizes
proteins, see refs 42-44.
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was resolved and is composed of 5 domains organized around a central hole in
which DNA can be accommodated (figure 1.5).55 The replicative subunit of T4
DNA polymerase holoenzyme (gp43, figure 1.6) can only synthesize short
strands of DNA. Processivity is added through topological binding of a
partially circular protein (gp45), which tethers gp43 to the DNA.56,57

Figure 1.5 Structure of the topologically linked DNA-DNA polymerase
complex of bacteriophage RB69. The dark strand represents DNA.

Figure 1.6 The catalytically active subunits gp43 of T4 DNA polymerase
holoenzyme is tethered to DNA by another protein (gp45). The loading onto
DNA is mediated by the so-called clamper-loader gp44.
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Figure 1.7 Proposed structure of the λ-exonuclease-DNA complex
Another example of processive enzymes well worth discussing in
order to illustrate the fascinating enzymatic DNA machinery is λ-exonuclease.
This enzyme binds to an end of double stranded DNA and degrades one of its
strands in the 5’ to 3’ direction, releasing 5’ mononucleotides. Its crystal
structure was also solved, on the basis of which the topology of binding (shown
in figure 1.7) was proposed.58 The shape of the channel in the overall toroidal
structure is tapered in such a way that double strand DNA can enter on one
side, but only single stranded DNA can be accommodated at the other end. The
action of λ-exonuclease has been followed real-time with single molecule
fluorescence microscopy studies, which corroborated its high processivity (>
3000 base pairs).59

1.3 Processive Enzyme Mimics
Although mechanically linked structures are frequently employed to
develop molecular machines,35,36,37,38 catalysis has not yet been targeted as a
function they can perform. Examples in the scientific literature which
simultaneously feature catalysis and topologically linked structures revolve
around an example provided by the group of Steinke. This group copolymerized diazide and dialkyne monomers in the presence of cucurbituril
(figure 1.8a, page 8),60 which previously had been shown to accelerate the 1,3cycloaddition of these functional groups.61 Ammonium groups incorporated
into the monomers ensure their binding to carbonyl groups lining both
entrances of the cucurbituril cavity. Catalysis inside the hydrophobic cavity not
only results in the formation of new chemical bonds, it also results in a
threaded species (figure 1.8b). Thus, this methodology is an example of a
catalytically self-threading pseudopolyrotaxane.
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a)

b)

Figure 1.8 (a) Structure of cucurbituril. (b) A self-threading polyrotaxane
through 1,3-cycloadditions inside the cavity of cucurbituril.
The cucurbituril approach of Steinke et al.60,62,63 and others4,64 is an
elegant method to prepare polyrotaxanes, but viewed from a catalytic point of
view not a very efficient way to prepare polymers. Essentially, each
cucurbituril is consumed in the reaction since it will remain bound to the
product and is not capable of performing an additional catalytic cycle. In recent
related studies, Leigh et al. presented the formation of [2]rotaxanes through
copper catalyzed and templated 1,3-cycloadditions.65 In this case, the catalyst is
not consumed and can proceed to template another reaction. Although elements
of catalysis and topological bonds are obviously present, in the absence of a
topologically linked catalyst these systems bear little resemblance to processive
enzymes. However, given the impressive properties of processive enzymes (i.e.
activity and selectivity) and their unique mode of accommodating their
substrate, it seems well worth the effort to attempt the preparation of their
mimics. Inspired by enzymes such as DNA polymerase and λ-exonuclease and
expanding upon past efforts in supramolecular catalysis, our group has set up
three parallel research programmes to prepare topological catalysts.
Our first approach relies on a porphyrin-functionalized glycoluril clip
1 (figure 1.9), coined ‘porphyrin clip’, which was developed in our group.66,67
Two essential features to perform catalysis in a rotaxane topology are present in
this molecule: (i) it contains a cavity in which a (polymeric) substrate can be
accommodated and (ii) it contains a catalytic site since metalloporphyrins are
well known catalysts.68 Initial studies showed that, by variation of the ancillary
pyridine ligand, known to enhance catalytic activity,69 it is possible to direct the
epoxidation of olefins by manganese porphyrin clips to (mainly) take place
either inside the cavity or on top of the porphyrin ‘roof’ (figure 1.9).70 Bulky
ligands such as tert-butylpyridine bind exclusively on the outside, forcing
catalysis to take place inside the cavity (endo mechanism), whereas the more
conventional ligand, (unfunctionalized) pyridine, strongly binds in the cavity,
preventing catalysis there (exo mechanism).
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Figure 1.9 Structure of the catalytically active manganese porphyrin clip 1 and
illustration how pyridyl ligands can be used to direct catalysis either inside or
outside its cavity.
Subsequent studies with a polybutadiene substrate could not
conclusively prove that catalysis occurs exclusively according to a
pseudorotaxane endo mechanism (figure 1.10a).71 Apart from the difficulty of
ruling out the exo mechanism even when tert-butylpyrdine is employed as a
ligand, the polymer may fold to form a loop, which can stick into the cavity
(figure 1.10b). To overcome this problem, it was necessary to prepare a
porphyrin clip rotaxane, as opposed to a pseudorotaxane, to ensure that the
catalyst remains topologically linked to the polymer. Since the porphyrin clip
had already been shown to strongly bind viologen moieties, on the basis of
which rotaxanes could be prepared,66,67 the porphyrin-viologen binding motif
provided a convenient starting point for preparing a processive enzyme mimic.
a)

b)

Figure 1.10 Two modes of catalysis by an endo mechanism. (a) Catalysis
proceeding in a rotaxane topology. (b) Catalysis inside the cavity on a loop of
the polymeric substrate.
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[3]Rotaxane 3 was prepared by binding two free base porphyrin clips
on viologen ‘docking stations’ located on either terminus of polybutadiene
derivative 2 (figure 1.11a) followed by trapping the clips on the assembly
through a reaction with bulky 3,5-di-tert-butylphenyl stoppers. Subsequent
metallation of the porphyrin with manganese yielded topologically linked
catalytic system 4. As hoped, epoxidation of the polymer was observed,
suggesting the viability of the rotaxane mechanism (figure 1.11b).72 Ruling out
bimolecular ‘inter-rotaxane’ exo epoxidation, 4 did not epoxidize polymer 2
under the same catalytic conditions.
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Figure 1.11 The porphyrin clip as a topologically linked catalyst. First,
viologen functionalized polybutadiene 2 is reacted with 1-(5-bromopentyloxy)3,5-di-tert-butylbenzene ‘stoppers’ in the presence of free base porphyrin clip
to form a [3]rotaxane 3 (a). Next, the porphyrins are metallated with
manganese (4), which under suitable conditions is capable of epoxidizing
polybutadiene (b).
While 4 mimics processive enzymes by performing catalytic cycles
without dissociating from its polymeric substrate, there are differences. The
rate of epoxidation is not high enough to keep up with the diffusion rates of the
porphyrin clip along the polymer chain. Thus, a sequential, indeed processive,
mechanism seems highly unlikely. To achieve processivity, the interaction
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between polymer and clip should not only strike the right balance between
being associated and being able to move from site to site, the rate of movement
should also confer to the epoxidation rate, which roughly coincides with the
rate limiting step of oxidizing MnIII to MnV. In addition, the porphyrin likely
resides mainly on the viologen moiety, during which no catalysis can occur.
Ideally, a binding station therefore should not be present.
Since it seems difficult to modify 4 to conform to these conditions, or
obtain any synthetic system conforming to them for that matter, modifying the
naturally occurring processive enzymes may be a viable alternative. Our second
approach, currently under investigation,73 makes use of the previously
mentioned ‘clamp’ protein gp45 (figure 1.6 and 1.12a). During DNA
replication, the three identical subunits of gp45 do not form a closed assembly
on their own. Instead, a specific amino acid sequence located at the gp43 Cterminus binds in between two subunits to close the macrocycle. A synthetic
version of this peptide may be functionalized with a manganese porphyrin,
known to oxidatively cleave DNA.74,75 The resulting peptide-porphyrin hybrid
should be able to form a complex with gp45 in the presence of DNA and may
even be able to degrade it processively! Alternatively, porphyrins could be
attached to the subunits of mutated gp45, specifically altered in their amino
acid sequence to expose a free functional group, e.g. a thiol (figure 1.12b).
a)

b)

= Manganese Porphyrin

= gp45 clamp protein

= SLDFLF peptide
= Chemical linker

= DNA

Figure 1.12 (a) Structure of T4 clamp protein gp45. In the solid state this
structure is fully closed but during DNA replication an amino acid sequence
(SLDFLF) binds in-between two (out of three) subunits. (b) Proposed
modifications to prepare a processive enzyme mimic on the basis of gp45.
The results of the third and last approach in our ongoing efforts to
prepare topologically linked catalysts are described in this thesis. The general
strategy comprises the utilization of recently developed supramolecular
synthetic techniques to prepare catalytically active macrocyclic porphyrin
architectures with cavities large enough to accommodate a range of polymeric
substrates, both synthetic (e.g. polybutadiene) or of natural origin (e.g. DNA).
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In figure 1.13 this strategy is summarized. First, a tetrameric porphyrin
array (‘porphyrin box’) is assembled through Metal-Directed Self-Assembly
(MDSA), resulting in a supramolecular coordination complex, or through
templated Dynamic Covalent Chemistry (DCC), resulting in a covalent
porphyrin macrocycle. Next, in analogy to the experiments conducted with the
porphyrin clip, catalysis in the presence of a bulky ligand should be able to
ensure endo catalysis. Since this logically does not prove catalysis in a
pseudorotaxane fashion (figure 1.10), a similar approach of employing a
substrate-functionalized docking station may be applied. Given the increased
size of the cavity of the porphyrin box compared to the porphyrin clip however,
employing a rigid polymer incapable of folding into a loop, e.g. double
stranded DNA or polyisocyanopeptides (developed in our group),76 may ensure
catalysis in a pseudorotaxane fashion as well.
a)

b)

4
(Template)

+

Oxygen Donor
Bulky Ligand

4

=

Manganese Porphyrin
Covalent Linker

= (Rigid) Polymeric Substrate

or

=

Metal Complex

Figure 1.13 (a) Preparation of porphyrin boxes through supramolecular
techniques, i.e. Metal-Directed Self-Assembly or Dynamic Covalent Chemistry.
The latter depends on the use of a template. (b) Utilization of the porphyrin
boxes to perform catalysis on a (rigid) polymeric substrate.

1.4 Outline of this Thesis
Chapter 2 reviews the concepts of Metal-Directed Self-Assembly and
Dynamic Covalent Chemistry and critically evaluates them as supramolecular
synthetic techniques to prepare cavity-containing molecules as molecular
containers. Their application in the preparation of porphyrin assemblies and
supramolecular catalysts is reviewed as well.
Chapter 3 describes the synthesis of platinum and palladium porphyrin
boxes 5a,b (figure 1.14). These boxes are highly positively charged and as such
good candidates to accommodate DNA in their cavities, since DNA carries a
negative charge at appropriate pH on account of its phosphate backbone. Since
manganese porphyrins are oxidative cleavers of DNA, as mentioned before, 74,75
the resulting pseudorotaxane may act as an artificial processive enzyme,
capable of cleaving DNA. Therefore, the ability of these porphyrin-metal
complexes to harbor DNA is investigated as well. The rhenium analog 6 of
these complexes is neutral and hydrophobic and its application in catalysis is
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therefore limited to organic solvents and substrates. Chapter 4 describes the
synthesis of rhenium porphyrin boxes 6 and probes how they might be used to
perform catalysis inside their cavities.
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Figure 1.14 Synthesis of porphyrin boxes 5 and 6 by Metal-directed SelfAssembly (left) or 7 by Dynamic Covalent Chemistry (right). For clarity, the
meso-positions of the porphyrins not used to interlink them into an assembly
are omitted.
Chapter 5 deals with the novel synthesis of porphyrin boxes 7 by
templated olefin metathesis (figure 1.14) and chapter 6 describes some of their
physical properties, in particular their host-guest chemistry. The ability of 7 to
bind a guest is important, because polymer functionalized guests enable the
study of the threading behavior of porphyrin boxes. Threading is obviously an
intricate part of processive enzymes (and their mimics) and similar studies with
the porphyrin clip and mono-viologen functionalized polymers have recently
been conducted in our group.77 These studies revealed that the porphyrin clip is
capable of finding the end of a polymer and subsequently traverse over it to
find a viologen guest to bind onto (the viologen was functionalized with a
blocking group on the other end). Moreover, it proved possible to study the
kinetics of the process by monitoring the quenching of the porphyrin
fluorescence upon binding to the viologen guest as a function of time, revealing
that threading is a second order process and depends on the length of the
polymer.
We were interested to expand upon this research and investigate how
systems with a relatively large cavity, i.e. porphyrin boxes, would behave.
Employing the porphyrin box also enables the study of a larger variety of
polymers, of differing ‘diameter’ and flexibility. Although studies on the
related phenomenon of Polymer Translocation through a Membrane cannot
quantitatively account for threading processes,78 the enhanced variety of
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polymers may shed some light on the role of the solution dynamics and
entanglement of polymers.
Thus, to expand on these studies with the porphyrin clip, we prepared
a 5,15-dipyridylporphyrin functionalized on the 10- and 20- meso-position with
polystyrene from an appropriately functionalized porphyrin initiator by Atom
Transfer Radical Polymerization, putting recent results by our group in that
area to good use.79 Since zinc porphyrins are known to bind pyridine moieties,
the zinc porphyrin box is expected to thread onto this polymer functionalized
guest in a similar way as the porphyrin clip does (figure 1.15). The results of
these studies are presented at the end of chapter 6.
N

N

a)
n

N

N

= Porphyrin

b)

Zinc Porphyrin Box

= ATRP initiator
N
= Styrene

N

Figure 1.15 (a) Conceptual illustration of the synthesis of a polystyrene
functionalized dipyridylporphyrin by ATRP. (b) Conceptual illustration of a
threading experiment using the porphyrin box.
Chapter 7 deals with the catalytic properties of manganese porphyrin
boxes 7, focusing on directing the catalysis to take place in a pseudorotaxane
topology. As described in a recent publication by Hupp et al.,80 metalporphyrin arrays may also act as a host for manganese porphyrin catalysts. We
took this strategy one step further and investigated whether this strategy can
also yield topological catalysts by using polybutadiene as a substrate. In doing
so, we also hoped to prepare mimics of another type of enzyme, Cytochrome
P450. Mimicking this enzyme, which provides a shielded reaction environment,
has also been a long standing goal of our group.81
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Two intimately related supramolecular synthetic techniques, MetalDirected Self-Assembly and Dynamic Combinatorial Chemistry, are
reviewed. Their past use to prepare porphyrin architectures and
supramolecular catalysts is explored, as is their potential utilization in
the preparation of processive enzymes mimics.

17

Chapter 2

2.1 Introduction
Although contemporary supramolecular chemistry has its roots in the
host-guest chemistry of covalent macrocycles such as crown ethers,
cyclophanes, cyclodextrins and the like,1 it is now heavily orientated on
architectures that derive their structural integrity from non-covalent
interactions.2 Utilizing hydrogen bonds, ligand-to-metal coordination, π-π
stacking, as well as ionic, hydrophobic and Van Der Waals forces, a vast
number of architectures have been prepared by self-assembly, i.e. the
autonomous organization of pre-existing components into patterns or structures
by means of reversible processes.3 Self-assembly is widely regarded as a
powerful tool to gain insight in biological functions4 as well as the driving
force behind the bottom-up approach to the fabrication of nanotechnological
devices and materials.5,6,7,8
The scope of self-assembly is vast. It may be regarded as a meeting
point of several sciences, receiving attention from biologists, chemists,
physicists and engineers alike. Patterned or molecularly imprinted surfaces,
gelators, crystals and clathrates, liquid crystals, viruses and the membranes of
living cells, all these entities and many more may be regarded as results of a
self-assembly process.3 The main objective of this chapter is to introduce yet
another constituent of self-assembly: supramolecular synthesis. Specifically,
bearing in mind the aim as put forward in the previous chapter, the strategies
that enable the efficient preparation of robust porphyrin macrocycles will be
presented.
Discussed first is the use of reversible coordination bonds to obtain
highly symmetrical supramolecular architectures featuring transition metals, a
strategy commonly referred to as Metal-Directed Self-Assembly (MDSA,
chapter 2.2). Next, the focal point will shift back to the covalent bond: Dynamic
Combinatorial Chemistry (DCC, chapter 2.3) is now a widely used technique to
obtain a variety of structures. Although DCC is usually not referred to as a part
of self-assembly, it is most certainly a supramolecular synthetic method. The
application of these supramolecular synthetic methods to produce porphyrin
architectures (chapter 2.4) and supramolecular catalysts (chapter 2.5) will be
highlighted.

2.2 Metal-directed Self-Assembly
2.2.1 Principles of Metal-Directed Self-Assembly
In general, conventional kinetically controlled organic synthesis,
versatile though it may be, is not very advantageous for the preparation of
macrocycles. The outcome of the cyclization step is determined by the relative
energies of the transition states involved rather than the thermodynamic
stabilities of the products. And even in the idealized situation where only a
single, high yielding reaction takes place, statistics frustrate the formation of
the desired macrocycle. As a result, cyclization requires high dilution
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conditions to offset the tendency to form non-cyclic oligomers and yields are
generally low even with the use of a template.9,10
In many ways, coordination bonds are a more prudent choice for the
construction of macrocycles. Their bond energies (40-120 kJ mol-1) lie between
the covalent bond (400 kJ mol-1) and weaker non-covalent interactions such as
hydrogen bonds (<< 40 kJ mol-1 per interaction) and as such are a suitable basis
for building complex architectures. Coordination bonds can display kinetic
stability, but are often capable of exchanging ligands under appropiate
conditions – a process that is under thermodynamic control due to the
reversibility of the exchange process. And finally a wealth of macrocycles can
be made owing to the possibility of variation in the structure of the ligand and
the geometry of the metal complex. The rich hybrization chemistry of transition
metal d orbitals can be put to work to obtain bonding angles, most notably the
90° angle, that are not possible with other elements.11
Utilizing these properties of coordination bonds, MDSA (or coordination
driven self-assembly) has emerged as a powerful alternative for the preparation
of macrocycles and more complex three-dimensional architectures. Its features,
somewhat idealized, may be summarized as follows:
• The metal building block is capable of binding one or more ligands,
in addition to optionally present ligands that do not dissociate from
the metal center at an appreciable rate (the so-called ‘spectator’
ligands).
• The ligands are multitopic and usually display considerable rigidity.
• When mixed under appropiate conditions, the metal complexes and
ligands form dynamic assemblies through reversible exchange
processes.
• At equilibrium, ‘errors’ in the dynamic assemblies that inevitably will
have arisen have been, ‘corrected’. The outcome of the reaction is
dictated by the structural information that was present in the
directionality, rigidity and complementarity of the metal complex and
ligands, forming the thermodynamically most stable product.
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Figure 2.1. Conceptual representation of Metal-Directed Self-Assembly in two
dimensions.
Conceptually, the principles of MDSA are illustrated in figure 2.1.
After initial formation of non-specific oligomers, the reaction is allowed to
reach equilibrium, in which triangular, square and/or higher order macrocycles
are formed, depending on the geometry of the metal building block and its
directional bonding to the ligands.12 At the same time however, figure 2.1 also
illustrates two important points about MDSA: the product of MDSA is by
definition a dynamic assembly itself and, related to this, more than one product
can be formed, depending on the difference in free energy of the different
architectures. If the difference is small enough, more than one product is likely
to form.
In an ideal system, the change in enthalpy is only due to the formation
of new bonds, or more precisely, the difference in bond enthalpy between the
exchanged ligands. Cyclic species are favored because they allow for the
maximum number of bonds formed and ‘small’ cycles are preferred because
entropy favors the formation the maximum number of species. In practice
however, bond formation also introduces strain in the product, such as nonideal bonding angles, distortion of the ligand or steric demands. This results in
a fine balance between entropy and enthalpy governing the reaction, which may
lead to the formation of several products simultaneously. Whereas in its ideal
form, MDSA yields assemblies whose geometry is predicted by the
complimentarity of the metal complex and the ligands, the outcome of a
reaction does not always conform to this and unexpected (mixtures of) products
may be obtained. Additionally, experimental factors such as concentration,
solvent system, mixing order or even the mixing rate have been known to
profoundly influence the outcome of the reaction, suggesting forms of
kinetically controlled phenomena as well.13
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Figure 2.2. The existence of a discrete macrocycle at given conditions depends
on concentration.
Even in the case where a reaction yields a single product, the relatively
weak bonds involved and inherent dynamic character of the assembly render it,
to some extent, unstable. The assembly may respond to external stimuli such as
a change in concentration, temperature or the addition of a polar solvent and reestablish equilibrium or disintegrate altogether. Thermodynamically, this is
often described in terms of the Lower Self-Assembly Concentration (LSAC)
and Effective Molarity (EM): a discrete supramolecular entity (e.g. a
macrocycle) exists only within a limited concentration range, between the
LSAC and EM, at any given set of condition (figure 2.2).14,15 In addition, the
coordination bonds should not be expected to tolerate the presence of species
competing for coordination, let alone more harsh conditions often employed in
organic synthesis. These properties at first glance seem to exclude MDSAprepared assemblies from post-modification and a number of applications, but
this restriction can in some cases be overcome. If the kinetic barrier for
disassembly of the ligands is high enough at room temperature or in relatively
non-polar solvents, implying the MDSA has to be carried out at elevated
temperature or in a more polar solvent, the resulting assembly may be quite
stable under a range of conditions and the presence of a wide variety of
compounds.
In spite of the noted restrictions MDSA is a versatile alternative to
conventional organic chemistry in producing macrocycles or more complex
geometries and indeed many of them have been shown to have functionality
incorporated into them.12,16,17,18,19,20,21,22,23,24,25
2.2.2 Classification of Metal-Directed Self-Assemblies
Extensive efforts have been made to systematically classify the wide
variety of reactions that lead to the two-dimensional (i.e. polygonic) and threedimensional (i.e. polyhedral) structures accessible by MDSA.26,27 The two most
commonly employed methods are based simply on the shape of the final
assembly. The shape is broken down retrosynthetically and the geometry and
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symmetry of the building blocks is determined, thus allowing their rational
selection.
In the Molecular Library Model (MLM), coined by Stang28,29 but
sometimes referred to as the Directional Bond Approach30 and expanded upon
by Swiegers et al.,31,32 the metal centre acts as highly directional corner or side
units in the final assembly. In this model, the metals usually contain strongly
coordinating, often chelating, ligands that are not directly involved in the selfassembly process. Instead, they serve as blocking or directing groups, playing a
role in the preferred bond angle and leaving the remaining coordination sites
occupied by weakly coordination moieties available for exchange with
incoming ligands. The bridging ligands are almost invariably rigid. The
ultimate shape of the formed supramolecular assembly is then, in principle,
predetermined by selection of the appropriate building blocks, considered to be
rigidly angular or rigidly linear (figure 2.3).

a)

b)

Figure 2.3 (a) The construction of polygons by the Molecular Library Model,
emphasizing the importance of the directionality programmed into the metal
center by using strongly coordinating, chelating ligands to direct the selfassembly as well as weakly coordinating ligands, that are replaced by
incoming ligands. (b) “Molecular Library” for the formation of polyhedra from
a combination of ditopic and tritopic subunits.
By contrast, the Symmetry Interaction Model (SIM), coined by
Raymond and coworkers,33 provides a rationale for the outcome of the
interaction between ‘naked’ transition or main group metal ions and
multibranched chelating ligands, i.e. no spectator ligands are present. The
ultimate shape of the supramolecular assembly is not determined as intuitively
as in the Molecular Library Model, but stems from symmetry considerations
between the so-called coordinate vector, chelate plane and approach angle, as
defined by the model (figure 2.4a). Nonetheless, often with help of computer
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assisted calculations, the Symmetry Interaction Model has proven very useful
in the design of coordination clusters (figure 2.4b,c).
a)

b)

c)

Figure 2.4 (a) Definitions for the Symmetry Interaction Model. From top to
bottom the coordinate vector, the chelate plane and approach angle are
illustrated. (b) Two ways to construct a M4L6 tetrahedral cluster according to
the Symmetry Interaction Model. (c) A M4L6 tetrahedral cluster synthesized
according to the Symmetry Interaction Model. Only one ligand is shown for
clarity. M = Mg2+, Mn2+, Co2+, Ni2+.
The third and final model stands on its own in that flexible ligands can
be employed, the metal is usually not coordinatively saturated even in the final
product, elements of both kinetic and thermodynamic control are involved and
exclusively macrocycles are targeted. In the Weak Link Approach (WLA),
coined by Mirkin,34 hemi-labile ligands are used to bind to transition metal
centers in a bidentate fashion in such a way that one of the metal-ligand bonds
is stronger than the other and formation of a dinuclear, ‘condensed’ structure is
favored (figure 2.5). Exposure of the condensed structure to an ancillary ligand
that binds stronger to the metal than the hemi-labile ligands then produces the
targeted metallocyclophane.

Figure 2.5. General strategy of the Weak Link Approach.
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MDSA has been extensively reviewed, often in relation to the
MLM,28,29,35,36,37,38,39,40,41 SIM23,33,42 or the WLA,34 but general reviews30,43 and
reviews aimed at more specific topics are available as well.12,1625,31,32,44,45,46,47,48,49
The following section is restricted to discuss highlights in
MDSA and reports that are not covered in these reviews.† Since the research
described in chapters three and four is directed at constructing Pt, Pd and Re
based macrocycles following the MLM, the discussion is heavily biased
towards that as well.
2.2.3 Macrocycles and Molecular Containers by MDSA
Platinum- and palladium-based systems
Although at least two early references exist,50,51 seminal work in
MDSA was performed by Fujita et al. In 1990, the first tetranuclear square
based on cis-ethylenediamine protected palladium corners and 4,4’-bipyridine
ligands was observed to form under thermodynamic control by simply mixing
the building blocks in stochiometric amounts at room temperature (figure
2.6).52 The square based on platinum was prepared as well, but interestingly
required prolonged heating, highlighting the greater kinetic inertness of the
Pt(II)-N bond.53

Figure 2.6 Fujita’s Metal-Directed Self-Assembled squares. M = Pd, Pt.
Remarkably, Otera et al. showed that the formation of the platinum
square could also be achieved by simply grinding a mixture of powdered
building blocks for 10 minutes.54

†

This limitation was not strictly applied, as to provide a fair overview of the
achievements of MDSA as well as a critical evaluation of the technique.
Articles discussed in some detail are from the year 2000 and onwards since that
year a comprehensive review was published (see ref. 43).
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Demonstrating the full potential of MDSA, structures of increasing
size, complexity and appeal were published during the 1990s, including
tetrahedra,55 octahedra,56 catenanes57 and tubes58 (figure 2.7). Perhaps the most
fascinating example is the synthesis of a 10 component catenane consisting of
two interlocking cages (figure 2.8).59 Although isolated yields were generally
high, especially in relation to the complexity of the structures involved, it was
recognized by Fujita41,58,60,61 and others62,63 that (i) the outcome of a reaction is
not always predictable, especially when multiple ligands are employed and (ii)
by-products are formed in most reactions, although isolation of the desired
product is generally possible by selective (re)crystallization. Alternatively, a
guest (template) can be used to drive the reaction to the formation of a single
species.
a)

b)

d)
c)

Figure 2.7 Selected work of Fujita et. al. (a) A tetrahedron through Molecular
Paneling. (b) An octahedron. (c) A catenane. (d) Tubes. Counter ions have been
omitted.

Figure 2.8. A 10-component catenane by Fujita et al.
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Since the architectures based on Fujita’s metal building blocks are
highly charged and have ‘hydrophilic’ counter ions (NO3-), they are soluble in
water. The ability of their cavities lined with hydrophobic surfaces to
accommodate aromatic guests in solution was therefore soon recognized.64,65 In
recent work, for example, a 24+ cationic host was shown to be able to
accommodate a tetrabutylammonium guest (figure 2.9a)66 and the octahedral
coordination cage (shown in figure 2.7b) was found to be capable of ‘AND’
bimolecular recognition (figure 2.9b).67 That is, host H does not bind each of
two guests, G1 or G2 to form H.G1 or H.G2, but does form host/guest complex
H.(G1G2) in the presence of both guests (‘AND’ recognition). Thus, stirring a
suspension of decalin, perylene and host H at 80 °C in D2O, the 1:1:1 inclusion
complex was observed by 1H NMR. Interestingly, the host was also found to
display OR recognition, in which host H binds either G3 (azulene) to form
H.G3, G4 (1,4-naphtoquinone) to form H.G4 or both to form H.(G3G4). Other
investigations into the aqueous host/guest chemistry of en(Pt/Pd) based
assemblies include guest induced selection of an optimal receptor from a
library,68 sequence selective recognition of peptides69 and electrochemically
driven clathration/declathration of ferrocene.70
a)

b)

Figure 2.9 (a) Encapsulation of a cationic guests inside a 24+ host. The triple
layered cation-anion-cation onion like structure was found to be the driving
force behind the formation of this complex. (b) AND molecular recognition of
cis-decalin and perylene.
To increase the control over the self-assembly process, particularly the
outcome of a mixture of ligands, Fujita et al. introduced the concept of placing
substituents adjacent to the coordination site (figure 2.10).61,71 The equilibrium
of the self-assembly process is influenced through the steric strain induced by
the methyl substituents. This enables, for example, the formation of rectangles
in a single step, whereas previously this would usually yield a mixture of two
types of squares and a rectangle. Multiple reaction steps were required as a
result.18 Employed in a more sophisticated manner, this technique allowed for
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the selective formation of organic pillared nanocages in which planar molecules
such as coronene72 (figure 2.11a) or metal complexes73 (figure 2.11b) could be
stacked. The former complex displayed donor-acceptor charge transfer
interactions between the aromatic components and in the latter intermolecular
metal-metal bonds between Pt, Pd or Cu were observed for the first time.

Figure 2.10 Employing sterically hindered ligands to control the formation of
mixed-ligand self-assembled structures. The methyl substituent next to the
nitrogen forces the equilibrium to form a mixed species rather than a mixture
of homo-assemblies.
a)

b)

Figure 2.11 Selective formation of a pillared nanocage though (a) coronene or
(b) metal complex templated metal-directed self-assembly.
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a)

b)

d)

c)

Figure 2.12 (a) Pentakis(m-phenylene) catenane with induced helical chirality.
(b) Alkoxy substituted analog of the structure in 12a. (c) The alkoxy substituted
analog does not form a homocatenane due to the steric demands imposed by
the substituents. (d) An ultramacrocycle through reversible catenation.
Expanding on the early catenane work, a pentakis(m-phenylene)
derivative was shown to be able to reversibly form a catenane though π-π
interactions (figure 2.12a).74 The catenated structure is characterized by the
helical chirality of the ligand and the ancillary chiral unit replacing the
conventional diamine protecting group, resulting in a strong signal in circular
dichroism (CD); the non-topologically linked components were silent in CD.
Also, the concept of exploiting steric strain to direct the self-assembly can be
expanded upon by introducing sterically demanding ligands further from the
coordination sites as opposed to adjacent to them. The palladium complex
shown in figure 2.12b does not form a catenane because of the steric demands
of the alkoxy side chains, but a catenane is formed when brought into contact
with its unfunctionalized analog, showing selective cross-catenation (figure
2.12c).75 Utilizing the unfunctionalized homocatenane analog as a reversible
nanoscale molecular ‘lock’, the macrocyclization of an oligomer containing
over 200 non-hydrogen atoms was achieved (figure 2.12d).76
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Stang et al. developed palladium and platinum building blocks that are
soluble in organic solvents (figure 2.13).28 The most commonly employed
metal complexes feature a chelating bis(diphenylphosphino)propane (dppp)
ligand and triflate counter ions, although variations in which the propane spacer
is omitted (to afford non-chelating ligands)42 or substituted for ferrocene,77
crown ethers,78 calixarenes77 or 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
(BINAP) moieties79 are also known. Interestingly, X-ray analysis of the square
in figure 2.13 revealed a strong π interaction between one of the phenyl groups
of the phosphine ligand and the pyridine ring, providing additional stability to
the complex. It was, in fact, speculated that these interactions are ultimately
responsible for the stability of the square since the analogous 1,4dicyanobiphenyl ligand incapable of such interactions yielded only a mixture of
oligomers. In any case, the chelating cis- protected metal complex seemed to
the most reliable building block for providing 90° angles, whereas other
phosphine complexes were used for other geometries.

Figure 2.13 A molecular square based on the metal building block devised by
Stang et al.
Similar to the work of Fujita et al., the potential of the phosphine
based ligands to form more complex structures was explored by Stang et al.,
including adamantoids,80 truncated tetrahedra,81,82 dodecahedra,83 trigonal
prisms84 and D3h symmetrical cages.85 In a remarkable example, Stang showed
the formation of a cuboctahedron through the self-assembly of 20 components
(figure 2.14).86 An interesting feature is that the self-assembly could be carried
out in a complimentary way. Either the tritopic ligand was platinated prior to
mixing with an appropriate amount of ditopic ligand (figure 2.14a, page 30), or
conversely a ditopic ligand was platinated first (figure 2.14b).
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a)

b)

Figure 2.14 Self-assembly of a cuboctahedron by mixing (a) a trimetallated
ligand with a dipyridyl ligand or (b) a tritopic ligand with a dimetallated
ligand.
Since the inception of MDSA, combination of 90° metal corners and
linear linker units has occasionally led to the discovery of a mixture of two
highly symmetrical, interconverting products instead of the anticipated
square.60,87,88,89,90,91,92 The additional product is usually a triangle. A more
rational approach to synthesizing triangles by MDSA is to employ bent (non180°)93,94,95 or somewhat flexible ligands,96,97 utilize the transition metal
complex as the linear side and a 60° ditopic ligand as the corner98 or directing
the equilibrium by a template or other external factors such as temperature or
pressure.87,99,100 Stang et al., who also reported the unexpected virtually
quantitative self-assembly of ‘classic’ MDSA components into triangular
structures,101 addressed the problem of finding an appropriate metal complex
featuring 60° angles, thereby providing a building block for the rational
synthesis of triangles (figure 2.15a).102
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b)

a)

Figure 2.15 (a) A molecular triangle based on a rationally designed corner
unit. (b) Model of molecular rectangles self-organizing on a HOPG surface.
The structures prepared by MDSA also generate a basis for interesting
chemistry in the solid state and on surfaces. For example, a rectangle was
shown to self-organize on HOPG (Highly Oriented Pyrolytic Surface) and
Au(111) surfaces (figure 2.15b).103,104 Apart from the formation of discrete
architectures in solution, supramolecular arrays in the solid state are also
subject to much attention.22,105 In the design of such networks, supramolecular
interactions are used to produce crystals with one-dimensional molecular
‘lines’ or 2D and 3D structures.
Stang et al. set out to bridge the gap between the solution based and
solid state supramolecular chemistry (i.e. crystal engineering).106107,108,109 In a
representative recent example, the structures shown in figure 2.16a (page 32)
were self-assembled in solution and subsequently crystallized.110 X-ray analysis
revealed that the metallacycles stacked in one or two crystallographic axes,
forming nanoscopic pores capable of molecular nitrogen uptake with an
efficiency that follows the trend of pore size. Interestingly, the ligands are quite
flexible, yet 1H and 31P NMR analysis indicated quantitative formation of the
highly symmetric species.
This surprising finding is important because self-assemblies of a more
flexible nature can ‘breathe’ in the solid state and are, in both the solid state and
solution, more prone to conformational changes when accommodating guests,
reminiscent of the induced fit model in enzymology.111 Stang et al. also
presented the preparation of more complex architectures based on flexible
ligands containing an amide group that may very well exhibit such features in
its host/guest chemistry (figure 2.16b).112,113
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a)

b)

Figure 2.16 Flexible ligands used by Stang et al. (a) These (and other)
complexes are capable of N2 uptake in the solid state. (b) Self-assembly of an
amide containing ligand.
Stang et al. also contributed to the insight of the fundamentals of
MDSA. In a predesigned dynamic equilibrium between a dimeric rhomboid
and trimeric hexagon (figure 2.17), the standard thermodynamic parameters K,
ΔH° and ΔS° were determined with consideration of the ionic strength of the
solution.114 Remarkably, the central pyridine of the ligand did not interfere with
the self-assembly process except when excess platinum complex was added.
This strongly suggests the presence of a mechanism of ‘self-correction’ under
thermodynamic control, implying exchange during the reaction conditions and
furthermore that the Gibbs free energy of the rhomboid and hexagon are similar
whereas other geometries, including the ones in which the central pyridine is
complexed to a metal, are relatively high in energy.† However, studies
conducted on the Pt-N bond in a dodecahedron, assembled from a similar
building block as the cuboctahedron discussed before,86 showed that its
formation was essentially under kinetic (non self-correcting) control.115
Apparently, mechanisms that go beyond simple variation of experimental
conditions that affect thermodynamics (e.g. temperature, polarity of the
solvent) are operating and these seem to depend on rather subtle variations in
the building blocks. Especially the formation of the ‘large’ polyhedra discussed
above may well be controlled by kinetic phenomena, since these species
probably have to compete with other structures of similar energy. But also the
kinetic stability of relatively simple rectangles was shown to depend on the
nature of the counter ions.116
†

The latter phenomenon is, as noted before, essentially one of the limitations of
MDSA, since a single species with a relatively low energy compared to
alternative arrangements is required for its success; except of course when an
equilibrium is targeted as is the case here.
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Figure 2.17 A predesigned equilibrium between a rhomboid and a hexagon.
a)

b)

Figure 2.18 The use of carboxylates in MDSA. (a) Rectangles based on
dicarboxylates. (b) Rectangles based on ambidentate 4-pyridylcarboxylate
ligands. Only one isomer is formed and isolated.
The assemblies discussed so far are all based on neutral nitrogen donor
ligands complexing to platinum and palladium metal complexes, yielding
highly charged assemblies. But there is no fundamental reason why other donor
ligands cannot be used. Mixing the ‘traditional’ platinum complexes with
dicarboxylates also produced the expected supramolecular ensembles (figure
2.18a).117,118,119 Interestingly, when a less symmetrical ambidentate ligand was
employed, only a single isomer was formed, despite the possibility of mixtures
of product based on ‘linkage isomerism’ (figure 2.18b).120
Although many metallostructures produced by Stang also possess
cavities, their host/guest properties are less pronounced. Compared to the
aqueous systems of Fujita, the relatively weak intermolecular interactions
between the non-polar surface of the cavity and potential guests in organic
solvents do not usually yield stable complexes. To overcome this limitation,
Stang introduced Ag(I) binding units inside the cavity of an acetylene
containing molecular square, which could act as a Lewis acid receptor for
pyrazine (figure 2.19, page 34) or other mono- or ditopic nitrogen based
ligands.121 This strategy can be generalized by incorporating functional groups
capable of stabilizing interactions between host and guest(s) into the
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assemblies. A phenanthroline containing rectangle, for example, was shown to
be an optical sensor for Ni(II), Cd(II) and Cr(III) ions.122

Figure 2.19 Incorporating Ag(I) ions in macrocycles to form a Lewis acid
receptor.
Other groups have enthusiastically embraced the building blocks
provided by Fujita and Stang and incorporated them into their research
programs. For example, the gas phase chemistry of Pt(dppp) and Pd(dppp)
macrocycles has been explored.123 Triangular assemblies remained appealing
because they represent the simplest polygon, yet, as discussed before, are
difficult to prepare.87-89,91-100,124 But more complex assemblies were synthesized
as well: Clemmer et al. prepared cobalt-cyclobutadienyl metallocene based
barrels and cubes,125 Lin et al. six polygons up to the octagon,126 Kim et al. a
molecular necklace,97 Bosnich et al. a cage and a cylinder,127 Yap et al. a
molecular hexagon128 and Hupp et al. found a structural inversion of salen-type
ligand based “loops” to squares upon metallation of the free base ligand.92
The strategy of Stang to incorporate functionality into the ensembles
also drew much attention. Dalcanale et al. focused on preparing resorcinarene
based
coordination
cavitands
and
explored
their
host/guest
chemistry.129,130,131,132,133,134 In a recent example they showed the inclusion of
methano[60]fullerene derivatives (figure 2.20a).135 Hong et al. used a similar
resorcinarene based system, but found an equilibrium between a capsule and a
bowl.136 Würthner et al. prepared a palladium based perylene molecular square,
which was found to equilibrate with a triangle unless steric strain was
introduced by bulky tert-butyl groups (figure 2.20b).91 When the perylene
ligand was extended so that it did not coordinate to the metal corners directly,
the square is the only product and exhibits fluorescence quantum yields near
unity.137 Lin et al. (figure 2.20c)123,138 and Tilley et al.139 prepared chiral
assemblies in which the chirality stems from the exchanged ligands themselves,
as opposed to the strongly coordinating, chelating chiral ligands around the
metal.79 Taking functionality and MDSA one step further, Carty et al. recently
showed the cyclodi- and cyclotrimerization of square and triangular platinum
based architectures (figure 2.20d)140 and Michl et al. took the MLM as a
starting point for constructing molecular rotors.141
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a)

c)

b)

d)

Figure 2.20 (a) A methano[60]fullerene encapsulated in resorcinarene capsule
(b) A square-triangle equilibrium of perylene based macrocycles. (b) A chiral
molecular square. (d) Cyclodimerisation and cyclotrimerization of a platinum
square and triangle.
Incorporating functional groups involved in hydrogen bonding also
proved, justifiably, a popular topic. Puddephat et al. incorporated amide bonds
into the bis(pyridine) ligands to produce range of discrete or polymeric
structures,142,143,144 some of which were shown to capable of anion binding
properties.145 Also relying on amide groups, Li et al. showed that metallocycles
are capable of recognizing mono- and disaccharides.146 Lippert et al.
incorporated a variety of nucleobases into self-assembled structures.147 And
finally, Jeong et al. reported a rigid macrocycle with two interactive binding
domains that show homotropic cooperative binding.148,149
٭٭٭
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Rhenium based structures

Figure 2.21 Synthesis of Re based molecular squares.
Whereas the first molecular square incorporating rhenium was
bimetallic,150 the all-rhenium analogue using Re(CO)5Cl as a metal building
block was presented in 1996 by Hupp et al. (figure 2.21).151 Subsequent
exploration of these neutral assemblies followed a similar path as the palladium
and platinum corners during the second half of the 1990s.19,20,152 Structures
incorporating more sophisticated ligands, such as metal-connected
terpyridines,153 photoisomerizible azine based ligands,154 salen type ligands155
and chiral binaphtyl based ligands156 appeared. Lees et al. noted the formation
of triangles when relatively long, bent or somewhat flexible ligands were
employed19,157 and Hupp et al. prepared tetrametallic rectangles,158 cages159 and
C- or Z-shaped compounds,160 although it should be noted that the rhenium
self-assembled architectures available up to now are not nearly as complex and
varied as the palladium and platinum varieties. Lu et al. used Re2(CO)5 instead
of Re(CO)5X as a Re building block, treating it with various ligands in the
presence of aliphatic alcohols to obtain self-assembled structures under
solvothermal conditions (figure 2.22).161,162,163

Figure 2.22 Example of the use of Re2(CO)10 as a building block for rhenium
metallocycles. R is an aliphatic tail.
While Lees et al. studied the photophysics and photochemistry of the
rhenium assemblies,19 recent work of Hupp et al. focuses on putting the
rhenium-nitrogen bond to good use. This bond appears to be relatively strong,
in fact virtually kinetically inert at room temperature, and such as provides an
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ideal building unit for MDSA. Its strength is reflected in the fact that solid state
films of self-assembled architectures do not show any sign of collapse even
upon removal of the solvent in vacuo. Instead, high-porosity materials are
obtained because of the semi-infinite channels formed by the aligned cavities of
the assemblies. It was soon recognized that these films could be used as sensors
for Volatile Organic Compounds164 as well as sieves for molecular transport
(figure 2.23).165,166 Another interesting feature of the rhenium self-assembled
metallocycles becomes apparent when the cavities are in fact too small to
accommodate any guests and the distance separating the ligands exceed Van
Der Waals contact at distances of 1.5 to 2 Å. Hupp et al. showed by cyclic
voltametry and near-IR spectroscopy that rectangles with these features are
ligand-centered mixed valence compounds, exhibiting electronic
communication between the ligands through space.167,168
a)

b)

Figure 2.23 (a) Space filled representation of rhenium self-assembled
architectures showing (b) their tendency to form channels through alignment of
the cavities.
٭٭٭
Architectures based on other metals
Although rhenium and especially palladium and platinum based
systems have dominated the field of MDSA, it is by no means limited to it.
Particularly noteworthy contributions come from Cotton et al., who pioneered
the use of dimetal building block in MDSA.47,169 The general structure of these
metal complexes conforms to the MLM in that strongly coordinating
‘spectator’ ligands (i.e. N.N’-di(p-anisyl)formamidate bridges) are present and
the remaining positions are occupied by axially and equatorially positioned
ligands (acetonitrile, chloride) that are relatively easy to displace (figure 2.24,
page 38). An interesting feature of these complexes is the non-equivalency of
these axial and equatorial ligands. The axial ligands can be displaced by
nitrogen-based ligands of the type discussed thoroughly above, but the
equatorial ligand is usually displaced by carboxylic anions. Thus, three basic
modes of assembly are available (figure 2.25, page 38). In view of these three
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modes of assembly and taking into account the enormous range of metals (Mo,
Ru, W, Re, Os, Rh, Ir among others), the large number of polygons and
polyhedra produced by this approach is therefore not a surprise.45,160 Recent
examples include chiral Rh-Rh organometallic triangles,170 paramagnetic RuRu squares,171 a Rh-Rh calixarene assembly172 and Mo-Mo cuboctahedral
cages.173

Figure 2.24 The dimetal building block devised by Cotton et al. showing the
protecting amidinate bridging ligands (N-N), equatorial ligands (Leq) and axial
ligands (Lax, optionally present depending on the metal used).
a)

c)

b)

Figure 2.25 Three modes of assembly based on Cotton’s dimetal building
blocks using (a) the equatorial position only (b) the axial position only and (c)
using both positions for more complex structures.
Although their appearance in the literature is more haphazard and their
chemistry in preparing discrete structures is perhaps less explored, a myriad of
metal/ligand combinations have been used in MDSA/MLM. Recent examples
include Ag,174,175,176,177 Cu,175,178,179,180 Ni,173,181,182 Zn,179 Cd,179 Fe,179 Ru,183,184
Rh,181,185 Ir181, Co186 and Si.187 A particularly noteworthy contribution comes
from Jeong et al. who compared the relative stability between an Os, Re, Pd
and Pt linked rotaxane macrocycle (figure 2.26).188,189 While the osmium,
palladium and platinum based rotaxane exist at room temperature essentially as
an equilibrium between a rotaxane and unthreaded components, the rhenium-
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nitrogen bond is kinetically inert at room temperature and requires heating to
observe disassembly.

Figure 2.26 A hydrogen bond-based rotaxane by Jeong et al.

2.3 Dynamic Combinatorial Chemistry
2.3.1 Introduction
Spurred on by the successes of self-assembly but perhaps also by its
apparent limitations, reversibly formed covalent bonds have been undergoing a
revival in recent years.190,191,192,193,194,195,196,197,198,199,200 There are obvious
similarities between MDSA and DCC: the synthesis is carried out using
reversible bond formation allowing for an ‘error-checking’ process to select the
thermodynamically favored product(s), which in turn is strongly affected by
external factors such as concentration, temperature and solvent characteristics.
But there are also some major differences. DCC does not rely on structural
information programmed into the constituents in the way MDSA does: DCC
invariably uses a template or a receptor to direct the reaction to a single
product. Flexibility incorporated in the building blocks is much better tolerated
– and in fact desirable in many cases. Additionally, the kinetics of breaking and
forming covalent bonds is markedly slower than those involving coordination
bonds and usually requires a catalyst to help the system reach equilibrium. As a
result, upon removal of the catalyst, the assemblies prepared by DCC are
usually quite stable. In many cases it is possible even to enhance their stability
by post-modification (e.g. hydrogenation or reduction) to permanently ‘fix’ the
architecture in its final shape.
DCC relies on supramolecular stabilizing interactions between a host
and a guest as illustrated in figure 2.27 (page 40). A mixture of interconverting
species that do not have specific structural information programmed into them,
will generally lead to the situation as depicted in figure 2.27a and is referred to
as the Dynamic Combinatorial Library (DCL)190 or Virtual Combinatorial
Library.198 Since the reaction between the constituents of the DCL is under
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thermodynamic control, the concentration of assemblies A through H in
equilibrium is a reflection of their relative free energy. Addition of a prudently
chosen receptor to the DCL and allowing equilibrium to re-establish will lead
to amplification of a product at the expense of others on account of the
supramolecular interactions that lower its free energy (figure 2.27b). If the
stabilizing interactions between receptor and guest are strong enough and there
are no competing species of comparable energy, this (supramolecular) product
will dominate the reaction mixture and selective amplification is achieved.
Similarly, a template, rather than a receptor, can be used to achieve
amplification. It is interesting to note that the role of a receptor (or template)
that selectively recognizes, binds (to) and stabilizes a desired compound from a
DCL is comparable to the role of a catalyst in kinetically controlled reactions.
Whereas a receptor or template lower the free energy of the product, a catalyst
lowers the free energy of the transition state leading to the product.
a)

b)

Figure 2.27 Principles of Dynamic Covalent Chemistry. (a) An equilibrating
mixture of species forming a mixture of products referred to as the Dynamic
Combinatorial Library. (b) After addition of a receptor molecule to the DCL, a
new product is selectively amplified from the reaction mixture. Since the free
host of the host-guest complex need not exist in the DCL, it is also sometimes
referred to as a Virtual Combinatorial Library.
Although the principle of ‘amplification of the fittest’ no doubt has its
merits in DCC, an insightful analysis by Severin et al. showed that for certain
types of Dynamic Combinatorial Libraries the situation is more complex.201
Specifically, by using two or more distinct building blocks (e.g. A and B) that
can form libraries of uniform (i.e. A3, A2B … B3) or variable (i.e. A3, A2B …
B3, A4, A3B … B4, etc.) stochiometry, fundamentally different amplification
behaviour is observed compared to libraries that are constituted of a single
building block (to which the ‘amplification of the fittest’ principle generally
applies). In libraries composed of two or more building blocks, there is not
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necessarily a correlation between relative amplification and the free energy of
the products formed. Surprisingly, it is even possible that the most stable
species becomes extinct at the expense of mediocre or low-energy products!
Since DCC encompasses the formation of a host-guest complex, it is
by definition a method to create covalent macrocycles or molecular containers,
just as MDSA proved an excellent method to do so through coordination
chemistry. The principles of amplification can however also be applied on
systems that solely rely on supramolecular interactions, as exemplified by the
use of templates in MDSA.58,68,72,73 Amplification of a product from a DCL
based on reversible covalent bonds is sometimes referred to as Dynamic
Covalent Chemistry, whereas Dynamic Combinatorial Chemistry can be used
for any DCL, regardless of the nature of the reversible bonds. Molecular
containers prepared by templated synthesis, regardless of its methodology and
constituents, share the characteristic of a host-guest complex as the product.
Removal of the template is often desired; the robust nature of assemblies
prepared by Dynamic Covalent Chemistry usually facilitates this.
Although not yet as well developed and applied as MDSA, DCC is a
promising strategy to prepare architectures of similar complexity, as illustrated
for example in the recent synthesis of molecular Borromean rings,202
acetylcholine binding catenanes,203 and a 18-component 1700 Å3
nanocontainer.204 Although limited compared to the total number of organic
transformations available, there are several reversible reactions to choose from
for application in a DCL. The most commonly employed dynamic covalent
functionalities include esters, disulfides, hydrazones and imines.Their use in
DCC, along with other useful reactions, has been reviewed thoroughly
recently.190-200 However, there appears to be no specific overview available for
the use of another important reaction in DCC, the metathesis of olefins.
Owing to the Nobel Prize winning efforts of Schrocks205 and
especially Grubbs206 to prepare well-defined catalysts that tolerate a range of
functional groups, olefin metathesis has become a widespread methodology to
form carbon-carbon bonds in organic and polymer chemistry alike. Since
chapter 5 deals with the preparation of porphyrin boxes by application of olefin
metathesis as a dynamic covalent technique, its application in
thermodynamically controlled reactions will be reviewed below. From this
review it will become apparent that olefin metathesis has scarcely been applied
through the use of external templates other than metal ions. Instead,
supramolecularly interacting functional groups incorporated in the olefins
themselves often provide a basis for selection and amplification. As such, the
research presented in chapter 5 nicely compliments these recent achievements
described below.
It should be noted that as soon as Grubbs’ catalysts became readily
available, olefin metathesis was recognized to be a powerful tool for the
preparation of cyclic compounds of a variety of sizes, even without applying
the principles of DCC or supramolecular templating consciously.207 Especially
noteworthy is the work of Sauvage et al., who used olefin metathesis
extensively in the metal templated synthesis of topologically linked
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structures.208,209
In
this
and
olefin
metathesis
work
by
others210,211,212,213,214,215,216,217,218, elements of thermodynamic control may be
present, but formally cannot be considered a part of DCC. Olefin metathesis is
often used to irreversibly ‘capture’ supramolecular assemblies, i.e.
supramolecular interactions are used as means of pre-organizing the reactants.
As such, despite their elegance, they are not included in the review below,
which only includes work explicitly dealing with thermodynamic control. This
also highlights the similarities with MDSA.
2.3.2 Olefin Metathesis in Thermodynamically Controlled Reactions
The first report of a macrocycle synthesized by olefin metathesis
under thermodynamic control was in fact a catenane.219,220,221 Sanders et al.
utilized the interaction between electron rich aromatic ethers and electron poor
aromatic diimides to prepare a [2]catenane (figure 2.28).222 The thermodynamic
control was demonstrated by treating the diolefin with Grubbs’ catalyst in the
absence of the preformed ethyleneglycol macrocycle to obtain an insoluble
mixture of oligomers, which upon exposure to the ethyleneglycol macrocycle
and fresh catalyst proceeded to equilibrate to same product distribution as when
the macrocycle and diolefin were mixed before exposure to the catalyst.
Although the yield in these experiments was somewhat low (20 %), it could be
markedly improved by adding a lithium salt as a template.223

[Ru]

Figure 2.28 Formation of a π-π stacked catenane.
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[Ru]

Figure 2.29 Reversible catenation based on hydrogen bonding interactions.
Thermodynamic control in the preparation of intertwined structures
was taken one step further by Leigh et al., who initially employed hydrogen
bonds as the directing interaction (figure 2.29). An olefin containing
macrocycle with two benzylic amide and ester bonds was shown to catenate
nder the appropriate conditions, i.e. the presence of Grubbs’ catalyst at high
concentration (200 mM).224 Only the free macrocycle could be detected at low
concentration (0.2 mM). At concentrations in between these extremes, a
mixture was observed. Thermodynamic control was highlighted by taking a
mixture of products at a certain concentration in the absence of (active) catalyst
and then changing the concentration (by dilution or concentration) before
adding catalyst again. The equilibrium was observed to shift to the same
mixture of products obtained when free macrocycle was exposed to catalyst at
the latter concentration. Also, the uncatenated macrocycle was obtained again
when the amide groups of the catenane were trifluoroacetylated, the product
exposed to catalyst and subsequently deprotected in refluxing methanol.
Leigh et al. subsequently made a few alterations to their system by
replacing the ester groups by ether linkages and the amides by imines to be able
to use metal coordination as the directing interaction (route a, figure 2.30, page
44).225 Allowing this mixture to equilibrate with zinc perchlorate in the
presence of Grubbs’ catalyst, the [2]catenane is efficiently prepared.
Interestingly, imines are normally one of the few functional groups that are not
tolerated by the ruthenium catalyst, as exemplified by the inability to prepare a
macrocycle of the diolefin in the absence of a metal salt ‘tying up’ the imines in
coordination to the metal. Another interesting feature is that the same catenanes
could be obtained using another reversible reaction: Schiff base formation
through reaction of an diamide and 2,6-dipyrinedicarbaldehyde (route b, figure
2.30). In additional work, utility of hydrogen bonds226 and metal
coordination227 in the preparation of rotaxanes was also demonstrated.
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a)

b)

Figure 2.30 (a) Formation of a catenane through olefin metathesis. (b)
Formation of the same catenane through condensation of an aldehyde and an
amine.
Dynamic libraries based solely on weak interactions such as hydrogen
bonding are often difficult to characterize. Reinhoudt et al. provided an elegant
way to overcome this problem by attaching olefin moieties to a calix[4]arene
derivative capable of forming hydrogen bonded assemblies in the presence of
barbituric acid derivatives as a template.228,229 Through olefin metathesis, the
assembly was fixed into its thermodynamically favored trimer that is also
observed in the dynamic analogue. Monitoring the reaction by HPLC and
NMR, evidence was provided for the initially formed linear oligomers slowly
converting into the trimer. When the reaction was carried out either without
template or with a template not suitable for forming trimers, not a trace of
trimer was detected in the reaction mixture.
Rotaxanes were also targeted by Beer et al. As opposed to hydrogen
bonding, metal-ligand coordination or π interactions, they used an anionic
template for the formation of a rotaxane (figure 2.31).230 While the pyridium
chloride salt provided a moderate yield (47 %) of rotaxane, the analogous
hexafluorophosphate salt did not yield any mechanically bonded products,
which can be explained by the complete lack of affinity of the axle for the
hexafluorophosphate anion. When the reaction is allowed to reach equilibrium,
only trans double bonds are found in the product, illustrating selection of the
thermodynamically most stable product. The anion templated strategy also
proved useful for the analogous catenanes.231
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Figure 2.31 Anion templated formation of a rotaxane.
Grubbs et al. and Stoddart et al., joined forces to show the molecular
version of a famous magician’s trick: the magic rings. A relatively simple
diolefin containing ethyleneglycol subunits (mimicking a crown ether) with
well-known affinity for dialkylammonium ions, was used to form a rotaxane by
a clipping procedure (figure 2.32).232 Since the clipping was shown to be under
thermodynamic control, it proved possible to mix preformed axle and
macrocycle and allow the macrocycle to ‘open’ and ‘close’ several times while
striving for thermodynamic minimum. Again, analogous components provided
a basis for similar intertwined structures, i.e. a catenane233 and a triply
interlocked “bundle”.234 Fukazawa et al. also used the ether-ammonium
interaction motif to prepare [2]- and [3]catenanes by carefully adapting the
concentrations to stimulate formation of a desired product.235
[Ru]

[Ru]

[Ru]

Figure 2.32 Hydrogen bonded formation of a rotaxane either through ring
closing metathesis of a diolefin or ring opening ring closing metathesis of a
macrocyclic olefin.
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Thermodynamically controlled olefin metathesis also found its way in
the synthesis of naturally occurring products. Nicolaou et al. used reversible
bond formation for screening of antibiotics.236 During the synthesis of
cylindrocyclophanes, Smith et al. found that cross metathesis of a diolefin
yielded only a single isomer out of seven possibilities (figure 2.33a).237 Monte
Carlo conformational calculations confirmed that the obtained isomer had
indeed the lowest energy by at least 2.6 kcal/mol compared to other
macrocycles. Moreover, analogous trienes structurally predisposed to form
different isomers, also yielded the same isomer of lowest energy. In general,
however, intermolecular cross metathesis, as opposed to ring closing
metathesis, between two olefins A and B does not yield the desired product AB
in high yield, since homodimeric products AA and BB are also obtained. Only
when the olefins are functionalized with bulky, electron-deficient groups,
highly selective cross-metathesis is observed.238 Miller et al. investigated the
effect of remote functionality on cross metathesis efficiency and its
implications on DCC.239 Gong et al. provided an elegant solution by tethering
the olefins to quadruply hydrogen bonded duplexes to obtain heterodimeric
products.240 Since a labile ester group is used for the linkage, the olefin can be
easily cleaved off and the template can be recycled (figure 2.33b).
a)

b)

Figure 2.33 (a) Selective formation of a single isomer cylindrocyclophanes (b)
Cleavage of an olefin, formed when tethered to orthogonally hydrogen bonded
oligoamides, from its template.

2.4 Porphyrin Architectures by MDSA and DCC
2.4.1 Introduction
Porphyrins are attractive molecules for incorporating functionality into
(supra)molecular architectures. Apart from their application in sensoric devices
and molecular sieves,21 they have attracted particular attention for their
catalytic (see chapter 2.5) and photophysical properties.241 A major source of
inspiration for the synthesis of porphyrin assemblies of ever increasing
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complexity and size242,243 is the elucidation of photosynthesis, i.e. the
conversion of sunlight into chemical energy in the light-harvesting complexes
of green plants and purple bacteria.244,245 These complexes consist of wheelshaped supramolecular arrays of porphyrins capable of efficiently capturing
light energy and subsequently funneling it to a reaction center. Understanding
the photosynthetic process and mimicking it in synthetic analogs contribute
greatly to the development of nanoscopic devices involving photovoltaic cells,
field-effect transistors and light-emitting diodes.246,247
Many interesting porphyrin arrays have been obtained through
stepwise covalent synthesis,242,243,248,249,250,251,252 which is often frustrated by
low-yields and purification problems as the size of the arrays increase. The
supramolecular approach of self-assembling the arrays in a single step offers, in
that respect, an attractive alternative strategy. An additional advantage of the
self-assembly approach is the increased control over inter-porphyrin orientation
within the array, known to influence the optical properties of porphyrins.253
Porphyrin arrays based on hydrogen-bonding254,255 and electrostatics256,257,258
have been published, but photo-active assemblies based on metal
coordination259 and thermodynamically controlled covalent chemistry are more
prevalent.
Metalloporphyrins feature a rich coordination chemistry, based mostly
on nitrogen and oxygen donor ligands.260 In terms of MDSA, the porphyrin can
function either as the ‘protecting’ ligand that does not participate directly in the
self-assembly process, or functionalized porphyrins can function as rigid
ligands as discussed in chapter 2.2 (figure 2.34). The former is subjected to
review in chapter 2.4.2 and the latter in chapter 2.4.3. Porphyrin architectures
by means of DCC, where the porphyrin metal-center interacts with a template
to enable amplification from the library, is discussed in chapter 2.4.4.
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Figure 2.34 Three ways in which porphyrin assemblies can be prepared by
MDSA: (a) assembly through axial ligation, (b) assembly though selfcoordination and (c) assembly by peripheral coordination of a metal complex.
The asterisk indicates where additional coordination will take place; these
moieties have been omitted for clarity.
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2.4.2 Porphyrin Architectures Based on Axial Ligand-Metalloporphyrin
Coordination
The interaction between zinc porphyrins and amine ligands, especially
pyridine based, is by far the most employed strategy to construct
metalloporphyrin assemblies. When using a metalloporphyrin and an axial
ligand, formation of complex architectures requires the use of multidentate
ligands to impose a specific geometry. Anderson et al., for example, used
bidentate ligands such as DABCO (1,4-diaza[2,2,2]bicyclooctane) and
bipyridine to construct ladder complexes from covalently linked porphyrin
oligomers (figure 2.35a)261,262 and many others have utilized these bidentate
ligands in a similar fashion.263,264,265,266,267,268,269,270,271,272 The use of more
elaborate ligands has also been described. King et al. used bipyridyl derivatives
in which the heterocycles are separated by rigid or flexible spacers in the
fabrication of porphyrin co-polymers273 whereas Lindsey et al. used tridentate
pyridyl ligands.274,275 Sanders et al.240 and Hunter et al.276 used rigid and
flexible ligands with up to four pyridine groups incorporated. In an elaboration
of this concept, peripheral pyridine functionalized dendrimers were used as a
scaffold to prepare spherical porphyrin arrays and an amine terminated
dendrimer was used to form molecular capsules (figure 2.35b).277,278
a)

b)

Figure 2.35 (a) Cooperative self-assembly of zinc porphyrin oligomers. (b) A
molecular capsule prepared by using a first generation dendrimer as a
scaffold.
Utilization of zinc porphyrins functionalized with amine moieties,
enabling self-coordination, has also been thoroughly investigated and over the
years has yielded a variety of structures not only of increasing esthetic appeal,
but also displaying increasing similarity to the naturally occurring lightharvesting complexes. Hunter et al. have been particularly active in the field
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since the early 1990s, showing the construction of well-defined arrays through
cooperative self-assembly.279 Recent highlights of their work include the
preparation of a non-covalent rotaxane,280 a multichromophore array capable of
funneling incident excitation energy to the center of the complex,281 and
quantitative treatises of supramolecular interactions282 and cooperativity283 –
the latter being very important for our understanding of self-assembled
porphyrin architectures and their subsequent rational design.284
The binding constant of a complex between zinc porphyrins and
pyridine based ligands is in the order of 103 M-1, much lower than the
interaction of transition metal complexes described in chapter 2.2. Therefore,
assemblies based solely on this interaction are not necessarily stable, existing
only in a comparatively narrow concentration range or as a equilibrium of
several structures.285,286 Aida et al. elegantly exploited this inherent flexibility
in the construction of a molecular thermometer from self-coordinating 5-(3pyridyl)-10,15,20-triaryl-porphyrins (figure 2.36a).287 Mass spectrometry and
nuclear magnetic resonance spectroscopy showed the preferred adoption of a
cyclotetrameric structure, displaying thermochroism through the extension of
the π-system of the chromophore.
Surprisingly stable architectures based on Zn-N coordination can also
be obtained.288,289 Osuka et al. extensively used meso-meso coupled porphyrins
to construct porphyrin assemblies.290,291,292 Recently their work culminated into
to fabrication of several porphyrin boxes (figure 2.36b).293

a)

b)

Figure 2.36 Porphyrin architectures by self-coordination. (a) A cyclic tetramer
functioning as a molecular thermometer. (b) An example of a porphyrin box
prepared by Osuka et al.
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Kuboke et al. also produced stable light-harvesting mimics using
imidazolyl-functionalized zinc porphyrins.294,295 Their innovation was the
introduction of 1,3-phenylene296,297 and ferrocene298,299 bridges between the
zinc porphyrins to create wheels of impressive size (up to 41 Å in diameter,
figure 2.37). Interestingly, they also succeeded in covalently capturing olefin
functionalized analogs of the wheels by olefin metathesis.
a)

b)

Figure 2.37 Porphyrin wheels produced by (a) 1,3-phenylene bridged
porphyrins and (b) ferrocene bridged porphyrins.
The use of ligands not based on nitrogen in combination with zinc
porphyrins is quite rare, and on account of the low association constant fairly
limited to the solid state. The coordination chemistry of other
metalloporphyrins is also dominated by nitrogen based ligands, but the
oxophilic nature of Sn(IV)-porphyrins300 has been employed in supramolecular
assemblies by Sanders et al.,301,302,303 and self-coordinating hydroxylfunctionalized iron, gallium and manganese porphyrin oligomers have been
identified by Balch et al.304 Other metalloporphyrins used in metal-directed
self-assemblies are based on Co,305,306 Ru,307,308,309,310,311,312,313 Ni306 and
Rh.314,315
2.4.3 Porphyrin Architectures from Exocyclic Pyridyl Substituted
Metalloporphyrins
Platinum and palladium based systems
The first report of metal-directed self-assembly of porphyrins is from
1994, when Drain and Lehn presented cyclic dimers and tetramers based on
simple palladium and platinum complexes (cis- and trans-M(NCPh)2Cl2) and
cis- (i.e. 5,10-) pyridylporphyrins or trans- (i.e. 5,15-) pyridylporphyrins.316
Several years later, they pushed the methodology to a higher level of
complexity by mixing 3 different appropriately meso-substituted porphyrins
with the same trans-palladium complex to produce a porphyrin ‘sheet’ (figure
2.38) and a ‘tape’.317 This metal-linking methodology was quickly recognized
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as a powerful tool in the synthesis of stable light-harvesting mimics and similar
approaches were subsequently published by other groups.318,319,320,321

Figure 2.38 A porphyrin array from three different porphyrins and a palladium
complex.
Stang et al. and Fujita et al. also used the cis-protected metal
complexes of their own design (chapter 2.2) to construct porphyrin
architectures by MDSA. Stang et al. published a number of square porphyrin
arrays, some examples of which are shown in figure 2.39a (page 52).322,323,324,325
They differ in the employed metal complex (cis or trans geometry, achiral or
chiral protecting ligand), the porphyrins used (cis or trans pyridine-substituted,
metallated or free base) and the overall size (dimer or tetramers), but the
reported yields of the single step assembly reactions are all exceptionally high.
Fujita used his metal complexes to construct three dimensional porphyrins
objects: a prism326 that can change its structure to include a guest and, more
recently, a nanoball (figure 2.39b),327 of which a ‘hollow’ variation was
presented by Shinkai et al.328
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a)

b)

Figure 2.39 (a) Molecular porphyrin squares prepared by Stang et al. (b) A
nanoball from a finite coordination network peripherally substituted with 24
porphyrins.
An interesting variation on the meso-pyridyl substituted porphyrins
was recently presented by Hartnell and Arnold. Although there had been a few
reports on exotic ways to interlink porphyrins through chemical modification of
the pyrrole rings and subsequent metal coordination, no MDSA had been
performed with these species.329,330 Hartnell and Arnold prepared
organometallic porphyrins where a platinum-carbon bond is situated at the
meso-carbon of the porphyrin. The familiar exchangeable anions (i.e. nitrates,
triflates) ensure facile and reversible displacement by pyridyl moieties, as
required for MDSA.331
٭٭٭
Rhenium based systems
The porphyrin architectures featuring exocyclic rhenium-nitrogen
bonds are all from the group of Hupp. In 1997 they presented the self-assembly
of Re(CO)5Cl and trans-pyridyl porphyrins,332 yielding square type arrays
similar to those of Stang et al. (figure 2.40) and in 2002 they prepared
analogous dimers333,334 and porphyrin rectangles from Re2(CO)6Cl2(μbipyrimidine) and Re2(CO)6Cl2(μ-bis(benzimidazolate)).335,336 The most
interesting feature of these assemblies is their stability, both in solution and in
the solid state. In solution, the array depicted in figure 2.40 is capable of
accommodating a range of guests, including free base and metallated pyridyl
porphyrins, which leads to an interesting application in supramolecular
catalysis (discussed in chapter 2.5).337 In the solid state, the rhenium based
architectures form extended channels that do not collapse upon removal of the
solvent. As a result, these self-assemblies could be used as sensory photonic
lattices338 and size-selective molecular sieves.339,340,341
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Figure 2.40 Rhenium based porphyrin metallosquares.
٭٭٭
Ruthenium based systems
Despite the relatively small number of self-assembled non-porphyrins
structures featuring ruthenium complexes as the building blocks (see chapter
2.2), a wealth of discrete, ruthenium based porphyrin assemblies has been made
available through the work of Alessio et al.342 Their work was motivated
primarily by the desire to control the orientation of porphyrins within the
assemblies and study the resulting photophysical behavior.343 The octahedral
ruthenium-dimethylsulfoxide complexes they used proved versatile and a large
number of porphyrin arrays was prepared, as reviewed recently,342 among
which the first mixed metal porphyrin molecular square (figure 2.41).344 The
ruthenium-nitrogen bond appears to be the strongest of all coordination bonds
used in MDSA: many porphyrin assemblies could be purified by silica
chromatography. Although MDSA in its ideal form does not require
purification at all, this feature is very helpful when MDSA does not conform to
theoretical considerations.

Figure 2.41 Mixed metal porphyrin dimer.
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2.4.4 Porphyrin architectures by DCC

Figure 2.42 Porphyrin dimers prepared by DCC using three different
templates.
There are not many examples of porphyrin architectures prepared by
templated amplification from dynamic combinatorial libraries; the majority of
this subfield can be attributed to Sanders et al. The first example appeared at
the beginning of the century, utilizing a rather – as far as DCC is concerned –
unusual palladium(0) catalyzed transesterification in the formation of a cyclic
porphyrin dimer.345 The use of DCC in the preparation of porphyrin arrays was
explored in more detail by using bisbenzylthiol substituted zinc porphyrins,
libraries of which were shown to adapt to the presence of templates, among
which DABCO, bipyridine and buckminsterfullerene (figure 2.42) but also triand tetradentate ligands.346,347 The formation of mixed dimer composed of
porphyrins and π-electron rich aromatics proved more challenging, as
heterodimerization has to compete with homodimerization, but the equilibrium
could be adjusted through judicious choice of reaction conditions and alkali
metal ion templates.348
In another elegant example, Sanders et al. used coordination chemistry
as the reversible reaction, resulting in an excellent example of Dynamic
Combinatorial Chemistry. The resulting products are zinc porphyrin dimers,
‘glued’ together by rhodium and ruthenium porphyrins complexed to
phosphorus ligands (figure 2.43).349,350

Figure 2.43 Some examples of mixed metal porphyrin cages prepared by
Sanders et al.
There is no report that explicitly mentions DCC when preparing
porphyrin assemblies through templated olefin metathesis. Inomata and
Konishi however have presented an example in which thermodynamic control
undoubtedly plays a role. They prepared a pyridine appended Au55 cluster
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through coordination of 4-pyridylmethylthiol to the gold ‘surface’. When
mixed with an appropriate amount of olefin functionalized zinc porphyrin and
Grubbs’ catalyst, a hexaporphyrin cage was produced in 50 % yield, which is
high considering the number of bonds formed (figure 2.44).351 After the
reaction, the 4-pyridylmethylthiol could be exchanged for a non-functional
thiol, leaving the gold cluster trapped inside the porphyrin assembly.

Figure 2.44 Synthesis of a porphyrin cage through gold cluster templated DCC
and subsequent exchange of thiols.

2.5 Supramolecular Catalysts by MDSA and DCC
2.5.1 Introduction
Just as the naturally occurring light-harvesting complexes inspire the
construction of covalent and supramolecular porphyrin arrays, biology is also
an inspirational factor in the field of supramolecular catalysis.352 Enzymes
perform their designated tasks with an efficiency and selectivity that
contemporary chemistry has not even begun to approach. Chemists therefore
aspire to understand the delicate balance of forces and interactions that enable
enzymes to function the way they do and ultimately build synthetic mimics of
them. Thus, the goal of biomimetic catalysis353 is to design catalysts that are
highly active as well as selective. The desired selectivity is not only to
discriminate between different substrates, but also to impart regio- and
ultimately stereoselectivity on the final product. Advancement in this area of
research is not only of scientific value; efficient catalysts that operate under
mild conditions with a good atom economy and hence feature increased yields
while reducing energy requirements and waste production, are also industrially
and ecologically relevant.354
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Supramolecular and biomimetic catalysis are intimately linked and
highly active fields of research and conceptually varied. Selected examples
include modification of simple metal-ligand systems,355,356 substrate
encapsulation,357,358,359,360,361,362,363 self-assembly of catalysts from multiple
components,364,365,366 and using dendrimers367,368 or molecular baskets such as
diphenylglycouril,369,370 cyclodextrins371,372,373 and calixarenes374,375 as hosts.
Several reviews cover the design, synthesis and properties of artificial enzyme
catalysts,376,377 modification, engineering and directed evolution of
enzymes,378,379ambifunctional catalysts,380,381 allostericity in supramolecular
systems382 and its application in signal amplification.383 Recent publications
show the feasibility of enantioselectivity in supramolecular catalysis.384,385,386
Porphyrins, being well-known oxidation catalysts, functioned as a
basis for the construction of synthetic enzyme mimics long before
supramolecular strategies arrived at the scene. These covalently modified
porphyrins were specifically designed to mimic enzymes such as Cytochrome
P450,387 Chloroperoxidase and Carotene Monooxygenase,388 which all contain
a porphyrin at their active site. During the 1990s supramolecular cytochrome
P450 mimics started to appear, complementing their covalent analogs.389 The
porphyrin clip (figure 1.9) was originally designed as a Cytochrome P450
mimic,390 but found application in other areas of supramolecular chemistry391
and as a mimic of processive enzymes,392 as explained in chapter 1. Recently,
porphyrins also found application as bidentate ligands through supramolecular
complexation.393,394
The use of supramolecular techniques such as MDSA and DCC to
facilitate the preparation of catalysts is a fairly new concept, but has obvious
advantages. These techniques are excellent ways to prepare molecular
containers (chapter 2.2 - 2.4), whose cavities can be employed as shielded
reaction environments, analogous to the active sites of enzymes. It is not easy,
however, to design such cavities for specific substrates and/or reactions, a
problem often encountered in catalysts that are built up covalently as well.395
DCC can potentially contribute to this problem, since the interaction of
dynamic library constituents and templates can be used to impose specific
properties (e.g. size, hydrophobicity) on the cavity of the amplified species. For
example, if a transition state analog of a reaction is used as a template, the
amplified product might act as a catalyst for that reaction. Although this idea of
using transition state analogs has been applied in other areas of research,396 this
selection approach for the preparation of catalysts by DCC has only recently
been successfully been applied.395,396 These efforts and those originating in
MDSA, are discussed below.
2.5.2 Catalysts by DCC
The structure of the transition state of a Diels-Alder reaction is
generally quite similar to the structure of the product (figure 2.45a,) providing
an easy starting point to prepare an ‘Diels-Alderase’ by DCC. Sanders et al.
prepared a library from three dithiols (figure 2.45b) and allowed it to
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equilibrate in the presence of the Diels-Alder reaction product (figure 2.45a) to
obtain two different receptors (figure 2.45c) as main components of the
resulting product mixture.397 Receptor I was found to bind the dienophile
starting material less strongly than the Diels-Alder product, and receptor II vice
versa, suggesting that receptor I could be catalytically active in the presence of
the diene and dienophile. Receptor I was found to modestly increase the rate of
the Diels-Alder reaction, whereas receptor II was inactive. Surprisingly,
receptor I also exhibited some catalytic turnover; the binding constants of the
product and starting materials were of the same order of magnitude, allowing
for some competition.
a)

b)

c)

Figure 2.45 (a) The product of a Diels-Alder reaction structurally resembles
the transition state and hence can function as a template in DCC to prepare the
corresponding catalyst. (b) Dithiols used in the library by Sander et al. (c)
Receptors I and II obtained from the dithiol library after equilibrium is
reached.
A similar approach, i.e. using dithiols and a transition state analog, has
been presented to obtain a catalyst for hydrolysis of an acetal.398 Again, the rate
acceleration is quite modest, especially when compared to real enzymes, but
the relative simplicity of the synthetic work required is a distinct advantage.
Furthermore, the systems so far only provide non-specific hydrophobic
interactions. Incorporating functional groups will likely improve catalytic
efficiency.
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2.5.3 Catalysts from the MLA
Substrate encapsulation based on hydrogen bonded self-assembled and
covalent systems were pioneered by Rebek et al.358 and Sanders et al.359,360,361
respectively in the 1990s, and inspired Fujita et al. to test their metal-directed
self-assembled systems described in chapter 2.2 for similar applications. Since
these assemblies are fairly stable, water soluble and possess a rich host-guest
chemistry driven by solvophobic interactions, they seemed excellent candidates
to provide a confined reaction space.348 Their first use was reported in 2000,
where the octahedral self-assembly discussed earlier (figure 2.7b) was shown to
act as a reverse phase transfer catalyst in the Wacker oxidation.399 In the
absence of a cage, or in the presence of the cage and a strongly binding guest,
no oxidation of styrene was observed in a two-phase water-styrene system,
indicating encapsulation of styrene and transporting it into the aqueous phase.
Interestingly, the catalyst for the oxidation is (en)Pd(NO3)2 – the metal building
block of the assembly – and the presence of oxygen proved necessary for its
reoxidation.
The same cage was used for the acceleration of a Diels-Alder
reaction,400 photodimerisation401,402 and alkane oxidation via photochemical
excitation.403 A cadmium-based self-assembled array was shown to be an
efficient heterogeneous catalyst as well.404 But the confined space of a cavity
also proved useful for other applications than chemical transformations. For
example, through space spin-spin interaction of dissolved organic radicals are
rarely observed, as the intermolecular interactions in solution are too small to
bring them in sufficiently close proximity. Upon enclathration of two organic
radicals however, their physical separation was small enough to induce spinspin interactions, which were observed by Electron Spin Resonance
measurements.405 Similarly, the otherwise labile cyclic intermediates formed in
the polycondensation of silanol trialkoxysilanes were stable inside the
palladium cage’s cavity.406,407
As detailed in chapter 2.2, the host-guest chemistry of the
architectures soluble in organic solvents, based on the building blocks of Stang
et al., is less pronounced, unless functionality is incorporated into them. Aware
of this requirement, Lin et al. incorporated chiral 1,1’-bi-2-naphtol moieties
into platinum-carbon bond based self-assemblies (figure 2.46). After reaction
of the hydroxyl moieties with Ti(O-iso-Pr)4, the resulting metallacyclophanes
were shown to act as enantioselective catalysts in the addition of diethylzinc to
aromatic aldehydes.408,409,410 Also aware of the aforementioned requirement,
Hupp et al. used the coordination of pyridyl moieties to zinc porphyrins to bind
chloro(5,15-dipyridyl-15,20-diphenylporphyrinato)manganese(III)
and
chloro(5,10,15,20-tetrakispyridylporphyrinato)manganese(III) inside their
rhenium-porphyrin ‘box’ (figure 2.40).323 Since catalyst auto-oxidation and
dimerization through μ-oxo-formation (followed by rapid decomposition) are
the main pathways for catalyst deactivation, binding them inside a protective
box proved a excellent way to increase the turnover number. The resulting
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catalytic assembly is the only porphyrin based enzyme mimic based solely on
supramolecular interactions known to date.

Figure 2.46 Metallacyclophanes by Lin et al. R = H for the catalyst precursors,
but R = TBDMS during self-assembly as the hydroxy groups proved to compete
for platinum coordination.
2.5.4 Catalysts based on the SIM
Since the tetrahedral M4L6 assemblies had been shown to be capable
of selective encapsulation of guests,411 even in a significantly enantioselective
way, it was thought these coordination clusters might be utilized to mediate
reactivity as encapsulating agents. After demonstrating the stabilization of an
otherwise reactive species,412 Raymond et al. showed that a gallium assembly
was also capable of imparting size selective C-H bond activation.413 A cationic
iridium ethylene halfsandwich complex, known to react with aldehydes to form
an acyl complex that upon decarbonylation transforms to a alkyl carbonyl
complex, was shown to be efficiently encapsulated within the gallium cluster
(figure 2.47a, page 60).
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a)

b)

Figure 2.47 (a) Encapsulation of an iridium complex and its reactivity towards
aldehydes. (b) A 3-aza Cope rearrangement. Supramolecular clusters are
capable of accelerating this reaction.
When encapsulated, the reactivity of the iridium complex is
maintained, but only relatively small aldehydes were shown to react. The size
cut-off is quite remarkable: linear aldehydes up to n-butyraldehyde react, but
valeraldehyde does not react at all. Similarly, the shape of the aldehyde proved
also crucial for reactivity. Simply moving a methyl substituent to the next
carbon bond could already dramatically alter the reactivity of the aldehyde
towards the encapsulated iridium complex.
True catalytic turnover was achieved by encapsulating a guest capable
of unimolecular transformation. Cationic N-allyl enamines, prone to 3-aza
Cope rearrangements (figure 2.47b), are bound strongly within the coordination
cluster, whereas the neutral aldehyde product is weakly bound, or not at all.
Rate acceleration up to 850 times the rate in the absence of cluster was
observed.414 A kinetic study showed that the origin of rate enhancement finds
its origin in overcoming the entropy of activation. Upon encapsulation, the
enamine loses several degrees of freedom and is pre-organized into a reactive
conformation.
2.5.5 Catalysts based on the WLA
Mirkin et al. incorporated metallosalens, capable of an array of
catalytic transformations, into the metal direct self-assemblies of their design
(figure 2.48). The interesting feature of these complexes is the possibility of
changing their overall conformation through the introduction of allosteric
protagonist (i.e. ancillary ligands). The ‘closed’ conformation of the chromium
salen depicted in figure 2.48 catalyses the ring opening of epoxides at
approximately half the rate compared to the ‘open’ conformation.415 The
change in shape and hence the metal-metal distances upon addition (or
removal) of ancillary ligands is even more pronounced in the acyclic U-shaped
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‘tweezer’ analog that is capable of converting to a ‘linear’ form.416 Importantly,
the complexes imparted a much bigger enantioselectivity on the reaction than
the corresponding free salen catalysts.
An interesting application of these catalytic coordination complexes is
their applicability in signal amplification and detection. The binding of a
molecule (such as CO) or an ion (such as Cl-) to the metal centers of WLA
assemblies may be viewed as a detection event, after which the catalyst is
‘switched on’ and a catalytic cycle is started. Through a cascade of reactions, a
detectable signal such as a change in pH or fluorescence results. Mirkin et al.
showed the application of these principles in their salen complexes.417 Upon
binding of a chloride anion to the rhodium macrocycle (figure 2.48), the rate of
acyl transfer between acetic anhydride and pyridyl carbinol was increased, after
which the resulting acetic acid protonated a pH sensitive fluorophore, resulting
in easily detectable fluorescence.

Figure 2.48 The ‘closed’ (top) and ‘open’ (bottom) form of a rhodium complex
based on the Weak Link Approach.

2.6 Concluding remarks: MDSA, DCC and Processive
Enzyme Mimics
Judging from the achievements presented in chapter 2.2, there need
not be any doubt that MDSA has several advantages over conventional
kinetically controlled chemistry, especially since there is an ever increasing
interest in larger and more complex structures. Through the wealth of metal
complexes and ligands developed over the years, ample choice of bond angles
is available for the preparation of aesthetically pleasing polygonic and
polyhedral architectures. An appropriate choice of ligands or modification of
existing ones to incorporate functional groups is readily achieved, generally
without affecting their ability to self-assemble. The preparation of macrocycles
and closed structures is not frustrated by the formation of oligomers since a
thermodynamic ‘error correcting’ mechanism is operating. Consequently,
yields in MDSA tend to be high.
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When evaluating MDSA as an synthetic technique however, the
outcome of a reaction depends on the existence of a single reaction product that
is considerably lower in energy relative to others to avoid an equilibrium of
interconverting products, especially since conventional purification methods
often cannot be employed. In relation to this, reaction conditions such as
concentration, temperature and solvent polarity are of crucial importance and
often require careful consideration, if not trail-and-error based exploration. In
many cases, the addition of a template is required to direct the reaction towards
a single product. It seems reasonable to conclude that our understanding of the
subtle interactions dictating the thermodynamics of MDSA as well as our
knowledge concerning the existence of kinetic mechanisms operating beneath
the surface, remains, for the moment, quite limited.
Metal-directed self-assembled species are inherently somewhat
unstable, theoretically existing as interconverting species with only a timeaveraged overall geometry. A limited number of metal building blocks display
considerable kinetic stability however, hence requiring elevated temperatures
or coordinating solvents to achieve (reaction) conditions in which ligands are
freely exchanged, and their potential is increasingly more frequently
investigated.
DCC is currently emerging as an attractive alternative – or
complimentary – technique to MDSA (chapter 2.3). Dynamic Covalent
Chemistry enjoys the same synthetic advantages as MDSA, and shares its
disadvantages, yet the stability of the final product is not a major problem.
Either through ‘switching off’ reversible bond formation (e.g. inactivation of
the catalyst) or through synthetic post-modification, the product is rendered
stable. Conventional purification techniques can generally be applied in cases
where more than one product is formed. This is helpful since the use of the
product as a molecular container in host-guest chemistry or as biomimetic
catalyst requires the removal of the template.
The development of MDSA and DCC is not solely motivated by the
desire to accomplish one-pot synthesis of large and complex structures; the
preparation of functional assemblies is perhaps even more actively pursued.
Porphyrins are multifunctional molecules that have found application in
numerous (supra)molecular assemblies acting as light-harvesting arrays,
sensors, sieves and switches (chapter 2.4). Within the confinements of this
thesis, they are primarily of interest as catalysts. A large part of research in
supramolecular catalysis primarily focuses on the development of structures
capable of encapsulating reactants, thus mimicking the active sites of enzymes
(chapter 2.5). The use of porphyrins in catalytically active supramolecular
architectures is well documented, but their preparation by supramolecular
techniques such as MDSA and DCC is still underexplored, depending on
covalent synthesis instead.
DCC and MDSA are excellent candidates to prepare processive
enzyme mimics (and topological catalysts). Like many biomimetic catalysts,
processive enzyme mimics require first and foremost a cavity to accommodate
its polymeric substrate. DCC and MDSA are the strategies of choice to create
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such macrocycles – the toroidal components of pseudorotaxanes. In addition,
the formation of porphyrin-based processive enzyme mimics by these
techniques can make use of and expand upon the knowledge that already exists
in the preparation of known porphyrin assemblies (chapter 2.4), although these
assemblies were of course prepared with different purposes in mind. As a
reminder of the outline of this thesis (chapter 1.4), in the next chapters the
efforts of applying DCC and MDSA to prepare such cyclic porphyrin arrays
(porphyrin ‘squares’ or ‘boxes’) will be described. Chapter 3 and 4 deal with
the MDSA of meso-5,15-pyridylsubstituted porphyrins and Stang’s
(dppp)M(OTf)2 (M = Pt, Pd) and Hupp’s Re(CO)5Cl metal complexes
respectively. In Chapter 5 the – hitherto unexplored - application of templated
olefin metathesis to form covalent porphyrin boxes is discussed. Subsequently,
chapters 6 and 7 describe the host-guest and catalytic properties of the
porphyrin boxes.
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Highly Charged Porphyrin Macrocycles
The synthesis of palladium- and platinum-based (metallo)porphyrin
metallacycles by Metal-Directed Self-Assembly is described. On the
basis of Coulombic interactions, the ability to accommodate DNA in
their cavities was explored, but no evidence of topological binding was
found. Based on these preliminary results, recommendations to improve
on the design principles of the macrocycles are given.
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3.1 Introduction
3.1.1 Aim
The interaction of organic molecules1 and inorganic complexes2 with
DNA is a well-studied subject, for a variety of reasons. A classic example is the
use of ethidium bromide as a staining agent of DNA,3 an invaluable tool to
visualize DNA in gel electrophoresis and other techniques in molecular
biology. Other DNA binding agents can be helpful to determine to which
specific region in a DNA strand a protein binds (DNA footprinting),4 function
as probes for relaying information on DNA conformation5 or find application in
medicine as photosensitizers of diseased cells (photodynamic therapy and
diagnostics)6,7 or as drugs in the treatment of diseases,8 of which the use of cisplatina
(cis-diaminedichlorideplatinum(II))9,10
and
bleomycin11
in
chemotherapy may be the best known examples. Many of these applications
rely on the presence of a chromophore. It is perhaps not surprising, therefore,
that porphyrins as molecules that feature rich photophysical properties, have
been investigated for their ability to interact with DNA.
N

+
N

+

N

N
M

+
N

N

N

N+

1

Scheme 3.1 Structure of tetrakis-N-4-methylpyridiniumporphyrin. M = 2H or a
choice of metals.
Already in the late 1970s, Fiel et al. already showed that cationic,
water-soluble porphyrins have a natural affinity for DNA.12 Subsequent
explorations predominantly used the now archetypical tetrakis-N-4-methylpyridium-porphyrins 1 (scheme 3.1) to investigate their mode of binding.
Generally, three principal ways of interaction with DNA are distinguished.
External binding (figure 3.1a)13 relies predominantly on Coulombic
interactions, whereas in groove binding (figure 3.1b)14 additional hydrophobic
and hydrogen bonding interactions play a role. Intercalation (figure 3.1c)15,16
occurs mainly through stabilizing aromatic π-π-interactions between
nucleobases and the intercalator. Porphyrins can display all three modes of
binding, but it is now well-established that intercalation occurs in guanine- and
cytosine-rich regions of DNA, whereas groove binding predominantly occurs in
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regions that are rich in adenine and thymine. A range of factors such as the
concentration, the ionic strength, the specific sequence of nucleotides and the
nature of the metalloporphyrin are known to influence the mode of
binding.17,18,19 Specifically, metalloporphyrins bearing one or two axial ligands
cannot be accommodated within the DNA duplex, although partial intercalation
may occur. The modes of binding can usually be distinguished by a number of
techniques, particularly UV-VIS, Circular Dichroism and Fluorescence
spectroscopy,17,18,20 as each interaction imparts distinct changes in the spectra,
but Nuclear Magnetic Resonance21 and viscometry22 have also been used to
corroborate the spectroscopic findings.
a)

c)

b)

Figure 3.1 Schematic view of three modes of binding to DNA. (a) External
binding. (b) Groove binding. (c) Intercalation.
Within this context, it seemed an attractive research goal to add a
fourth mode of porphyrin-to-DNA interaction: topological binding. There have
been no reports of porphyrin structures that are topologically linked to DNA,
and in fact there have been surprisingly little reports on artificial systems in
which DNA is part of topological architectures,23,24,25,26,27 despite its recent
popularity in the construction of nanomechanical devices28,29,30 and in
templated synthesis.31,32,33,34
An additional motivation stems from the well-documented ability of
metalloporphyrins to perform oxidative catalysis35 and DNA cleavage.8,36,37,38,39
Particularly cationic manganese porphyrins have been investigated for the
ability of their high valent oxo species (MV=O) to cleanly induce strand
scission, which suggests a limited role of diffusible reaction intermediates such
as radicals. As manganese porphyrins have axial ligands, they cannot
intercalate into a double stranded helix; instead they show a particular affinity
for the minor grooves of AT rich regions.40 In the case of an (A·T)3 triplet of
base pairs, the bound metalloporphyrin primarily mediates the scission of the
DNA strands by C5’ deoxyribose oxidation on nucleosides on both 3’ sides of
the AT triplet.41 In single stranded DNA or G·C-rich double stranded DNA,
deoxyribose C1’ is the main target of oxidation.42,43 Hence, porphyrins can act
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as synthetic nucleases with some specificity and as such porphyrin
architectures, that are topologically bound to DNA, are interesting candidates to
create mimics of these enzymes.
To prepare a porphyrin-DNA pseudorotaxane, an interaction between
DNA and the porphyrin macrocycle is required. A rotaxane based on
intercalating porphyrins does not seem viable, but functionalities such as
hydrogen bonding donors or acceptors capable of interacting with DNA could,
in principle, provide these interactions. This method would have to involve
careful consideration and analysis of the binding mode of the porphyrin
building block-DNA assembly and the design and synthesis of the cyclic
component would therefore not be straightforward. Non-specific Coulombic
interactions seemed therefore a better starting point, especially since Fujita et
al.44,45 and Stang et al.46,47 had already developed platinum and palladium
complexes that yielded highly positively charged architectures by MetalDirected Self-Assembly (MDSA, chapter 2.2.3). The aim of the research
presented in this chapter is therefore to prepare highly charged porphyrin
architectures (M’-M2 – M’-M5, scheme 3.2) with cavities large enough to
accommodate either single stranded (by M’-M2 and M’-M3) or double
stranded DNA (by M’-M4 and M’-M5) through MDSA of the appropriate
porphyrin and metal building blocks and subsequently study the propensity of
these porphyrin boxes to thread onto DNA (figure 3.2).
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Scheme 3.2 Structure of the palladium- and platinum-based porphyrin boxes
targeted in this chapter. The abbreviations coined for the arrays is of the
format M’-Mx, in which M’ refers to metal in the metalloporphyrin (if any), M
to either palladium or platinum and x to a number ascribed to the different
meso-substituents (R) on the porphyrin.
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Figure 3.2 Structure of the porphyrin box-DNA pseudorotaxane c.q. processive
enzyme mimic. The porhyrin box depicted in this model are analogs of M’-M4
and M’-M5.
A few remarks with respect to the design principles of the building
blocks and the threading methodology are in order:
• Fujita’s metal complexes may seem to be preferred, as these yield
highly water soluble architectures.44,45 There is probably much merit to
this consideration, but Stang’s building blocks were chosen
nonetheless on account of a publication in 1999 in which the synthetic
methodology of preparing porphyrin architectures such as depicted in
scheme 3.2 was described.48 Because of their high charge, we
expected these architectures to be sufficiently water-soluble for our
purposes, possibly to be enhanced by ion exchange after their
assembly.
• Our initial targets were 5,15-dipyridyl-10,20-ditoluylporphyrin
macrocycles M’-M2 because they are synthetically most accessible,
but we kept some structural modifications in mind, resulting in M’M3, M’-M4, M’-M5, for two distinct reasons: (i) the diameter of a
double stranded DNA helix in its most common B-form conformation
is 20 Å,49 which is too large to fit inside porphyrin box M’-M2. Our
initial efforts therefore concentrated on using single stranded DNA
with box M’-M2 but we considered an enlarged version of the box
M’-M4 to thread onto double stranded DNA as well. Efforts to
prepare the larger box have been part of another project and is not
discussed in this thesis.50 (ii) Meso-N-methyl-pyridinium substituted
porphyrins have traditionally been used in studies on DNA interaction
and cleavage. Preparation of 5,15-di-N-4-methyl-pyridinium-10,20-4dipyridylporphyrin building block M’-M3 and extended version M’M5 seemed therefore appropriate as well, and will be given some
attention in this chapter.
• Using DNA to penetrate the cavities of synthetic macrocycles is an
unexplored area, but the threading of macrocycles onto synthetic
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•

•

polymers to create main chain polypseudorotaxanes is a wellestablished area of research.51,52,53 Molecules with a well-defined
cavity, such as cyclodextrins54,5556 and cucurbiturils,57,58 are known to
be capable of threading onto a range of polymers on the basis of
hydrophobic interactions. Other methods employ cyclic species with
smaller cavities, for example crown ethers59,60 and bisparaquat
derivatives,61,62 and a range of supramolecular interactions have been
employed to establish a (reversible) connection between axle and
wheel, among which hydrogen bonding, metal-ligand coordination,
ion-dipole, cation-π and charge transfer interactions.52 The principle
interaction we provide in this research for threading onto DNA are
Coulombic interactions, but the resulting pseudorotaxane structures
likely have to compete with binding modes that do not involve
topological linking. Reaction conditions, particularly temperature and
concentration of the components, play an important role in directing
this equilibrium towards the desired direction. By mixing in watermiscible organic solvents (e.g. ethanol, commonly used to precipitate
DNA) into an aqueous solution of the components, we expected to be
able to provide an additional driving force for the DNA to enter the
hydrophobic cavities of the porphyrin boxes.†
Although threading of pre-formed porphyrin boxes was taken as our
starting point, it should be noted that MDSA also allows for assembly
of the porphyrin and metal complex building blocks in the presence of
DNA. In this approach, DNA functions essentially as a template for
one-step formation of a (poly)pseudorotaxane. Despite its elegance,
we expected this approach to be not applicable to our ‘small’
porphyrin boxes, because these are limited to single stranded DNA,
which has a large number of basic nitrogen atoms of the nucleobases
exposed. These would likely interfere with the self-assembly process.
Pre-formed boxes, especially the platinum derivatives, were expected
to exhibit sufficient (kinetic) stability to allow for threading. This
approach may be viable when employing the larger porphyrin boxes
and double stranded DNA, in which the nucleobases are involved in
hydrogen bonding.
The topological assemblies discussed so far are pseudorotaxanes or
polypseudorotaxanes. To form (poly)rotaxanes, stoppers need to be
attached to the ends of the DNA strands. Self-complementary binding
and other properties of DNA allow for some original ways to do so. In
case of single stranded DNA, small oligonucleotides could be used to

†

This strategy implies that the propensity of DNA to precipitate upon addition
of ethanol is larger than that of the porphyrin boxes. If ethanol would prove
ineffective, we expected to find another suitable water-miscible solvent that
would not precipitate the porphyrin box as well as provide a driving force for
DNA to enter the hydrophobic cavities
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trap the macrocycle on the strand (figure 3.3a), whereas double
stranded DNA can be terminated by bulky hairpins (figure 3.3b).63
a)

b)

+

+

Ligase

Figure 3.3 Creating pseudorotaxane assemblies through
complementary binding or (b) through attaching bulky hairpins.

(a)

self-

3.1.2 Synthetic considerations
The most commonly employed method to synthesize porphyrins is the
Adler-Longo method, which involves condensing aldehydes and pyrrole in
refluxing propionic acid in an open reaction vessel.64 Lindsey et al. developed a
somewhat milder two-step method, employing aldehydes and pyrrole in
dichloromethane in the presence of BF3·Et2O or trifluoroacetic acid as a
catalyst, followed by chemical oxidation.65 Other methods may be considered
to be descendants of either of these two methods.66,67,68
If only one aldehyde is used, a symmetrical porphyrin is produced,
along with tarry, polymeric by-products. Mixtures of aldehydes yield mixtures
of porphyrins, differing in the number and relative orientation of the mesosubstituents, and their relative yields depend on the reactivity of the aldehydes,
the stochiometry employed and statistical considerations. Thus, subjecting
stochiometric amounts of equally reactive aldehydes A and B to Adler-Longo
or Lindsey conditions will produce six different porphyrins: A4, B4, A3B, AB3,
cis-A2B2 and trans-A2B2. Theoretically, these six products are distributed as A4
= B4 = 6.25 %, A3B = AB3 = 25 %. cis-A2B2 = trans-A2B2 = 37.5 % of the total
porphyrin yield. Since trans-A2B2 substituted meso-porphyrins are required as
building blocks, we set out to look for a better methodology for their
preparation, in order to avoid low yields and troublesome purification.
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Scheme 3.3 Porphyrin synthesis by condensation of dipyrromethanes with an
aldehyde.
Building on the work of MacDonald,69 Lindsey et al. also developed a
step-wise, more rational synthetic methods to prepare porphyrins with more
than one meso-substituent.70,71,72,73,74,75 Of particular interest is the methodology
to obtain trans-substituted porphyrins by condensation of dipyrromethanes76
and aldehydes (scheme 3.3). 77 When using sterically unhindered
dipyrromethanes however, this route suffers from a process referred to as
scrambling, which finds its origin in the reversible nature of the oligomerforming steps preceding the oxidation of a cyclic tetramer (the porphyrinogen)
to the porphyrin product (scheme 3.4).65 Within this context, porphyrin
synthesis has even been thought of as a form of Dynamic Combinatorial
Chemistry (chapter 2.3).78
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Scheme 3.4 Porphyrin formation through oxidation of a porphyrinogen, which
is formed from a mixture of interconverting oligomers.
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Scrambling is the result of two processes (scheme 3.5). Acidolysis of
the dipyrromethane moiety (an n-mer) yields two fragments, which can
recombine with starting materials or with other oligomers.73 If the substituent
on the dipyrromethane is different from that on the aldehyde, this process
results in the formation of other porphyrins than the desired trans-disubstituted
porphyrin and ultimately may result in a statistical distribution of products
comparable to Adler-Longo and Lindsey conditions. Careful analysis of the
scrambling process revealed that acidolysis cannot be prevented, but
recombination could be suppressed under certain reaction conditions, which
unfortunately also results in a non-optimal porphyrin yield.73 Nonetheless,
yields of ∼10 % trans-porphyrin with low levels of scrambling have been
reported.79 Another drawback of this methodology is the relatively low
concentration at which the synthesis must be carried out, preventing large scale
synthesis. In this research, we still preferred the low-scrambling method over
traditional methods, however, on account of the simplified workup, which
through crystallization of porphyrins from the reaction mixture eliminated the
need for extensive chromatography. Throughout this thesis, this method is
therefore employed for the synthesis of trans-porphyrins.
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Scheme 3.5 Scrambling results in undesired shuffling of meso-substituents R1
and R2 with respect to their relative orientation.
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3.2 Results and discussion
3.2.1 Synthesis of the building blocks
Pyridyl dipyrromethane 6 was prepared by heating pyridine-4carbaldehyde in excess pyrrole in the absence of acid catalyst (scheme 3.6).80
Subsequent condensation with 4-tolualdehyde under Lindsey low-scrambling
conditions79 yielded trans-dipyridyl-ditoluyl porphyrin 7 in 6 % yield after
crystallization from the reaction mixture. The product generally contained ∼5 %
scrambled products, which were shown by Thin Layer Chromatography (TLC)
and Matrix Assisted Laser Desorption Ionisation Time of Flight (MALDI-ToF)
mass spectrometry to be predominantly the cis-disubstituted porphyrin and 5pyridyl-10,15,20-tritoluyl porphyrin. The product could be purified by careful
column chromatography, but alternatively the zinc derivatives were prepared,
which were easily separated and subsequently demetallated with hydrochloric
acid to obtain analytically pure 7. Zinc derivative 8 is also useful because it
may function as an analog of the catalytically active manganese porphyrin,
which cannot be adequately analyzed by Nuclear Magnetic Resonance (NMR)
spectroscopy on account of its paramagnetic properties. Our initial efforts to
construct porphyrin metallacycles therefore concentrated on the free base and
zinc porphyrins.
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Scheme 3.6 Synthesis of porphyrin 7 and its zinc derivative 8.
Investigations into the synthesis of charged pyridinium porphyrin
showed that it was possible to quantitatively prepare 4-formyl-1-methylpyridinium 9 by a reaction of excess iodomethane with pyridine-4carbaldehyde at room temperature (scheme 3.7). The resulting solid, however,
was not stable enough for workup and, after removal of volatile compounds,
was reacted directly with pyridyl dipyrromethane 6 under the same conditions
described for porphyrin 7. Analysis of the reaction mixture by TLC and UVVIS spectroscopy could not confirm the presence of porphyrin products. Upon
varying the reaction conditions, i.e. lower (50 °C) or higher (110 °C)
temperature, and following the reaction progress by occasionally taking
samples and subjecting these to TLC analysis, no formation of porphyrin
products was revealed. Apparently, the methylated species 9 is not stable
enough to survive the reaction conditions producing a porphyrin. A sample of 9
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in DMSO-d6 was shown to degrade rather slowly however: in the course of
several days at room temperature only ∼ 5 % degradation was observed, as was
judged by comparing the integrals of successive NMR spectra. However, upon
briefly exposing this sample to elevated temperatures (~ 50-70 ºC), degradation
was accelerated dramatically.
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Scheme 3.7 Proposed synthesis of partially methylated tetrapyridylporphyrin.
Given the results obtained with compound 9, it was perhaps not
surprising that methylation of pyridyl dipyrromethane 6 and subsequent
reaction of the product with pyridine-4-carbaldehyde was unsuccessful as well,
although the methylation itself, again, proceeded smoothly. Trans-methylation
of commercially available tetrapyridyl porphyrin was considered not to be a
viable option, as the mixture of charged products would be difficult to separate
by techniques readily available to us. We therefore briefly explored the
possibility of positioning the charge outside the aromatic cycle by synthesizing
trimethylammonium derivatives 10 and 11 (scheme 3.8). When reacted with 6,
these aldehydes did produce some porphyrin products, as was judged from
MALDI–ToF analysis, but efforts to isolate them by column chromatography
failed.
+
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O
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Scheme 3.8 Aldehydes with an exocyclic methylated amine.
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The palladium triflate ‘corner’ complex was prepared according to
scheme 3.9. The synthesis of [PdCl2(dppp)] 13 has only been succinctly
described,81,82 but in analogy to related complexes it was prepared by
displacement of cyclooctadiene by 1,3-bis(diphenylphosphino)propane
(dppp).83 Addition of dppp to cyclooctadiene complex 12 in dichloromethane at
room temperature resulted in the instantaneous formation of a precipitate,
characterized by a single peak in its 31P NMR spectrum. This resonance (at 14.3
ppm in CDCl3) did not quite match the previously reported value of Anderson
et al.81 or Chaloner et al.82 (for the same complex, both reported a 31P
resonance at 13.0 ppm, but in different solvents, i.e. CDCl3 and THF). The
formation of [Pd(dppp)2]2+[PdCl4]2- as a kinetic intermediate seemed unlikely,
since this product was reported to resonate at 4.0 ppm.82 To exclude the
formation of cyclic species, in which dppp bridges between different Pd
centers, the product was stirred in hot DMF and subsequently precipitated. The
spectroscopic characteristics remained unchanged and Electron Impact (EI)
mass spectrometry confirmed the identity as 13. Most likely a difference in
temperature, concentration or reference compound is responsible for the
deviating spectroscopic characteristics. Subsequent halide abstraction with
silver triflate yielded 14.84
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Scheme 3.9 Synthesis of palladium building block 14.
After repeatedly having failed to synthesize pure [PtCl2(dppp)] 16
from K2PtCl4 according to a literature procedure,85 we decided to opt for the
same route as with the palladium complex to prepare the platinum building
block 17 (scheme 3.10). Contrary to a report in the literature, stirring
cyclooctadiene complex 15 with dppp at room temperature did not yield 16 but
resulted in the quantitative formation of [Pt(dppp)2]2+[PtCl4]2- , as became clear
from mass spectrometric and 31P NMR analysis.86 Prolonged (> 72 hours)
refluxing in 1,2-dichoroethane or, alternatively, stirring several hours in hot (~
70 – 80 ºC) DMF converts the kinetic product into 16. Treatment of 16 with
silver triflate yielded a single product, which did not conform to the
spectroscopic properties reported by Stang et al.84
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Scheme 3.10 Synthesis of platinum building block 17.
Particularly noteworthy was the resonance at -0.3 ppm in 1H-NMR
(figure 3.4), which ultimately led to the identification of this product as the μhydroxo bridged dinuclear complex 18, which had been previously prepared in
wet methanol.87,88 Apparently, any water present in the reaction mixture is
activated through coordination to a metal center:
2 [PtCl2(dppp)] + 4 AgOTf + 2 H2O Æ [(dppp)Pt(μ-OH)]2[OTf]2 + 4 AgCl + 2 TfOH

*

*

*

μ-OH
*

7.0

6.0

5.0

4.0

*

*

*
3.0

2.0

1.0

0.0 ppm

1

Figure 3.4 H NMR spectrum of 18 in CDC3. The asterisks denote solvent
impurities.
This finding was surprising because the preparation and utilization of
the diaqua complex of 17 as building block had been reported.89,90 Subsequent
efforts under rigorously dry glove-box conditions yielded 17 in 49 %, but this
product contained an unidentified by-product (figure 3.5, page 86). Purification
was severely hampered, as 17 appeared to be very hygroscopic and was easily
converted into the dinuclear complex in the presence of water. A sample of 17
in dry CD2Cl2, for example, when allowed to stand overnight in a closed NMR
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tube, showed approximately 15 % conversion to 18. Adding a drop of water
resulted in an immediate quantitative conversion. Given these observations,
initial attempts to recrystallize impure 17 were abandoned and the product was
used with the slight contamination.
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Figure 3.5 31P NMR spectra in CDCl3 of (a) PtCl2(dppp) 16, (b) [Pt(μOH)(dppp]2[(OTf)]2 18, (c) Pt(OTf)2(dppp) 17. Each species is readily
identified by its chemical shift and Pt-P coupling parameter.
The ability of both 17 and 18 to react with pyridine was studied
(scheme 3.11). As expected, adding a solution of a slight excess of pyridine in
‘wet’ dichloromethane to solid 17 and stirring the mixture at room temperature
resulted in quantitative displacement of the triflate anions as the coordinating
species, as was evidenced by monitoring the reaction progress by 31P NMR.
The resonance of 17 at -7.2 ppm gradually disappeared and the emergence of a
new signal at -12.6 ppm was observed, which is consistent with pyridine
complex 19 according to a report in the literature.91 From this finding, it can be
concluded that rigorous exclusion of water during MDSA of M’-Pt2 may not
necessary, as long as 17 is not exposed to water in the absence of pyridine
moieties. Under similar conditions, 18 did not show a significant reaction.
Upon heating, however, the formation of the pyridine complex (19) was
observed as well (scheme 3.11 and figure 3.6). This finding supports the idea
that 18 can also be used as a building block in MDSA.
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Scheme 3.11 Both 17 and 18 react with pyridine to form complex 19. Note that
the starting material determines the composition of the counter ions of 19 (x =
0, 1 and 2).
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Figure 3.6 31P NMR in CDCl3 of the crude reaction product after refluxing
dinuclear complex 18 in dichloromethane in the presence of pyridine. The main
product (δ = -12.6 ppm) is pyridine complex 19.
3.2.2 Metal-Directed Self-Assembly of Palladium Porphyrin Boxes
To prepare box H2-Pd2, an equimolar amount† of porphyrin 7 and
palladium complex 14 were stirred in dichloromethane at room temperature for
several days.48 Proton NMR revealed a typical downfield shift of the resonace
of the α-pyridyl protons (figure 3.7a, page 88) and an upfield shift of the
resonance in the 31P NMR (figure 3.7b), as expected from previous
observations by Stang et al.48,84 However, as figure 3.7 also reveals, the shift of
the resonance of the pyridine protons did not result in a single signal and the
resulting 31P spectrum also appeared to be a combination of a reasonably sharp
signal, and a smaller broader one. The ratio of the two signals in 1H NMR
appeared to be concentration dependent: at lower concentration, the broader
signal is smaller compared to the more defined signal, which indicates a
dynamic equilibrium. We initially interpreted this as an equilibrium between
discrete species, i.e. a triangle and a square, which had been reported
previously with the dppp ligand (see also chapter 2.2.3).89,92,93,94

†

As discussed below, impurities such as water present in both 7 and 14 affect
reaching the correct stoichiometry. The term ‘equimolar’ as used here refers to
the situation in which no such impurities are assumed to be present.
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Figure 3.7 (a) Observed downfield shift of the resonance of the protons
positioned α to the nitrogen atom in the pyridine moieties of 7 upon its
complexation to palladium complex 17. The two spectra with signals at ∼ 9.6
ppm represent the same sample but at different concentrations; the thicker line
represents the more dilute sample. (b) Upfield shift of the phosphorus signal in
the chelating ligand upon complexation
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Figure 3.8 Variable temperature 1H NMR of a sample of a (presumed to be
equimolar) mixture of porphyrin 7 and palladium triflate 14 stirred for several
days in dichloromethane.
To further study this observation, variable temperature NMR
experiments were carried out (figure 3.8). Upon heating the sample, the
contribution of the broad signal seemed to become less pronounced, and vice
versa upon cooling. In case this equilibrium represents the interconversion
between a triangular and a square structure, the more strained triangle is
entropically favored at low concentration or high temperature, whereas the
square represents the enthalpically more favored, less strained geometry and
should be more pronounced at high concentration or low temperature. Thus, the
observed concentration and temperature dependence are internally consistent
when the broad, slightly more downfield shifted signal is attributed to a
complex with a square geometry and the more defined, upfield signal to a
triangular shape. This interpretation is qualitatively in agreement with
observations by Würthner et al.89 However, an equilibrium between other
geometries of higher order, possibly of more than two species existing
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simultaneously, could equally well explain the results. The interpretation of
equilibrating species is also hindered by (i) the known rotational barrier of the
metal-nitrogen bond, and (ii) a combination of temperature dependent
intramolecular π-π interactions between the phenyl groups on the dppp ligands
and the pyridine ligands and concentration dependent intermolecular
interactions causing hindered rotation.84,95,96,97,98 Additional experiments,
particularly mass spectrometry, would have to be carried out to substantiate any
proposed equilibrium. However, before doing so, it occurred to us that the
possibility of an incomplete reaction needed to be ruled out. The ratio of the
two signals did not change when the reactants were stirred for prolonged time
at higher temperature. Hence, an incomplete reaction could only be the case if
the ratio of porphyrin to metal complex was non-stoichiometric.
To evaluate this hypothesis, we carried out the reaction as a titration: a
solution of porphyrin 7 was subjected to periodical additions of palladium
complex 14 and the reaction progress was monitored by 1H NMR (figure 3.9).
A single α-pyridyl signal was obtained when 1.12 equivalents of 14 were
added, that is, when assuming that neither of the reagents contained any
impurities. This species could be isolated, purified by size exclusion
chromatography (isolated yield: 50 %), and did not show any propensity to reestablish a different equilibrium in solution. Thus, it appears that in our initial
experiments described above the stoichiometry was off, most likely due to the
presence of water, despite careful handling and storage of the reagents in an
inert, dry atmosphere as much as possible.
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Figure 3.9 1H-NMR spectra of a titration of porphyrin 7 with palladium
complex 14, downfield (aromatic) region. The equivalents listed on the right
are based on the assumption that neither of the reactants contain any
impurities.
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The broader downfield shifted α-pyridyl signal in 1H NMR is likely
due to the formation of ‘linear’ oligomers and the more upfield located signal
corresponds to a discrete, macrocyclic structure. The observed concentration
dependence can probably be accounted for by the entropically favored
formation of relatively short oligomers under concentrated conditions, but
interpretation of the temperature dependence is hampered by the fact the
pyridine protons experience a shielding effect from the phosphine bound
phenyl groups, which is also temperature dependent. Qualitatively, at high
temperature the exchange rate of ligands as well as molecular flexibility and
rotational freedom is relatively high, resulting in almost a single signal in 1H
NMR spectrum at 328 K under dilute conditions. Upon cooling, the exchange
rate and flexibility lowers, resulting in a large collection of broad signals,
ultimately manifesting itself in a single, very broad resonance.
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1.40 eq
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-2.50

-3.00
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Figure 3.10 1H-NMR spectra of a titration of porphyrin 7 with palladium
complex 14, upfield region (pyrrole NH protons). The equivalents listed on the
right are based on the assumption that neither of the reactanst contain any
impurities.
Inspection of figure 3.10 gives a little more detail on the box
formation process. As long as the porphyrin is present in excess, several species
are observed. As has been shown in previous work on coordination chemistry
based porphyrin arrays, metal coordination itself does not impart a large
chemical shift on the resonances of the NH pyrrole protons; the shift is a result
of the (cumulative) effect of distance and angle-dependent ring current
shielding between porphyrins in various arrangements.99,100,101,102,103 In figure
3.10, this effect seems to have reached its maximum for the cyclic arrangement
(at 1.12 eq.), in which the porphyrins are forced in relative proximity to one
another. Interestingly, the presence of a small excess of metal complex 14 does
not result in significant oligomer formation (see also figure 3.9), but in the
appearance of a new signal at -2.38 ppm and a very broad one at -1.6 ppm (not
shown). Possibly, excess 14 is associated with the box through electrostatic and
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π-π interactions, which would result in significant upfield shifts of the protons
experiencing a shielding effect of the porphyrins.† The remainder of the
spectrum (between 10 and -2 ppm) features only rather broad signals (vide
infra) , which may mask the appearance of additional signals other than those at
-2.38 and -1.6 ppm. In the absence of additional data, further evidence to
substantiate the provided explanations can therefore not be given.
To characterize H2-Pd2 after its purification, which is described in the
experimental section, several techniques were employed. In figure 3.11 the
relevant NMR spectra of H2-Pd2 are shown. The generally broad signals in the
proton spectrum are a consequence of the restricted bond rotation around the
Pd-N bond: molecular modeling studies on comparable complexes indicated
that pyridine ligands are oriented nearly perpendicularly to the metal
coordination plane.97 This restriction forces the porphyrin planes to adopt to a
co-planar geometry, at least to a considerable extent (figure 3.12, page 92). As
a result of this ‘flattened’ geometry, the β-pyrrole and meso-toluyl protons are
split into two sets of signals. This can be deduced most easily from the signals
at around 7, 6 and 1 ppm, which correspond to protons of the toluyl groups on
the ‘inside’ of the macrocycle, whereas the protons of the toluyl group pointing
outward resonate at about the same value as the uncoordinated porphyrin.
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Figure 3.11 (a) H, (b) P and (c) F NMR spectrum of H2-Pd2 in CDCl3.

†

As will be discussed below, Pd2a does not possess a well-defined cavity in
which 14 could bind. Instead the porphyrins have a tendency to adopt a coplanar orientation, which produces a rather flat, perhaps somewhat bowlshaped geometry.
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Figure 3.12 Schematic structure of H2-Pd2 and the assignment of its proton
resonances (see figure 3.11a).
From a COSY NMR spectrum and comparison with literature,48 all
signals have been assigned (figure 3.11a and figure 3.12). The sharp singlet in
the phosphorus spectrum (figure 3.11b) reveals the high symmetry of the array.
In the absence of a real cavity, multiple signals for triflate fluor nuclei that
possibly bind inside and outside this ‘cavity’, are not expected. The sharp
singlet in figure 3.11c indicates these counter ions are uncoordinated and
isotropically associated with the macrocycle.104 Unfortunately, all efforts to
characterize H2-Pd2 with soft ionization mass spectrometry (i.e. electrospray
and MALDI) failed. As such, a formal statement with respect to the identity of
H2-Pd2 cannot be made; it is assumed that H2-Pd2 adopts a square geometry
based on comparison of its available spectroscopic properties with literature.48
The co-planar geometry of the porphyrins in the porphyrin ‘box’ is
highly relevant for threading onto DNA. If the macrocyclic structure is
essentially flat, DNA is not likely to be accommodated inside the cavity.
Fortunately, previous work has indicated that at elevated temperature or in
more polar solvents, the rotational barrier is relieved, although this effect is
more pronounced for boxes based on palladium than those based on
platinum.105 Since the threading experiments are to be carried out in water, with
the possibility of heating present, we considered the co-planar room
temperature geometry of H2-Pd2 in chloroform not to be a deterrent to carry on
our research.
Another possibility to force the porphyrins out of their co-planar
geometry is to replace the toluyl substituents with more sterically demanding
groups, such as aliphatic chains (H2-20a) or water solubilizing ethylene glycol
chains (H2-20b) (figure 3.13).106 The synthesis of porphyrin H2-20a is
described in chapter 4 and a few attempts were performed to prepare a
palladium box H2-Pd21a with it. Following the same titration methodology as
described for H2-Pd2 to obtain a single signal for the α-pyridyl protons failed.
Instead, oligomers appeared to be present at all ratios (0.1 – 2 eq. of 14 to 20a).
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When a promising sample was applied on a size exclusion column, it seemed
that the equilibrium had shifted to produce even more oligomers. Apparently,
the macrocycle is not the thermodynamically favored product and the kinetic
stability of the Pd-N bond is not high enough to isolate the box.
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N

H2-20a R =
H2-20b R =

O

O

H2-Pd21a and H2-Pd21b
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Figure 3.13 Porphyrins functionalized with an aliphatic or hydrophilic tail in
order to enforce a non-co-planar porphyrin orientation into the resulting boxlike structure.
This also may explain that attempts to synthesize and isolate zinc
derivative Zn-Pd2 failed, as the zinc center may compete with palladium for
coordination to the pyridine moieties. On the other hand, the use of excess 14
did not induce significant oligomer formation in the case of H2-Pd2, which
would be expected if the above explanation has any merit. Possibly, the
structure of H2-Pd2 is stabilized through additional interactions, imparting
additional (thermodynamic) stability on the macrocycle, thus explaining its
reluctance to form oligomers in the presence of excess 14. Assuming a non-coplanar geometry, π-π interactions on the ‘inside’ of the macrocyclic structure
could function as this stabilizing factor.
3.2.3 Metal Directed Self-Assembly of Platinum Porphyrin Boxes
The synthesis of the platinum box derivative H2-Pt2 was more
cumbersome, although the lessons learned from preparing H2-Pd2 proved to be
quite useful. In chapter 3.2.1, it was concluded that formation of μ-hydroxo
dimer 18 from triflate 17 in the presence of water is inhibited as long as
pyridine moieties were present. Upon the addition of a solution of free base
porphyrin 7 in CDCl3 to solid 17, however, a color change consistent with
protonation of the porphyrin was observed. Subsequent analysis of the reaction
mixture by 31P NMR confirmed the presence of μ-hydroxo dimer 18.
Obviously, exclusion of water during the reaction is required after all. This is
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not convenient, as the reaction is ideally performed as a titration. By using dry
reagents however, a correct stoichiometry should be feasible. From the
synthesis of H2-Pd2 it was apparent that a small excess of metal complex does
not affect the overall yield of the macrocycle in a negative way. We therefore
decided to prepare H2-Pt2 by simply stirring porphyrin 7 with a 15 % excess of
17, followed by purification by size exclusion chromatography and
precipitation (isolated yield: 73 %). Its spectroscopic characteristics (figure
3.14) are similar to those of H2-Pd2, although featuring slightly less broad
signals and a slightly more ‘shouldered’ α-pyridyl signal, in accordance with
literature.48 No attempts to prepare zinc derivative Zn-Pt2 have been
undertaken.
Another option to avoid μ-hydroxo dimer formation during MDSA,
was to employ 18 instead of 17. Studies with pyridine (chapter 3.2.1) had
indicated that this was feasible at elevated temperature. The addition of a slight
excess of 18 to a refluxing solution of 7 in CDCl3 yielded a homogeneous
solution within several minutes, in which upon cooling a precipitate was
observed to form, although not quantitatively. The solid was isolated by
centrifugation and proved soluble only in very polar solvents such as
dimethylsulfoxide or nitromethane. NMR analysis of this product did not yield
useful information as very broad signals were observed. The supernatant, from
which it was noted that some additional solid was deposited, was also analyzed
by NMR, revealing the presence of oligomers and product, as was concluded
from obvious similarities with H2-Pd2.
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Figure 3.14 (a) H, (b) P and (c) F NMR spectrum of H2-Pt2 in CDCl3. The
peak assignment refers to figure 3.11.
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A repeat of the experiment, in which both a longer reaction time (16
hours) and precipitation period (36 hours at room temperature) was allowed,
similar results were obtained and H2-Pt2 could be isolated from the supernatant
by a similar workup as described for 17. When a mixture of chloroform and
methanol was employed as the reaction solvent, precipitation does not occur
until removal of methanol. Assuming a free exchange of anions, the hydroxide
ions apparently provide a driving force for precipitation of the complexes in
relatively apolar solvent systems.
In an attempt to increase water solubility, some attempts were made to
exchange the triflate counter ions by treating a suspension of H2-Pt2a in water
at room temperature with a basic ion exchange resin loaded with chloride ions.
The anticipated gradual dissolution of the box was not observed, not even after
a week. Increasing the temperature to 40, 50 or 60 °C also did not result in the
desired effect. Instead, only uncoordinated porphyrin was isolated by extraction
with dichloromethane. It seems reasonable to assume that the box dissociates
under the applied conditions and PtCl2dppp 13 is formed.
3.2.4 DNA binding studies
We were somewhat limited in studying the possibility of topological
binding of DNA inside the box. As already became apparent from the ion
exchange attempts with H2-Pt2, the boxes do not dissolve at all when brought
into contact with water. It proved possible, however, to inject a solution of box
in acetone or THF into water, but unfortunately the resulting concentration
could not exceed the micromolar realm without precipitation occurring. It
appears that we severely underestimated the contribution of the hydrophobicity
of the metal-ligand complexes and porphyrins on the solubility, despite the high
charge of the overall assembly.
An alternative that is worth exploring however, is suspending H2-Pd2
or H2-Pt2 in a DNA solution because interactions between the two components
present might form a soluble complex. In this way, an excess of box can still be
added. Any progress can be qualitatively followed by optical inspection and
quantified by spectroscopic methods, particularly UV-VIS and CD
spectroscopy, which, among other techniques, have been extensively used to
study DNA107 and porphyrin-DNA interactions.17,18,20 We planned on using gel
electrophoresis to further study and potentially isolate small amounts of DNAbox complexes.
For convenience, solutions of salmon testes DNA were prepared in
such a way that their absorption did not exceed one optical unit, in order to
avoid dilution prior to UV-VIS measurements. Four solutions were used: single
stranded DNA (ssDNA) and double stranded DNA (dsDNA), both in either
pure water or in a 0.2 M aqueous NaCl solution. The double stranded DNA was
employed as a blank: on account of its diameter, topological binding was not
expected to occur but it could provide information on other interaction modes
by comparison with ssDNA measurements. The sodium chloride was used to
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increase the ionic strength of the solution, which should have a large effect on
association based on electrostatics.
Shaking the four solutions with a powder of palladium complex H2Pd2 for a day at room temperature did not result in a significant color change
of the aqueous phase. The temperature was increased to 50 °C, but this also did
not result in a color change. The subsequently recorded UV-VIS spectra did
show a minor difference between the box-DNA mixtures and the solutions of
ss/dsDNA (figure 3.15), which had been treated identically. In case of ssDNA
(figure 3.15a), a modest red shift (~ 6 nm) of the absorption maximum at 259
nm as well as some hypochroism is observed, from which it might be
concluded that the nucleobases are interacting with something. In addition, a
new absorption appeared around 325 nm, though it cannot be attributed to a
porphyrinic species. Interestingly, these effects are virtually absent in the case
of dsDNA (figure 3.15b). Comparable results are found when solutions of high
ionic strength are used (not shown).
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Figure 3.15 (a) UV-VIS spectra of ssDNA in water shaken with and without
solid H2- Pd2. (b) UV-VIS spectra of dsDNA in water shaken with and without
solid H2-Pd2.
To find out the origin of the new absorption band, three control
experiments were performed: (i) solid triflate 14† was shaken with the ssDNA
solution and (ii) with water, and (iii) H2-Pd2 was shaken with water. The
results are shown in figure 3.16. Triflate 14 is apparently slightly water-soluble,
and the presence of ssDNA seems to enhance its dissolution (note that a cloudy
solution is obtained, probably as a result of precipitation, as discussed below).
Its absorption spectrum in water is quite similar to that in chloroform. The
presence of the same triflate species is observed when H2-Pd2 is shaken in
water. From the combined observations it can be concluded that the Pd-N
bonds of H2-Pd2 are not stable enough to survive in water and dissociation
occurs.
This conclusion is made more plausible when injection experiments
are performed. When solutions of 14 or H2-Pd2 are injected as acetone
†

The pyridine complex of triflate 14 would have been the proper choice, but its
preparation was not attempted.
96

Highly Charged Porphyrin Macrocycles

solutions into a ssDNA solution in water, precipitation of a white fluffy solid is
observed. Injection of an equal amount of pure acetone did not impart DNA
precipitation, and injection of 14 into pure water resulted in a clear solution.
Coordination of the metal complexes to DNA obviously results in an insoluble
complex in water.
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Figure 3.16 UV-VIS spectra of H2-Pd2 and 14 shaken with water and ssDNA
in water. Note that in case of 14 + ssDNA a suspension is obtained, which was
centrifuged before measurement. For comparison, the spectrum of 14 in
chloroform is also shown
Judging from figure 3.15b, hybridization of ssDNA to dsDNA seems
to ‘protect’ the nucleobases from this phenomenon, for obvious reasons. From
figure 3.16 however, it is evident that H2-Pd2 can partly dissociate in water, the
result of which should have been visible in figure 3.15b. This observation
cannot be adequately explained at this point. In any case, there seems to be
some merit to the ‘protection hypothesis’ since injection of 14 or H2-Pd2 (in
acetone) into the dsDNA solution (in water), does not result in precipitation,
probably because the dppp ligand system is too bulky to allow for penetration
of the helix.
Injection of a solution of H2-Pt2 in acetone into water and the aqueous
solutions containing DNA, showed much more promising results, since the PtN bond appeared to be stable enough to prevent dissociation of the assembly
(figure 3.17, page 98). The ratio of H2-Pt2 to dsDNA in solution after injection
is in the order of 1:10 (see experimental section). Upon injection, a Soret band
and concomitant Q-bands can clearly be distinguished in the UV-VIS spectrum,
which in the presence of either ssDNA or dsDNA is red-shifted by ~3 nm
(figure 3.17b and 3.17d, respectively). Thus, it seems that there is some
interaction between the assemblies and DNA, most likely Coulombic in nature.
Indeed, in 0.2 M NaCl, the red shift is not observed (not shown). The
absorption spectra of the mixtures of DNA and H2-Pt2 below 300 nm appear to
be essentially the sum of the separate spectra, providing no clues on changes in
the local environment of the nucleobases. Similarly, CD spectra of DNA were
not affected by the presence of the box (not shown).
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Figure 3.17 UV-VIS spectra of H2-Pt2 injected as an acetone solution into an
aqueous solution of ssDNA (a,b) and dsDNA (c,d) in water. The spectra of
DNA in water contain an equal volume of neat acetone.
The limited solubility of H2-Pt2 did not allow for a 1H NMR spectrum
to be recorded in D2O; even mixtures of D2O and acetone-d6 proved
troublesome and uninformative. We were therefore not able to gain any insight
in the ability of H2-Pt2 in water to adopt a true box-like structure that contains
a cavity capable of accommodating DNA, although the shoulder and
broadening of the Soret band in water compared to organic solvents may
indicate the occurrence of additional rotational freedom. Under these
conditions, at low concentration and a low ratio of H2-Pt2:DNA, topological
binding with ssDNA is a possibility, but seems rather unlikely. Dropwise
addition of isopropanol to mixtures of H2-Pt2 and DNA in water resulted in a
colorless precipitate and a colored supernatant. The precipitate could be
redissolved in water and showed no trace of porphyrinic material, whereas the
supernatant did. Thus, it may be concluded that mixing H2-Pt2 and DNA does
result in an interaction, although in the absence of systematic studies on the
relation between the red-shift of the Soret band upon complexation and the
box:DNA ratio no conclusions about its strength can be drawn. We also lack
the information on the nature of the binding, particularly if it is topological or
not, although we can exclude topological binding of dsDNA on the basis of
size.
The strength of the Pt-N bond was tested by heating mixtures of H2Pt2 and either ssDNA or dsDNA to various temperatures (30-60 °C).
Interestingly, no precipitation of DNA was observed in the mixture of dsDNA
up to 60 °C, but ssDNA precipitation was noticeable upon cooling, when the
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mixture had been heated to at least 60 °C. In principle, precipitation is not
necessarily a result of dissociation and subsequent coordination to DNA.
Threading could explain the precipitation as well, but again, there was no trace
of porphyrin found in the precipitate.
Comparison of the behavior of H2-Pt2 with triflate 17 in the presence
of DNA is difficult, as 17 is readily converted into μ-hydroxo dimer 18 in
water, although 18 also shows a tendency to form coordination complexes with
basic nitrogen atoms (vide supra). Injection of 17 in ‘wet’ acetone into aqueous
DNA solutions at room temperature readily precipitates ssDNA, but not
dsDNA, which compares well to the results obtained with H2-Pd2.

3.3 Concluding Remarks
In our hands, metal-directed self-assembly of M(OTf)2(dppp)
complexes with trans-pyridyl porphyrins to obtain metallacycles proved
somewhat more difficult than we had anticipated. Many reports on comparable
systems are available in literature and all invariably describe a simple ‘mixand-precipitate’ procedure to obtain functional macrocycles in high yields.
Based on our experiences described in this chapter, palladium building block
14 (especially as the diaqua complex) largely conforms to this procedure. In
hindsight, excess of either reagent can probably be quenched with the other
until a perfect stochiometry and quantitative yield of H2-Pd2a is reached,
which renders a more elaborate workup, such as employed by us, unnecessary.
While this procedure is still slightly more laborious than a ‘mix-andprecipitate’ procedure, it is still an impressive way to prepare relatively large
macrocycles.
Theoretically, this procedure should also be applicable to platinum
triflate 17. However, given the unexpected propensity of 17 to form μ-hydroxo
dimer 18 in the presence of water, we opted for the most practical - but lower
yielding - route of simply employing excess 17 and subsequent isolation of H2Pt2a. After all, the synthesis of boxes M’-M2 was not our primary goal.
Our experiments with H2-M2 provide some interesting preliminary
insight on the factors that need to be taken into consideration for (topological)
binding of these assemblies to DNA. Firstly, the strength of the metal-pyridine
bond. In case of palladium, our experiments have revealed this bond in water is
not strong enough to prevent significant dissociation. In case of ssDNA, this
results in competition between coordination of the palladium complex to the
porphyrin-anchored pyridine ligands and purine or pyrimidine nucleotides of
DNA to the palladium complex. With favorable electrostatics possibly
enhancing the interaction and precipitation of the ‘hydrophobically coated’
DNA, a driving force to shift the equilibrium towards metal-DNA
complexation is provided. The platinum-pyridine bond appears stable enough
for our purposes, although not at elevated temperatures.
Secondly, the water solubility of the assemblies. Not much is known
about the mode of topological binding based on electrostatics we aimed for,
although the cavities of processive enzymes involved in DNA replication or
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degradation usually contain a relatively large number of positively charged
amino acid residues.108 For any binding study, however, it is desirable to be
able to vary the concentration and ratio of the components involved in a broad
range. Due to the insolubility of M2a in water, we were severely limited in
these experimental parameters and essentially forced to work at low
concentrations of M2a and varying the ratio DNA-to-Pt2a by varying the
concentration of DNA. Unfortunately, it had not occurred to us to investigate
the ratio of DNA to porphyrin box in more detail. Not only would this have
provided insight into the strength of the interaction, a large excess of DNA
might have affected the solubility of the platinum metal assemblies, i.e.
favorable interactions might induce additional solubility. Another option that
we left unexplored was pseudorotaxane formation in bulk, i.e. in a (heated)
solid state mixture of lyophilized DNA and Pt2a. This strategy is analogous to
the preparation of polyrotaxanes by performing (solid state) polycondensation
in a crown ether solvent by Gibson et al.109,110,111
There are several strategies that may be exploited to create metaldirected self-assembled structures that are more water soluble. The most
obvious is to use the metal complexes by Fujita et al.44,45 Another option is to
incorporate hydrophilic and/or charged groups into the porphyrin building
block. Attempts within this context, i.e. incorporation of N-methyl-pyridinium
groups, have been discussed in chapter 3.2.1 but proved unsuccessful.
Nonetheless, there are many options (i.e. water-soluble functional groups) left
to explore in this area. And a final possibility to enhance water solubility would
be to modify or replace the 1,3-bis(diphenylphosphino)-propane protecting
ligands to obtain a less hydrophobic ligand system. Alternative ligand systems
are known, but a more adventurous approach following a strategy employed by
Grubbs et al. would be to replace the phenyl rings with neutral sulphone or
charged sulfonate or N,N-dimethyl-piperidinium moieties.112,113,114 Considering
the unforeseen synthetic difficulties that usually arise, the use of Fujita’s
complexes seems the most worthwhile option to pursue in the near future.
The third factor that proved critical in the possible pseudorotaxane
formation is the restricted rotation around the metal-nitrogen bond. As long as
the preferred geometry of the box-like assembly, on average, consists of
(nearly) co-planar porphyrins, DNA is not likely to be accommodated in the
cavity as, in essence, there is no cavity. This point is also strongly related to the
stability of the Pt-N bond in relation with temperature: free rotation is
desirable, but dissociation is not. Elevated temperatures and high solvent
polarity are known to relax the restricted rotation,105 but unfortunately we could
not obtain quantitative data on this phenomenon in water, which is another
reason why the water solubility of the assemblies is important. Variable
temperature NMR in D2O would readily reveal if and at what temperature the
split signals, i.e. those belonging to ‘inner’ and ‘outer’ meso-substituents,
coalesce.
Our brief investigation into forcing a perpendicular porphyrin
orientation by replacing the toluyl substituents on the porphyrins by aliphatic
tails (figure 3.12) resulted in the formation of oligomers. This is understandable
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because the pyridyl moiety is known to be oriented perpendicular with respect
to the metal coordination plane96 and the steric bulk of the aliphatic tails forces
the porphyrin macrocycle to orient itself in the same plane as the pyridine
substituent. This rotation is hindered by steric repulsion between hydrogen
atoms on the pyrrole and pyridine heterocycles.
Interestingly,
probably
the best way to overcome this problem is to incorporate an additional freely
rotating bond in between the pyridyl group and the porphyrin core, such as is
the case in the larger varieties of the boxes M3 or M4. An additional phenyl
ring in between the pyridine group and porphyrin effectively can act as a
‘buffer’ that prevents the porphyrin core to be oriented in the metal
coordination plane (figure 3.18). Thus, it seems that larger versions of the
porphyrin assemblies are not only useful to accommodate dsDNA, they may be
required for successfully preparing the targeted pseudorotaxane topologies!
It is noteworthy that the larger varieties need not necessarily be based
on porphyrins with pyridyl substituents oriented trans to one another. If the
cavity is large enough, assemblies based on 5,10-cis-dipyridylporphyrins might
also be able to topologically bind DNA.
In summary, preparing water-soluble versions of Pt3 and Pt4 should
be the focus of future research efforts on preparing (pseudo)rotaxanes based on
DNA and metal-directed self-assemblies. From our preliminary investigations,
we can conclude that the platinum-nitrogen bond is stable enough for this
purpose, especially when dsDNA is used as the target to thread onto, or,
alternatively, as the template during self-assembly.

*

*
N

M

N

Figure 3.18 Schematic representation of a part of an ‘enlarged’ porphyrin box.
An additional phenyl substituent allows the porphyrin core to orient itself in the
same plane as the pyridine moiety coordinating to the metal.

3.4 Experimental Section
General
All manipulations of inorganic complexes were performed under a dry nitrogen atmosphere using
standard Schlenk techniques, unless noted otherwise. All reactions with porphyrins were performed
under the exclusion of light prior to workup. Chromatography was performed on Acros silicagel 60
(size 0.035 – 0.070 mm, pore size 6 nm), unless noted otherwise. Size exclusion chromatography
was performed on Biorad Biobeads SX-1, using distilled dichloromethane as the eluent.
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Instrumentation
1
H NMR spectra were recorded on Bruker DMX300 and Varian Inova400 instruments and
chemical shifts are reported in ppm downfield with respect to TMS (at 0.00 ppm) as an internal
standard. 31P and 19F NMR spectra were recorded on a Bruker DMX300 spectrometer and chemical
shifts are reported downfield with respect to external 85 % H3PO4 and CFCl3 standards (at 0.00
ppm) respectively. MALDI-ToF spectra were recorded on a Bruker Biflex III spectrometer
employing dithranol as a matrix. EI and FAB mass spectra were recorded on VG 7070E and
Finnigan MAT 900 S instruments respectively. UV-VIS spectra were measured on a Varian Cary
50 spectrophotometer.

Materials
PdCl2(COD) (Aldrich, 99%), 1,3-bis(diphenylphosphino)propane (Aldrich, 97 %) PtCl2(COD)
(Aldrich, 98 %), alumina (neutral, Fisher A450, 80-200 mesh) and sodium chloride (Merck p.a.)
were used as received. Pyrrole (Fluka, 97 %) was distilled under reduced pressure over CaH2.
Dichloromethane was freshly distilled over CaH2 prior to use. 4-Pyridinecarbaldehyde (Aldrich, 97
%) and 4-tolualdehyde (Fluka, 96 %) were filtered through a pad of alumina prior to use. DMSO
was fractionally crystallized twice and stored on 4 Å mol sieves. Dry CD2Cl2 and CDCl3 were
obtained by distilling twice from P2O5 under a dry argon atmosphere, stored on 4 Å mol sieves and
used when thought appropiate. Single stranded DNA from salmon testes was obtained from Aldrich
(product number D7656-5x1ML) as a 10 mg/mL solution in water. Double stranded DNA was
prepared from single stranded DNA following a procedure provided by the supplier. In the DNA
binding experiments, purified MilliQ water was used. All other chemicals were obtained from
commercial sources and used as received

Synthesis
Pd(OTf)2(dppp) 14 was prepared according to a literature procedure.84 The other building blocks
and their precursors were prepared by procedures adapted from literature, described below.
4-[Bis-(1H-pyrrol-2-yl)-methyl]-pyridine (6)
Pyridyl dipyrromethane was synthetized according to a procedure adapted from Lindsey et al.80 A
degassed mixture of pyridine-4-carbaldehyde (14.2 g, 0.13 mol) and pyrrole (365 mL, 4.5 mol) was
heated (80 °C) for 16 hours. After cooling, pyrrole was removed on a rotary evaporator (and can be
recycled), and the resulting yellow oil dried in vacuo for 18 hours. The resulting yellow solid was
suspended in hexanes, the suspension filtered and the residue washed until the filtrate was
colorless. The solid was dissolved by gentle heating in a minimal amount of ethyl acetate and
subjected
to
column
chromatography
(300
g
alumina
eluted
with
ethyl
acetate:hexanes:triethylamine 5:94:1 v/v/v). The column was eluted as long as the fractions
remained colorless, after which they were combined. Removal of the volatiles in vacuo resulted in
an off-white solid, which was recrystallized twice from ethyl acetate and heptanes. Yield: 7.2 g (35
%) colorless crystals. Its spectroscopic properties were identical to those previously reported.80
5,15-[Di-(pyridin-4-yl)]-10,20-[di-(tol-4-yl)]-porphyrin (7)
In a 500 mL roundbottom flask fitted with a calcium chloride drying tube, pyridyl dipyrromethane
6 (3.0 g, 0.013 mol), 4-tolualdehyde (1.64 g, 0.013 mmol) and ammoniumchloride (2.8 g, 0.053
mol) were stirred in 120 mL DMSO at 85 °C for 23 hours. Approximately 200 mL of methanol was
added, stirring and heating were stopped and the mixture was allowed to cool to room temperature
in the course of 4 hours. The resulting black mixture was filtered over a P3 glass fritt and the tarry
solid was extensively washed with methanol to obtain a purple crystalline solid. Careful column
chromatography (1.2 % methanol in chloroform) yielded 7 as a purple solid, which was washed
with methanol. Yield: 155 mg, 3.7 %.
1
H-NMR (CDCl3, 300 MHz): δ 9.01 (d of d, 4H, J = 2.7, 5.9 Hz, α-Pyr), 8.90 (d, 4H, J = 4.8 Hz, βpyrrole), 8.77 (d, 4H, J = 4.8 Hz, β-pyrrole), 8.14 (d of d, 4H, J = 2.7, 5.9 Hz, β-Pyr), 8.06 (d, 4H, J
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= 7.9 Hz, β-toluyl), 7.54 (d, 4H, J = 7.9 Hz, α-toluyl), 2.69 (s, 6H, toluyl), -2.86 (s, 2H, NH) ppm.
MALDI-ToF MS: m/z calculated for C44H32N6: 644.27, found: 645.45. Elemental Analysis:
Calculated C, 81.96; H, 5.00; N, 13.03 %, found C, 81.93; H, 4.91; N, 13.11 %. UV-VIS: λmax
419.2, 515.1, 548.0, 588.8, 647.3 nm.
Alternatively, porphyrin 7 can be purified by preparing its zinc derivative 8 and subsequent column
chromatography of this compound (vide infra), after which the free base porphyrin can be obtained
by standard aqueous acid/base workup.
5,15-[Di-(pyridin-4-yl)]-10,20-[di-(tol-4-yl)]-porphyrinato zinc (8)
Free base porphyrin 7 (98 mg, 0.15 mmol) was dissolved in 40 mL chloroform:methanol 4:1 (v/v)
at reflux. Zinc acetate dihydrate (370 mg, 1.7 mmol) was dissolved in 10 mL methanol and the
resulting solution was added dropwise. After refluxing for 30 minutes, the mixture was cooled,
concentrated in vacuo, washed three times with 50 mL water, dried on Na2SO4, filtered, and the
volatiles were removed in vacuo. Yield: 106.9 mg (99 %). If needed, 8 can be purified by column
chromatography with 2 % methanol in chloroform.
1
H-NMR (CDCl3/CD3OD 3:1 (v/v), 400 MHz): δ 9.0 (br, 8H, α-Pyr, β-pyrrole), 8.8 (br, 4H, βpyrrole), 8.3 (br, 4H, β-Pyr), 8.1 (br, 4H, β-toluyl ), 7.6 (br, 4H, α-toluyl ), 2.7 (s, 6H, toluyl) ppm.
MALDI-ToF MS: m/z calculated for C44H30N6Zn: 706.18, found: 706.05. UV-VIS λmax 423.0,
555.6, 607.1 nm.
PdCl2(dppp) (13)
Pd(COD)Cl2 (124 mg, 0.43 mmol) and 1,3-bis(diphenylphosphino)propane (178 mg, 0.43 mmol)
were dissolved in 20 mL CH2Cl2. After several minutes, a yellow precitate was formed. After
stirring for 17.5 hours, the solid was filtered off on a glass fritt and washed several times with
heptanes. Next, it was dissolved in a minimal amount of DMF and the solution stirred for one hour.
After cooling to room temperature an equal volume of diethyl ether was added and the resulting
cloudy solution was put in the freezer for 12 hours. The resulting yellow needles were isolated by
centrifugation and thoroughly dried in a dessicator before proceeding to prepare Pd(OTf)2(dppp)
14. Yield: 226 mg (88 %).
1
H-NMR (CDCl3, 300 MHz): δ 7.81-7.73 (m, 8H, ortho-Ph), 7.44-7.38 (m, 12 H, meta-Ph + paraPh), 2.43-2.36 (br m, 4 H, -CH2CH2CH2-), 2.22-2.15 (br, 2 H, -CH2CH2CH2-) ppm; 31P-NMR
(CDCl3, 121 MHz): 14.33 (s) ppm. EI-MS: m/z 555.02 [M – Cl]+.
PtCl2(dppp) (16)
PtCl2(COD) (250.2 mg, 0.67 mmol) and 1,3-bis(diphenylphosphino)propane (310.7 mg, 0.75
mmol) were combined in dichloromethane (30 mL) and stirred for one hour. The resulting solid
was filtered off and refluxed in 1,2-dichloroethane while periodically monitoring the reaction
progress. After 74 hours, the solution was cooled, concentrated in vacuo and diethyl ether was
added until a precipitate formed. The precipitate was filtered off, washed three times with 5 mL
ethanol and twice with 10 mL ether. The product was recrystallized from a mixture of
dichloromethane and diethyl ether to obtain a colorless microcrystalline compound (449.2 mg, 99
%). Its spectroscopic properties are identical to those reported in the literature.86
Alternatively, the solid produced in dichloromethane was dissolved in hot DMF (60 °C) and stirred
for 2.5 hours, after which the same washing and recrystallization procedure was applied.
Pt(OTf)2(dppp) (17)
In a glove-box, PtCl2(dppp) (275.6 mg, 0.41 mmol) and AgOTf (998 mg, 3.9 mmol) were stirred in
dichloromethane (80 mL) in the dark for three days. After removal of the reaction vessel from the
glove-box, the suspension was filtered through a P4 glass fritt under a dry argon atmosphere. The
filtrate was collected and the volatiles were removed in vacuo to obtain an off-white powder (181
mg, 49 %), which was stored in a dessicator. Its spectral properties are identical to those reported in
the literature,84 but an additional signal (∼4 % by integration) at δ = -1.9 ppm was observed in the
1
H NMR spectrum.
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H2-Pd2
Free base porphyrin 7 (4.14 mg, 6.42 μmol) was dissolved in 0.6 mL CDCl3 and titrated with a
solution of 14 (8.10 mg, 9.91 μmol in 1.3 mL CDCl3) without precautions to exclude water or air.
After a single signal for the α-pyridyl protons was observed by NMR, the solvent was evaporated
by a stream of argon, the resulting solid redissolved in a minimal amount of CH2Cl2 and subjected
twice to size exclusion chromatography. The fractions were analyzed by 1H and 31P NMR and the
appropriate ones combined, concentrated and precipitated in diethyl ether twice. The product, a
purple solid, was collected by centrifugation and dried in a dessicator. Yield: 4.69 mg (50 %).
1
H-NMR (CDCl3, 400 MHz): δ 9.5 (br, 16H, α-Pyr ), 9.2-8.3 (br, 16H, outer β-pyrrole), 8.2 (br,
24H, β-Pyr + outer o-toluyl), 8.0 (m, 32H, PhP Ho), 7.9-8.2 (br, 8H, inner β-pyrrole), 7.6 (m, 48H,
PhP Hm,p), 6.9 (br, 16H, inner β-pyrrole + outer m-toluyl), 6.9 (br, 8H, inner o-toluyl), 6.0 (br, 8H,
inner m-toluyl), 3.4 (br, 16 H, dppp), 2.8-2.6 (2x br, 20H, outer toluyl-CH3 + dppp), 0.9 (br, 12H,
inner toluyl-CH3), -3.1 (s, 8H, pyrrole NH) ppm. 31P-NMR (CDCl3, 121 MHz): 4.1 (s) ppm. 19FNMR (CDCl3, 282 MHz): - 78.1 (s) ppm.
H2-Pt2
Porphyrin 7 (7.6 mg, 0.012 mmol) and triflate 17 (12.3 mg, 0.014 mmol) were stirred in refluxing
dichloromethane for 30 hours. The solution was concentrated in vacuo and diethyl ether was added
to induce precipitation. The precipitate was washed with diethyl ether and hexanes, dissolved in
dichloromethane and repeatly subjected to size exclusion chromatography, of which each time the
appropriate fractions were combined after analysis by 1H NMR. The thus obtained product was
precipitated in diethyl ether four times. Yield: 13.6 mg (73 %) purple solid.
1
H-NMR (CDCl3, 400 MHz): δ 9.7 (br, 16H, α-Pyr ), 9.0 (br, 16H, outer β-pyrrole), 8.4 (br, 24H,
β-Pyr + outer o-toluyl), 8.1 (m, 32H, PhP Ho), ∼ 8 (br, 8H, inner β-pyrrole), 7.6 (m, 48H, PhP Hm,p),
∼ 7.6 (br, 16H, inner β-pyrrole + outer m-toluyl), 6.9 (br, 8H, inner o-toluyl), 6.0 (br, 8H, inner mtoluyl), 3.6 (br, 16 H, dppp), 2.8 (br, 12H, outer toluyl-CH3), 2.5 (br t, 8H, dppp), 1.0 (br, 12H,
inner toluyl-CH3), -3.1 (s, 8H, pyrrole NH) ppm. 31P-NMR (CDCl3, 121 MHz): -11.8 (s, JP-Pt = 3087
Hz ) ppm. 19F-NMR (CDCl3, 282 MHz): - 79.8 (s) ppm. UV-VIS λmax = 415.0, 513.0, 547.1, 589.0,
645.1 nm.

DNA Binding Studies
Single stranded DNA, reported to co-migrate with marker fragments 587-831 basepairs in length,
and double stranded DNA which was prepared from it, were used to prepare stock solutions in
MilliQ water or 0.2 M NaCl in MilliQ water in such a way that their maximum absorption A < 1 ,
which corresponds to concentrations < 33 μg/mL (ssDNA) and < 50 μg/mL (dsDNA). Based on an
equal distribution of nucleotides in the DNA strands, this corresponds to a concentration of ∼ 10-7
M.
Stock solutions of M2a were prepared by dissolving the appropriate assembly in a known amount
of acetone. Generally, 2 mL of DNA stock solution was used to bring into contact with either the
finely powdered solid or to be injected with the acetone stock solution (no more than 30 μL). In the
latter case, the resulting concentration of M2a after injection is in the order of 10-8 M.
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Chapter 4

Neutral Porphyrin Macrocycles
The synthesis of a series of rhenium-based porphyrin assemblies, which
are proposed as potential topological catalysts, is described. The
assemblies featuring catalytically active manganese porphyrins could
not be adequately characterized. In the absence of sufficient information
on the nature of the architectures or the sizes of their cavities, catalysis
was not attempted.
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4.1 Introduction
The highly charged porphyrin metallacycles discussed in chapter 3
may not be very water soluble, but they tend to be more soluble in organic
solvents with respect to their parent porphyrins, probably because the bulky
dppp ligands of the metal corners prevent efficient stacking in the solid state.
The metallacycles could therefore, in principle, be used to perform catalysis in
a pseudorotaxane topology with synthetic polymers in organic solvents. Given
the initial synthetic problems we encountered in chapter 3, at some point we
were tempted to explore other metal complexes as well. Keeping in mind that
the presence of charge was not necessarily a requirement, the neutral rhenium
complexes pioneered by Hupp et al.1,2,3 and others4,5 seemed an attractive
addition to our research endeavor (scheme 4.1).
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Scheme 4.1 Metal-directed self-assembly using rheniumpentacarbonyl halides.
Rhenium assemblies have considerable advantages over their
palladium and platinum counterparts. For the self-assembly of the former to
proceed, significantly elevated temperatures (> 60 °C) and a coordinating
solvent are required to labilize the nominally inert bonds involved.1 As a result,
the complexes are relatively stable at room temperature and in apolar solvents.
Secondly, the rhenium-nitrogen bond is “fairly free to rotate in solution”,6
which in the work in chapter 3 proved to be an important factor for the mesopyridyl porphyrins to form a well-defined cavity without having to heat the
assembly. Finally, the absence of uncoordinated counter ions may provide an
additional advantage, as these have been known by solid-state structure
determination, to often reside inside the cavities of the assemblies thereby
obstructing binding of other guests.1,7,8,9 This obstruction, however, is largely
confined to solid-state application: the solution dynamics of the counter ions
usually allows for free exchange of ionic and neutral guests at room
temperature (see chapter 2).10,11,12,13
Owing to the stability of their metal-nitrogen bonds, rhenium
assemblies have acquired a special position in Metal-Directed Self-Assembly
(MDSA). The stability of most intermediates in MDSA is not high enough to
isolate or even detect them using spectroscopic or mass spectrometric
techniques. Detailed mechanistic investigations are therefore not possible and
conclusions have to be infered from indirect observations. Rhenium assemblies,
however, do allow for detection and even isolation of (presumed) intermediates
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(scheme 4.2),14 although key points emerged from indirect evidence.1 The role
of thermodynamic control, for example, was established through square
formation under less-than-ideal conditions. When refluxing complex 3 in a
THF/toluene mixture, the square complex is isolated in 74 % yield, despite the
metal-to-ligand ratio being 1 to 2. And when refluxing equal amounts of
pyrazine and bipyridine with a stochiometric amount of 1a, the squares
corresponding to 2 and 3 are the only two products, despite the possibility of
rectangles being formed. Both experiments strongly suggest thermodynamic
control over the reaction.
CO
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OC Re
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N

N
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Scheme 4.2 ‘Half-square’ intermediates that can be isolated from the reaction
of 1a with pyrazine and bipyridine (producing 2 and 3 respectively).
The choice of solvent plays an important role in the mechanism of
rheniumpentacarbonyl halide self-assembly. The boiling point of the solvent
system needs to be sufficiently high to labilize the coordination bonds. In
addition, a solvent capable of forming labile solvento complexes with rhenium
seems to promote the reaction. Besides acting as a catalyst by facilitating ligand
exchange, it has also been suggested that a coordinating solvent (usually THF)
plays an important role in keeping intermediates soluble, thereby allowing
equilibrium to be reached.15 The basis for this suggestion is the commonly
observed precipitation of the reaction product, implying that the intermediates
are more soluble than the product itself. Obviously, precipitation provides an
additional drives force in the suggested thermodynamically controlled
mechanism.
The most detailed mechanistic studies have been reported by Lu et al,
who monitored the reaction between 1b and pyrazine in acetone by 1H NMR
spectroscopy and electrospray mass spectrometry.16 Performing the mass
analysis in a tandem MS/MS experiment, the possibility of erroneously
assigning ion fragments as reaction intermediates was excluded. Perhaps not
surprisingly, every conceivable non-cyclic pyridine-to-rhenium intermediate
was found during the experiment, taking into account of course that each
pyrazine can coordinate up to two (but no more) rhenium corners and,
similarly, each rhenium corner accepts up to two pyrazine units. The authors
made no mention of a cyclic intermediate, i.e. a triangle, which, surprisingly,
had been reported.17
As discussed in chapter 2.2.3, the possibility of triangle-square
equilibria is one of the downsides of any metal-directed self-assembly, and
there is no reason to assume that it does not apply to complex 1. Evaluation of
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the literature reveals, however,4,15 that the triangles formed with rhenium
complexes all employ relatively long and somewhat flexible ligands, which
promote triangle formation by decreasing the bond strain that usually
accompanies self-assembled triangles.
A final incentive for us to choose rhenium complexes was the fact
that they had already been proven stable under catalytic conditions. In the longstanding tradition of creating a shielded reaction environment for catalysis to
occur (chapter 2),18,19,20 which in case of porphyrin catalysis usually is referred
to as preparing Cytochrome P450 mimics,21,22,23,24 Hupp et al. used the cavity
of rhenium assembly 4 to encapsulate bi- and tetrapyridyl manganese
porphyrins (scheme 4.3).6 Complexation was shown to impart enhanced
stability of the catalysts (by preventing auto-oxidation and μ-oxo-dimer
formation), as well as size selective substrate selectivity in the case of
4.MnDPyP.
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Scheme 4.3 Cytochrome P450 mimics by supramolecular complexation of
manganese porphyrins inside a zinc porphyrin box..
The research endeavors presented in this chapter are focused on
preparing rhenium assemblies analogous to those of Hupp et al., investigate
their potential for performing epoxidation catalysis in a pseudorotaxane
topology and compare their performance with the results obtained using the
porphyrin clip, as described in chapter 1. There are two complementary ways to
achieve this goal. The first is to prepare rhenium-zinc porphyrin architectures
and use them to bind manganese dipyridyl porphyrin catalysts inside (figure
4.1), as in 4.MnDPyP. The resulting assemblies feature two ‘half-cavities’ with
a size of approximately 9 x 20 Å, which is large enough for a range of synthetic
polymers to be threaded through.
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Figure 4.1 Approach to perform catalysis in a pseudorotaxane topology by
supramolecular complexation of a manganese catalyst inside rhenium
porphyrin assemblies. The picture suggests a processive mechanism, but this
remains to be proven.
The other strategy we propose is to prepare the novel rheniummanganese porphyrin assemblies and use the size and shape complementarity
of ancillary ligands to direct catalysis to take place either inside or outside the
cavity (figure 4.2, page 114). Using a strongly binding ligand such as
tetrapyridyl porphyrin, an excellent catalyst should be obtained, which
catalyses epoxidation of olefins exclusively on the outside of the box. Owing to
the well-defined shape and low flexibility of the rhenium macrocycle, a large
monodentate ligand should bind exclusively on the outside, hence directing
catalysis on the inside.
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Figure 4.2 Approach to perform ligand-directed catalysis. On the left,
tetrapyridyl porphyrin is bound inside the cavity of the manganese porphyrin
box, excluding the possibility of catalysis taking place on the inside. On the
right, a bulky monodentate ligand can only bind inside the cavity, thus
directing catalysis to take place on the inside. A processive mechanism,
suggested on the right, would need to be proven.
As a polymeric substrate, we preferred commercially available
polybutadiene for our initial experiments. Given the size of the cavities, the
chances of a loop mechanism competing with catalysis in a pseudorotaxane
topology are probably dramatically increased compared to the porphyrin clip
(chapter 1). The use of a rigid polymer with a larger diameter would be
preferred to prove a pseudorotaxane topology, or indeed a processive
mechanism. To this end, we can put previous work in our group on peptide
functionalized isocyanides to good use and design an allyl functionalized
polyisocyanopeptide to function as a substrate (figure 4.3).25,26
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Figure 4.3 Schematic representation of a β-helical polyisocyanopeptide
functionalized with allyl groups as a substrate in processive catalysis.

4.2 Results and Discussion
4.2.1 Synthesis of the Building Blocks
Two porphyrins, H2-7 and H2-8, were prepared using Lindsey’s lowscrambling methodology, starting from aldehydes 5 and 6 and 4-pyridyl
dipyrromethane (scheme 4.4, page 116). The aliphatic tails on H2-8 serve to
enhance solubility as well as to enforce a cavity-containing structure.
Subsequent metallation yielded zinc and manganese derivatives M-7 and M8.†,27 The synthesis of free base and zinc porphyrin rhenium boxes from the free
base and zinc porphyrins, respectively, has been reported, but metallation after
MDSA seemed an option as well. There are therefore two options to prepare
M-Re9 and M-Re10: either through metallation of H2-Re9 and H2-Re10, or
through reaction of M-7 and M-8 with Re(CO)5Cl.

†

The standard metallation protocol for zinc generally employs a refluxing
mixture of chloroform and methanol as the solvent system, whereas manganese
is often presumed to require higher temperatures, resulting in the utilization of
hot (> 100 °C) DMF. There is evidence, however, that exposure of
(metallo)porphyrins to DMF, especially when hot, leads to undesired side
reactions.27 We found that manganese readily inserts into free base porphyrins
in refluxing chloroform/methanol mixtures and used this protocol for preparing
manganese porphyrins throughout the work described in this thesis.
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4.2.2 Synthesis of H2-Re10
Refluxing stochiometric mixtures of Re(CO)5 and free base porphyrin
H2-8 in mixtures of THF and toluene (4:1 v/v) did not yield a single, highly
symmetric product, as was hoped. From the 1H NMR spectrum (figure 4.4)
after 6 hours virtually every pyridine ligand is coordinated to a metal center,
since the α-pyridyl signal of the uncoordinated porphyrin at 9.01 ppm has
disappeared and at least 3 signals around 9.5 ppm, indicative of metal
coordinated species, have appeared. Inspection of the signal of the CH2 group
positioned α with respect to the phenolic ether (δ ≈ 4 ppm) and the pyrrole NH
region (δ ≈ -2.8 ppm, not shown) also indicated the formation of multiple
products. The solvent system (i.e. THF-to-toluene ratio), temperature and
reaction time proved to have little effect on this outcome: under varied
conditions, similar spectra were obtained with signals integrating for roughly
the same ratio. The only exception was when neat THF was used: only broad
signals were obtained. The latter observation is interesting in the sense that the
role of a coordinating solvent has traditionally been stressed in the MDSA of
rhenium complexes, but apparently toluene (or a comparable aromatic solvent)
may play a role as well in the formation of discrete species.
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Figure 4.4 H NMR spectrum in CDCl3 of the reaction mixture after refluxing
Re(CO)5Cl and H2-8 in THF:toluene 4:1 (v/v).
On account of its high solubility, no precipitation of the product was
observed. Instead, the reaction mixture required to be concentrated and cooled
before significant precipitation was observed. We subsequently subjected the
precipitate repeatedly to preparative size exclusion chromatography (SEC),
which allowed for the separation of two discrete products, albeit in
comparatively low yields because separation was cumbersome (vide infra). A
third product – suggested to be present from the NMR spectrum of the reaction
mixture, could not be isolated.
The 1H NMR spectra of the two isolated products (product A and B)
are shown in figure 4.5 (page 118). In both cases, the spectra show the presence
of a highly symmetric species that gives rise to the same number of peaks as
the corresponding porphyrin. When comparing the two spectra, it is obvious
that most signals display significantly different chemical shifts. It seems that
the reaction of highly soluble porphyrin precursor H2-8 with 1a leads to an
equilibrium between several discrete species, among which presumably a
triangle and a square geometry. Based on the elution order of SEC, product A
would have to be a triangle and product B a square. The stability of the
rhenium-nitrogen bond at room temperature allows for separation and isolation
of reasonably pure products A and B, but not the third (product C), which
appears to decompose during purification. Traces of product C, or fragments
thereof, are clearly present in both products A and B (at δ = 9.5 ppm, figure
4.5).
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Figure 4.5 H NMR spectra of the two products isolated from the reaction
mixture depicted in figure 4.4. (a) The product eluting last on preparative SEC
(= product A) (b) The product eluting first on preparative SEC (= product B).
To further characterize the products, we performed MALDI-ToF mass
spectrometric analysis of products A and B (figure 4.6). The mass spectrum of
product B shows three main peaks, corresponding to the parent porphyrin, a
dirhenium-diporphyrin assembly and the expected square (figure 4.6b). There
was no clear indication of the presence of a triangle when analyzing product A
(figure 4.6a); instead, peaks in the tetrameric region were observed as well. It is
possible that the triangular assembly is not stable enough to survive ionization,
but to explain the presence of square geometries, one has to assume the
presence of impurities.

b)

a)

*

*
m/z

m/z

Figure 4.6 MALDI-ToF spectra of (a) product A and (b) product B. The
asterisk denotes the signal corresponding to the calculated mass of a cyclic
tetramer.
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Analytical SEC has been used to characterize supramolecular rhenium
complexes,28 and seemed a valuable addition to MALDI-ToF and NMR
spectroscopic analysis. Analytical SEC of products A and B indeed shows that
neither is pure (figure 4.7) and may support the presence of tetrameric species
in product A since its chromatogram is shouldered – explaining the signal of
the tetrameric species in the MALDI-ToF spectrum of A. Additionally, both
product A and B show evidence of an additional peak eluting after the main
products, albeit a very small one (see inset figure 4.7), likely corresponding to
product C.
On the preparative size exclusion column, this product does not form a
relatively discrete peak but a very faint, broad band, overlapping with the main
product. The broad band probably is the result of product C slowly
decomposing into smaller fragments, but decomposition of products A and B
cannot be excluded. In any case, because of this phenomenon, further
purification of the products at this point became very difficult, as either product
invariably eluted on preparative SEC as a strongly colored band ‘within’ a
somewhat broader, less intensely colored band. Many preparative columns
would be required to obtain limited amounts of products A and B of acceptable
purity.
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Figure 4.7 Analytical size exclusion traces (CHCl3) of product A and B after
purification. The absorption was measured at 420 nm.
When relatively pure A and B were heated in a THF/toluene mixture,
the three different products appeared again in the proton NMR spectra,
confirming the equilibrium between of products under reaction conditions.
Apart from the formation of a square (product B) and a conjectured triangle
(product A), the identity of product C remains elusive. It is tempting to ascribe
it to oligomeric species, but their presence at equilibrium is unlikely, since
cyclic products should be favored. We lack the necessary data to make any
further suggestions on the nature of the elusive third product (or its stability).
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4.2.3 Synthesis of H2-Re9 and Zn-Re9
Free base derivative H2-Re9 is easily prepared by refluxing
stochiometric amounts of porphyrin H2-7 and Re(CO)5Cl in THF:toluene 4:1
(v/v) for a long enough period (> 48 hours). Upon cooling, the product
precipitates virtually quantitatively and does not require any other workup than
filtration and washing. It was characterized by 1H-NMR and UV-VIS
spectroscopy, Fast Atom Bombardment (FAB) mass spectrometry and
analytical SEC (figure 4.8). The zinc derivative (Zn-Re9) did not form upon
monitoring a heterogeneous reaction mixture in THF:toluene 4:1 (v/v) over a
period of two weeks. Samples from this mixture did not dissolve in anything
but hot dimethylsulfoxide-d6, which when analyzed by proton NMR gave no
indication as to whether the desired product had formed. Presumably, virtually
insoluble, kinetically inert arrays are formed by a combination of pyridine-zinc
as well as pyridine-rhenium coordination. Zn-Re9 could still be prepared in
virtually quantitative yield by treating the free base rhenium assembly with zinc
acetate at slightly elevated temperature in chloroform/methanol mixtures
(figure 4.9).
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Figure 4.8 (a) 1H NMR spectrum, (b) FAB-MS spectrum, (c) UV-VIS spectrum
and (d) analytical SEC trace of H2-Re9 (absorption measured at 420 nm).
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Figure 4.9 (a) 1H NMR spectrum, (b) FAB-MS spectrum, (c) UV-VIS spectrum
of Zn-Re9.
The 1H NMR spectra of H2-Re9 and Zn-Re9, in figure 4.8 and 4.9
respectively, reveal a curiosity with respect to the α-pyridyl signal: it consists
of two different signals in approximately a 1:7 ratio. The other 5 signals in the
aromatic region all seem to consist of a single signal. There are two reasonable
explanations for this, which are not mutually exclusive: (i) isomeric forms of
the squares. The position of the chloride ligand coordinating to rhenium can
result in four different isomers, some of which might have a slightly different
chemical shift for the α-pyridyl signal. (ii) Restricted rotation on the NMR
timescale. The pyridyl heterocycle could be tilted with respect to the plane of
the square. This leaves some pyridine protons pointing ‘inside’ and some
pointing ‘outside’, similar to the β-pyrrole and toluyl appended protons in the
palladium and platinum macrocycles described in chapter 3. One might expect
the β-pyridyl protons to experience a similar shift, however, although possibly
only the α-protons pointing inward experience a significant ring current from a
neighboring pyridine ligand.
The stability of Zn-Re9 in the presence of pyridine was tested, as this
is very important to perform ligand-directed topological catalysis. Zn-Re9
functions here as an analog of the manganese porphyrin assembly. In the
presence of 500 equivalents of pyridine-d5 at room temperature, a stirred
solution of Zn-Re9 in CDCl3 was stable for several hours since 1H NMR
spectroscopy revealed no signals of additional species until after about 5.5
hours. Thus, the assembly seems stable enough to perform catalysis in the
presence of axial ligands, since catalysis is generally performed in chlorinated
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organic solvents at room temperature. Heating the mixture (> 50 ºC)
dramatically increased the rate of degradation.
We also decided to test the limits of MDSA by mixing Zn-7 with the
rhenium complex in the presence of pyridyl porphyrin (TPyP), which might
function as a template:
4 Zn-7 + 4 Re(CO)5Cl + 1 TPyP Æ Zn-Re9.TPyP
After only several hours at reflux in THF:toluene 2:1 (v/v), a sample analyzed
by proton NMR spectroscopy seemed promising and the reaction mixture was
worked up by a standard precipitation procedure. Analysis of the precipitate by
FAB MS, revealed that the major signal stems from ‘empty’ Zn-Re9, but the
supramolecular complex is also observed (figure 4.10), proving the success of
the templated reaction. It is quite remarkable that Zn7 alone does not
equilibrate to a single macrocycle, but in the presence of TPyP, which a priori
might have been expected to form insoluble kinetic intermediates as well, a
single product is formed. It should be noted that Zn7 itself can also function as
a guest in the Zn-Re9 box, and thus as a template during MDSA, but Hupp et
al. reported the sole formation of a cyclic assembly with no zinc porphyrins
bound inside.29

Zn-Re9
Zn-Re9.TPyP

m/z

Figure 4.10 FAB-MS spectrum of Zn-Re9.TPyP.
The 1H NMR spectrum (figure 4.11a) of Zn-Re9.TPyP is more
complicated than expected. The aromatic region reveals eleven signals. There
are two α-pyridine signals around 9.4 ppm, which could be interpreted either as
1) two distinct pyridine species or 2) a single pyridine species, in which the αpyridine protons are inequivalent through a tilted conformation of the pyridine
heterocycle. Examining the 2D COSY and ROESY NMR spectra of the
product (figure 4.12b and 4.12c), provided further insight into which
explanation is most probable.
From the COSY spectrum, a set of two signals for the β-pyridine
protons can be identified, which in turn reveal the resonances for the β-pyrrole
protons adjacent to the pyridine meso-substituents through NOE-contacts. Each
β-pyridine proton proved to have a different NOE contact, corresponding to
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two different resonances for β-pyrrole protons adjacent to the pyridine
substituents. From this, it became clear that actually four β-pyrrole signals are
observed, which are not TPyP-appended: one pair of coupled protons at δ = 9.0
and 8.9 ppm, and another pair corresponding to a merged signal at δ = 8.8 ppm.
Disregarding the methyl substituent, there are only four more signals in the
spectrum, which would have to account for the toluyl substituent and TPyP.
Through the observed NOE contacts between the β-pyrrole protons not
adjacent to a pyridyl substituent, and hence adjacent to a toluyl substituent, it
became clear that the four remaining signals account for two toluyl groups,
with different electronic configuration or in a different environment. The
methyl substituents of the toluyl groups, identified through NOE contacts with
toluyl protons positioned meta with respect to the porphyrin core, also appear
as two distinct signals. There is no apparent reason why the toluyl plane would
tilt with respect to the porphyrin plane.
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Figure 4.11 (a) 1H NMR, (b) COSY, (c) ROESY spectrum of Zn-Re9.TPyP and
(d) the assignment of the signals.
Thus, it was concluded that two distinct species are observed, which
by two overlapping signals account for the twelve signals of two rhenium
assemblies. Comparison with the spectrum of ‘empty’ Zn-Re9 shows that one
set of signals in fact exactly correspond to this species. The other set of signals
is therefore probably the assembly with TPyP bound inside. The signals of
TPyP itself however, are not observed at all! It seems that they are extremely
broadened and hidden in the baseline.
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4.2.4 Synthesis of MnCl-Re9
To prepare MnCl-Re9, we preferred to follow the protocol for the
synthesis of the zinc box and metallate free base macrocycle H2-Re9 to avoid
the problems we encountered employing Zn-Re9 directly in the MDSA.
MnCl-Re7 can also bind inside MnCl-Re9, and this would be hard to detect
with conventional techniques: proton NMR is not very informative on account
of the paramagnetic nature of manganese(III) porphyrins and binding of
pyridine ligands in UV-VIS does not result in a shift in the spectra.
Unfortunately, manganese does not insert as readily as zinc, and no sufficiently
mild conditions (i.e. solvent system and temperature) could be found to react
manganese acetate with H2-Re9. We were therefore forced to follow the
strategy employed for H2-7 and treat manganese porphyrin MnCl-7 with
Re(CO)5Cl, which yielded a highly soluble product. This is not surprising since
manganese porphyrin tend to be more soluble than their free base derivatives.
Purification of the crude reaction product on a preparative SEC
column yielded two well-defined and well-separated bands, isolated as product
C (eluting second) and product D (eluting first) respectively. UV-VIS analysis
of products C and D revealed a red shift in the Soret band with respect to the
spectrum of MnCl-7 (figure 4.12a), in agreement with the shifts observed for
H2-Re9 and Zn-Re9 and consistent with removal of electron density from the
porphyrin π-system upon coordination to rhenium.29,30,31 There was no
difference in the shift for products C and D. Analytical SEC traces showed the
formation of two discrete products without significant contaminants (figure
4.12b).
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Figure 4.12 (a) UV-VIS spectrum of MnCl-7 and products C and D. (b)
Analytical SEC traces of product C and D recorded at 477 nm.
There are several ways to explain the formation of two products in the
reaction between MnCl-7 and Re(CO)5Cl. An obvious explanation is that, in
analogy with H2-Re10, two species are interconverting once equilibrium is
reached. Interestingly, both H2-8 and MnCl-7 are very soluble, which might
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suggest that this property plays an important role in the MDSA of trans-pyridyl
porphyrins and rhenium pentacarbonyl complexes in the formation of either a
single product or a mixture of products. This hypothesis is substantiated by the
precipitation of H2-Re9 from the reaction mixture as the sole product (being
only scarcely soluble). Although further investigation into this phenomenon
would be required, it seems that rhenium arrays built from poorly soluble
precursors precipitate from the reaction mixture, possibly as kinetic products,
and do not participate in any further reactions. More soluble assemblies, on the
other hand, do not precipitate and as such the possibility of forming multiple
products in equilibrium with one another is enabled. The triangle-square
equilibrium is the most likely equilibrium to occur and although higher order
rhenium assemblies have not been reported in the literature, these cannot be
excluded.
Another explanation for the two products obtained, is the formation of
a ‘filled’ and an ‘empty’ box, in which MnCl-7 is bound in or absent from the
cavity, respectively. This would imply that the hydrodynamic radius of the
host-guest complex compared to MnCl-Re9 is sufficiently changed to allow for
size-based separation, which is highly unlikely. Alternatively, secondary
interactions with the column packing material could explain the difference in
retention times of product C and D. A simple experiment, applying either
product C or D onto a size exclusion column in the presence of pyridine (250
equivalents in the applied sample and 0.01 % v/v pyridine in the eluent), did
not yield any MnCl-7. In the presence of competing solvent, (partial) removal
of MnCl-7 from the cavity would be expected and hence a ‘filled’ box is not a
likely explanation. This experiment also indicates that MnCl-Re9 appears to be
stable in the presence of pyridine, although perhaps not indefinetely.
Characterization of product C and D by MALDI-ToF, FAB and ESI
mass spectrometry did not yield an unambiguous conclusion about their
identity because the singly charged, molecular ions corresponding to the
triangular and square assemblies were not observed. In fact, only low molecular
weight fragments were observed in most cases. In a single series of
measurements, however, electrospray ionization yielded some potentially
useful information (figure 4.13, page 126). The assignment of the various
signals are tabulated in table 4.1 (page 126), which indicates that ions
containing four rhenium corners and four manganese porphyrins are only
present in product D (entries 2 and 6), which supports the hypothesis that D is a
square and C is not. Ions consistent with a triangular assembly (entry 3) can be
found in both products, but could be the result the square fragmentating, i.e.
losing a metal complex as well as a manganese porphyrin.
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Figure 4.13 ESI-MS spectra of (a) product C and (b) product D.
Table 4.1 Prominent peaks in ESI-MS spectra of product C and D.

a

Entry

m/z

Charge

1
2
3
4
5
6
7
8

1309
1349
1523
1675
1705
2041c
2045/2047c
2357

1+
3+
2+
2+
-a
2+
1+
2+

# of Mnporphyrins
(chloride ligands
lost)
1 (1)
4 (3)
3 (2)
3 (2)
-b
4 (2)
-b
-b

# of Recorners

Present in

2
4
3
4
-b
4
-b
-b

C&D
D
C&D
D
C
D
C&D
C&D

Unavailable. b m/z cannot be made from a combination of Mn-porphyrins and
Re-corners. c In this area a series of overlapping, 1+ charged peaks are present,
but only in product D the doubly charged isotope pattern can be distinguished
at m/z 2041.
If product C corresponds to a triangle and D to a square, only D is
expected to bind TPyP inside. Based on this hypothesis, two NMR titration
experiments were performed in order to characterize product C and D further.
In the presence of 1,3,5-tri-tert-butylbenzene as an internal standard, stock
solutions of product C and D were added to a solution of TPyP. By monitoring
the ratio of internal standard versus unbound TPyP signals, it should be
possible to assess whether binding occurs or not. Direct observation of bound
TPyP signals within the manganese assemblies is unlikely as they are in close
proximity to the paramagnetic metal centers, in addition to other potential
sources of signal broadening, e.g. exchange processes.
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For both products C and D, no change in either chemical shift or ratio
of free TPyP versus internal standard was detected, although the α-pyridyl
signals of TPyP broadened, probably indicative of binding to the outside of the
box. The employed ratio of TPyP:C or TPyP:D was in the range of 10:1 to
1:10, and since a binding constant Ka of at least 103 M was expected, a more
pronounced effect was assumed to be observed in the NMR spectra. When the
experiment was repeated with Zn-Re9, which we expected to be a good host
for TPyP since we prepared Zn-Re9.TPyP, the concentration of free TPyP
seemed to drop, as would be expected for binding, but no shifted signals were
observed. At some point in the titration, however, it was noted that a precipitate
had started to form, but we cannot pinpoint when this process had set in. The
next day, approximately 85 % of non-volatile mass present in the NMR tube
was recovered by centrifugation and proved completely insoluble, even in hot
DMSO or in the presence of pyridine.
Both manganese complexes C and D exhibited some disconcerting
behavior. When trying to redissolve an amount of solid product C or D, almost
invariably a significant amount would not dissolve in chlorinated organic
solvents. Analytical SEC of the supernatant showed no impurities in this case,
but upon gentle heating and/or addition of polar solvents such as DMSO to
force everything into solution, many by-products were observed. Thus, it seems
that the manganese boxes can collapse, forming insoluble networks. This is
rather unexpected, since studies on free base and zinc porphyrin assemblies
have shown them to be stable, even in the solid state upon removal of the
solvent.2,32,33

4.3 Concluding Remarks
Our synthetic endeavors described in this chapter show that mixing
formally rigid linear building blocks and 90° angular units does not necessarily
yield an expected square structure. If the linear building block is not completely
rigid or the angular restriction of the corner can be relaxed, other geometries
can achieve Gibbs free energies low enough to compete with the desired square
product. Examples of triangles based on the Re(CO)3Cl corner units have all
been prepared employing somewhat flexible ligands.4,15 Although the mass
spectrometric evidence does not allow for a definitive conclusion, our work
seems to suggest that ‘flexibility’ is not a necessity and non-square geometries
can also be formed with porphyrin building blocks, which are considered rigid.
Apparently, the rhenium corner does not necessarily form 90° bond angles.
Interestingly, the formation of other-than-square geometries may
correlate to the solubility of the building blocks - and the assemblies they form.
Although there is strong evidence that MDSA with rhenium pentacarbonyl
halides is under thermodynamic control, our results support the notion that
kinetic control may also play a role under certain conditions – especially when
the reaction product precipitates and ceases to participate in any equilibrium.
Efforts by Lees et al. have shown that thermodynamically favored
cycles form in neat toluene or benzene (and no coordinating solvent) only when
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the building blocks employed are sufficiently soluble. This was interpreted as
an indication that poorly soluble intermediates formed during a reaction in the
absence of coordinating solvent precipitate and the ‘error-correcting’ process is
discontinued.15 Most rhenium assemblies presented in literature rely on
precipitation of the desired cyclic reaction product, rather than the
intermediates, by employing a coordinating solvent that keeps the latter in
solution. Because of precipitation of the reaction product, it can not be
excluded that these had formed as kinetic products. By employing building
blocks whose reaction intermediates and products are highly soluble, as in
some cases described in this chapter, ‘true’ equilibrium between geometries of
similar energy may be established in solution.
Although we successfully prepared a number of free base and zinc
porphyrin macrocycles, our true target were the manganese porphyrin
macrocycles, since they are potentially catalytically active. We were unable to
satisfactorily characterize the two products formed by reacting MnCl-Re7 and
Re(CO)5Cl and prove their cyclic, cavity-containing structure, although it
seems likely that the products correspond to a triangle and a square geometry.
Without a clear idea about the nature of the rhenium-manganese porphyrin
assemblies and the size of their cavities and their apparent instability, it did not
seem prudent to perform catalysis experiments with them. In fact, failure of
TPyP to bind in one of the manganese products had cast serious doubts as to
how we could perform the two approaches to topological catalysis proposed in
the introduction of this chapter. We therefore decided to shift our attention to
an indubitably more robust bond to prepare macrocycles: the carbon-carbon
bond. Our efforts to prepare and utilize covalent porphyrin macrocycles as
processive enzyme mimics are the subject of the remaining chapters of this
thesis.

4.4 Experimental Section
General
All manipulations of inorganic complexes were performed under a dry nitrogen atmosphere using
standard Schlenk techniques, unless noted otherwise. All reactions with porphyrins were performed
under the exclusion of light prior to workup. Chromatography was performed on Acros silicagel 60
(size 0.035 – 0.070 mm, pore size 6 nm). Size exclusion chromatography was performed on Biorad
Biobeads SX-1, using distilled dichloromethane as the eluent.

Instrumentation
NMR spectroscopy was performed on Bruker DMX300 (1H and 13C spectra) and Varian Inova400
(1H and 2D spectra) instruments and chemical shifts are reported in ppm downfield with respect to
TMS as an internal standard. MALDI-ToF spectra were recorded on a Bruker Biflex III
spectrometer employing dithranol as a matrix. SIMS and FAB mass spectra were recorded on a
Finnigan MAT 900 S instrument. FAB MS spectra of H2-Re9, Zn-Re9 and Zn-Re9.TPyP were
recorded by Han Peeters (University of Amsterdam) and ESI MS spectra of MnCl-Re9 were
recorded at Bruker Daltonics (Paris). UV-VIS spectra were measured on a Varian Cary 50
spectrophotometer. Analytical size exclusion chromatography was performed in chloroform at
room temperature on a Shimadzu LC 10-AD GPC pump equipped with a Polymer Laboratories
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PLgel 5 μm MIXED-D column running on CHCl3. For detection a Shimadzu SPD-10AV UV-VIS
detector operating at the indicated wavelength was used.

Materials
4-Hydroxy-benzaldehyde (Aldrich, 98%), 1-bromo-dodocane (Aldrich, 97 %), and Re(CO)5Cl
(Strem, 98 %) were used as received. 4-Tolualdehyde 6 was passed over a pad of alumina prior to
use. THF and toluene were distilled from Na/benzophenone. Dichloromethane was distilled from
CaH2 and chloroform from K2CO3. DMF was degassed by stirring under a mild vacuum for 20
minutes. DMSO was fractionally crystallized twice and stored over 4 Å mol sieves. All other
chemicals were obtained from commercial sources and used as received.

Synthesis
H2-7 and Zn-7 and 4-[Bis-(1H-pyrrol-2-yl)-methyl]-pyridine (pyridyldipyrromethane) were
prepared as described in the experimental section of chapter 3.
4-Dodecyloxy-benzaldehyde (5)
In a procedure adapted from literature,34 benzaldehyde (16.4 g, 0.13 mol), 1-bromo-dodecane (40.2
g, 0.16 mol) and finely powdered K2CO3 (53 g, 0.38 mol) were stirred at room temperature in 300
mL degassed DMF for 40 hours. The mixture was concentrated on a rotary evaporator to ∼ 100 mL,
200 mL CH2Cl2 was added and the suspension was filtered. The filtrate was concentrated to a
yellow oil on a rotary evaporator, dissolved in ethanol (100 mL) and cooled at -18 °C overnight.
The solid was filtered off and recrystallized once more from ethanol. Yield: 32.2 g (63.0 %) offwhite solid. Its spectral properties were identical to those reported previously.34
(1Z,4Z,9Z,15Z)-5,15-Bis-(4-dodecyloxy-phenyl)-10,20-di-pyridin-4-yl-porphyrin (H2-8)
4-Pyridyl-dipyrromethane (1.53 g, 6.87 mmol), 4-dodecoxybenzaldehyde (1.99 g, 6.87 mmol) and
NH4Cl (1.14 g, 21.3 mmol) were stirred at 90 °C in DMSO for 16 hours, at which time a purple
solid had started to form. After cooling, the solid was filtered off, 200 mL methanol was added to
the mixture and cooled at -18 °C for 2 days. A black solid was filtered off, which was washed with
methanol extensively until the filtrate was colorless. The obtained solid was purified by repeated
column chromatography (eluent: CHCl3 with 0.5 % Et3N and/or 0 – 0.5 % methanol). Yield: 0.39 g
purple solid (11.5 %)
1
H-NMR (CDCl3, 400 MHz): δ 9.03 (d, 4H, J = 5.6 Hz, Pyr-Hα), 9.93 (d, 4H, J = 4.8 Hz, βpyrrole), 8.78 (d, 4H, J = 4.8 Hz, β-pyrrole), 8.15 (d, 4H, J = 5.6 Hz, Pyr-Hβ), 8.08 (d, 4H, J = 8.4
Hz, o-Ar-H), 7.27 (d, 4H, J = 8.4 Hz, m-Ar-H), 4.23 (t, 4H, J = 6.4 Hz, -PhO-CH2), 1.97 (q, 4H, J =
7.2 Hz, -PhOCH2CH2CH2-), 1.62 (q, 4H, J = 7.2 Hz, PhOCH2CH2CH2), 1.5 – 1.2 (br m, 32 H, CH2- ), 0.90 (t, 6H, J = 6.0 Hz, terminal –CH3), -2.82 (s, 2H, NH) ppm. 13C-NMR (CDCl3, 100.6
MHz): δ 159.43, 150.68, 148.54, 135.85, 129.66, 121.07, 117.11, 113.09, 68.59, 32.19, 29.97,
29.92, 29.77, 29.63, 26.47, 22.96, 14.4 ppm. SIMS-MS: m/z calculated for C66H76N6O2: 984.6;
found: 984.6 (M+). UV-VIS (CHCl3): λmax (ε 104 cm-1 M-1): 421.5 (45.8), 518.0 (1.87), 553.6 (0.91),
592.0 (0.59), 648.9 (0.45) nm. Elemental analysis: calculated C, 80.45; H, 7.77; N, 8.53; found C,
80.39; H, 7.76; N, 8.56 %.
5,15-[Di-(pyridin-4-yl)]-10,20-[di-(tol-4-yl)]-porphyrinato manganese(III) chloride (MnCl-7)
Free base porphyrin H2-7 (51.1 mg, 0.051 mmol) was dissolved in a mixture of
chloroform/methanol 4:1 (v/v, 15 mL). Manganese(II) acetate tetrahydrate (127 mg, 0.52 mmol)
was added as a solution in methanol and the mixture was refluxed for 16 hours, after which the
mixture was evaporated and the residue sonicated for 30 minutes in 25 mL methanol and filtered.
The resulting solid was dissolved in 25 mL CHCl3 and the solution vigorously stirred with 50 mL
brine for 5 hours in a two phase system. The layers were separated and the organic layer was
washed with brine (1x) and water (2x), dried over Na2SO4, filtered and evaporated to dryness.
Column chromatography using chloroform as the eluent yielded 52.4 mg of green solid (94 %).
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MALDI-ToF MS: m/z calculated for C44H30ClMnN6 732.16; found 697.11 ([M-Cl]+). UV-VIS
(CH2Cl2): λmax (ε 104 cm-1 M-1) 344.5 (4.17), 377.4 (5.37), 402.9 (4.79), 473.0 (11.75), 531.1 (0.60),
584.0 (0.98), 619.6 (1.15) nm.
H2-Re10
Porphyrin H2-8 (23.28 mg, 0.024 mmol) and Re(CO)5Cl (8.54 mg, 0.024 mmol) were refluxed in
15 mL THF:toluene 1:1 (v/v) for 6 hours. After cooling, 10 mL methanol was added and the
mixture stored in the freezer for several hours to promote precipitation. The solid was filtered off,
washed with methanol and cold pentane and then redissolved in dichloromethane. This solution
was subjected to size exclusion chromatography, the fractions of which were analyzed by 1H NMR
and analytical size exclusion chromatography. Eventually, two products (A and B) were isolated
from discrete bands, both immersed in a broader, less intense band. Each product was stirred in
hexanes, cooled and isolated by centrifugation. Yields: product A (eluting last): 5.37 mg, product
B: 10.24 mg as reddish solids.
Product A: 1H-NMR (CDCl3, 400 MHz): δ 9.35 (d, 16H, J = 6.4 Hz, Pyr-Hα), 8.70 (d, 16H, J = 5.0
Hz, β-pyrrole), 8.67 (d, 16H, J = 5.0 Hz, β-pyrrole), 8.22 (d, 16H, J = 6.4 Hz, Pyr-Hβ), 7.74 (d,
16H, J = 8.5 Hz, o-ArH), 6.80 (d, 16H, J = 8.5 Hz, m-ArH), 3.67 (t, 16H, J = 6.5 Hz, -PhOCH2- ),
1.62 (qui, 16H, J = 6.6 Hz, -PhOCH2CH2CH2-), 1.35 – 1.20 (br m, 144H, -CH2-), 0.88 (t, 24H, J =
7.0 Hz, terminal –CH3), -2.93 (s, 2H, NH) ppm.
Product B: 1H-NMR (CDCl3, 400 MHz): δ 9.44 (d, 16H, J = 6.5 Hz, Pyr-Hα), 8.88 (d, 16H, J = 4.9
Hz, β-pyrrole), 8.79 (d, 16H, J = 4.9 Hz, β-pyrrole), 8.33 (d, 16H, J = 6.5 Hz, Pyr-Hβ), 7.94 (d,
16H, J = 8.4 Hz, o-ArH), 7.10 (d, 16H, J = 8.4 Hz, m-ArH), 4.02 (t, 16H, J = 6.5 Hz, -PhOCH2- ),
1.77 (br qui, 16H, -PhOCH2CH2CH2-), 1.40 (br qui, -PhOCH2CH2CH2- 16H, 1.3 – 1.1 (br m, 128H,
-CH2-), 0.79 (t, 24H, J = 6.9 Hz, terminal –CH3), -2.88 (s, 2H, NH) ppm.
H2-Re9
Porphyrin H2-7 (70.6 mg, 0.11 mmol) and Re(CO)5Cl (39.6 mg, 0.11 mmol) were refluxed in
THF:toluene 4:1 (v/v) for 2 days. The heterogeneous mixture was cooled to room temperature, the
precipitate was filtered off and the resulting solid washed with ethanol and hexanes. Yield: 101 mg
(97 %).
1
H-NMR (CDCl3, 400 MHz): δ 9.49 + 9.45 (2 d, 16H, J = 6.5 Hz (both), Pyr-Hα), 8.87 (d, 16H, J =
4.9 Hz, β-pyrrole), 8.80 (d, 16H, J = 4.9 Hz, β-pyrrole), 8.34 (d, 16H, J = 6.5 Hz, Pyr-Hβ), 7.95 (d,
16H, J = 7.9 Hz, o-TolH), 7.40 (d, 16H, 7.9 Hz, m-TolH), 2.50 (s, 24H, Tol-CH3), -2.89 (8H, NH)
ppm. FAB-MS: m/z calculated for C188H128Cl4N24O12Re 3800.72; found: 3766.5 ([M-Cl]+) and
3802.6 ([M+H]+). Elemental analysis, calculated C, 59.39; H, 3.39; N, 8.84; found C, 59.56, H,
3.70, N, 8.82 %. UV-VIS (CHCl3) λmax 425.0, 519.1, 555.0, 594.2, 651.3 nm.
Zn-Re9
In a centrifuge finger, porphyrin box H2-Re9 (∼ 5 mg) was dissolved in CHCl3 (20 mL). A layer of
a saturated solution of zinc acetate dihydrate in methanol (4 mL) was carefully deposited on top
and mixing was gently encouraged by very slow stirring. The finger was emerged in an oil bath of
40 °C and as soon as mixing was complete, the stirring speed was increased. The progress of the
reaction was monitored by UV-VIS spectrometry. After several hours, the mixture was
concentrated with a stream of nitrogen, additional methanol was added and the precipitate collected
by centrifugation. The crude product was purified by precipitation through adding its solution in
CHCl3:CH3OH 5:1 (v/v) dropwise to neat methanol (twice) and neat hexanes (three times). The
yield was a red powder.
1
H-NMR (CDCl3, 400 MHz): δ 9.49 + 9.45 (2x d, 16H, J = 6.8 Hz (both), Pyr-Hα), 8.98 (d, 16H, J
= 4.8 Hz, β-pyrrole), 8.90 (d, 16H, J = 4.8 Hz, β-pyrrole), 8.34 (d, 16H, J = 6.8 Hz, Pyr-Hβ), 7.95
(d, 16H, J = 7.6 Hz, o-TolH), 7.39 (d, 16H, 7.6 Hz, m-TolH), 2.49 (s, 24H, Tol-CH3) ppm. FABMS: m/z calculated for C188H120Cl4N24O12Re4Zn4: 4055.32; found 4017.5 ([M-Cl]+, [M-HCl]+),
4052.9 ([M+]), 4074.0 ([M+Na]+). UV-VIS (CHCl3): λmax 429.0, 559.8, 609.2 nm.
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Zn-Re9.TPyP
Zn7 (11.67 mg, 0.016 mmol), tetrapyridyl porphyrin (2.55 mg, 4.12 μmol) and Re(CO)5Cl (6.25
mg, 0.017 mmol) were refluxed in THF:toluene 2:1 (v/v, 10 mL) for 8 hours. The suspension was
cooled to room temperature, hexanes (50 mL) were added and the precipitate filtered off, washed
with methanol and hexanes, taken up in CHCl3 and precipitated in hexanes. The product was
isolated by centrifugation. Yield: 15.4 mg (80 %).
1
H-NMR (CDCl3, 300 MHz): δ 9.35 (d, 16H, J = 6.3 Hz, Pyr-Hα), 8.76 (s, 32H, β-pyrrole), 8.22 (d,
16H, J = 6.3 Hz, Pyr-Hβ), 7.73 (d, 16H, J = 7.6 Hz, o-TolH), 7.10 (d, 16H, 7.6 Hz, m-TolH), 2.11
(s, 24H, Tol-CH3) ppm. FAB-MS: m/z calculated for C228H146Cl4N32O12Re4Zn4: 4476.6; found
4477.8 [M+H]+.
MnCl-Re9
MnCl-7 (82.07 mg, 0.11 mmol) and Re(CO)5Cl (40.58 mg, 0.11 mmol) were refluxed in 75 mL
THF:toluene 4:1 (v/v) for 64 hours. After cooling, the mixture was poured into 200 mL hexanes
and the suspension stirred for 2 hours. The precipitate was filtered off and purifed by preparative
size exclusion chromatography until analytical size exclusion chromatography indicated the
presence of a single species per band (two products were isolated). Each product (referred to as C
and D in the text) was precipitated twice in hexanes. Yields: product C (eluting last): 13.2 mg;
product D 21.5 mg as green solids.
UV-VIS (CHCl3): λmax 346.9 (shoulder), 379.1, 401.5, 479.0, 537.5, 588.1, 623.6 nm (product C
and D have virtually the same UV-VIS spectrum).
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Synthesis of Covalent Porphyrin Macrocycles
A novel methodology to synthesize robust porphyrin macrocycles by
templated olefin metathesis is described. The adverse effects of limited
catalyst activity – tentatively ascribed to interactions between template
and catalyst – could be overcome by developing a two-stage reaction
involving a kinetically controlled bond-forming step followed by a
thermodynamically controlled exchange step.

133

Chapter 5

5.1 Introduction
The term metathesis originates from the word μετατιτεναι
(metatithenai) meaning ‘to transpose’. In a chemical context, it refers to a
chemical reaction in which two molecules exchange parts, as in AB + CD Æ
AC + BD. Although there are several manifestations of metathesis in chemistry
(e.g. ion metathesis, σ-bond metathesis), in organic chemistry the interchange
of C=C olefin bonds is most prevalent. The development of single component,
highly active catalysts for carbon-carbon double (and triple) bond metathesis
that tolerate a wide variety of functional groups (1-4, scheme 5.1), is truly an
“organometallic success story”.1
Decades ago, the serendipitous finding of ‘anomalous’ polymerization
of olefins using ill-defined Ziegler-type catalysts initiated a steadily developing
field which has had a profound impact on polymer chemistry and organic
synthesis. There are many written accounts detailing the historical
developments1,2,3,4,5 as well as the practical applications6,7,8,9,10,11,12 of these
catalysts, but an excellent overview can also be seen and heard from the three
2005 laureates delivering their Nobel lecture.13
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Scheme 5.1 Some commercially available olefin metathesis catalysts.
There are five main types of metathetic transformations (scheme 5.2).
Two of them produce polymers: Ring Opening Metathesis Polymerization
(ROMP)14,15 and Acyclic Diene Metathesis Polymerization (ADMET).15,16,17
Since both processes are energetically neutral and reversible, a driving force
needs to exist to favor the forward reaction. For ROMP, this incentive is
provided by the release of ring-strain, while ADMET relies on the removal of
(volatile) ethylene. Ring Closing Metathesis (RCM)18,19,20 takes place when the
ADMET reaction occurs intramolecularly, and hence it does not produce a
polymer but a small, cyclic molecule. Ring Opening Metathesis (ROM)21,22,23 is
the opposite of RCM when performed in the presence of ethylene, but more
complex olefins may be used as well. Cross Metathesis (CM) between two noncyclic olefins may be considered a variant of ROM.
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Scheme 5.2 Five metathetic transformations employing olefins. Acronyms:
RCM, Ring Closing Metathesis; ADMET, Acyclic Diene Metathesis
Polymerization; ROMP, Ring Opening Polymerization; ROM, Ring Opening
Metathesis; CM, Cross Metathesis. All transformations require a catalyst.
As a synthetic technique, CM has been overshadowed by RCM,
simply because for the former generally applicable reaction conditions that
result in high product- and stereoselectivity, are not available. When two
different olefins are employed (scheme 5.2, R1 ≠ R2), homodimerization
competes with formation of heterodimer and a statistical mixture of products is
formed. Excess of either reagent is required to attain acceptable yields, and
even then the product is usually a mixture of cis- and trans isomers.
Currently, there is a resurgence of interest in CM due to some
interesting developments to impart selectivity.2425,26,27 Through steric and
electronic influences, the reactivity of a double bond with respect to the catalyst
can be influenced. The reactivity of the starting material (usually a terminal
olefin) towards the catalyst is important, but especially the ability of the
catalyst to perform secondary metathesis plays a role (scheme 5.3). The key to
product-selective CM is to either prevent homodimerization or to ensure that
homodimers are consumed in secondary metathesis pathways, whereas a high
catalyst activity usually ensures a good stereoselectivity. Grubbs et al.
developed a general empirical model in which it was shown that in a number of
cases the cis/trans and product selectivity can be attained through a judicious
combination of starting materials and a prudent choice of catalyst.28
R2

R1
R1

R2

[M]
2

+
R2

R1

Scheme 5.3 Metathesis between two internal olefins, in CM referred to as
secondary metathesis.
The ability of modern catalysts to perform CM on internal olefins,
and, more generally, to perform olefin metathesis under thermodynamic
control, provides an interesting opportunity to prepare porphyrin macrocycles
that are more robust than the metal complex-based assemblies described in
chapter 3 and 4. Although the – usually flexible - constituents are not
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‘programmed’ to contain information to favor the formation of a particular
(cyclic) species, this information can be added by the addition of a template.
Through supramolecular interactions, the energy of a (number of) species that
can bind to the template is lowered As put forward in the principles of Dynamic
Combinatorial Chemistry (DCC),29,30,31 this may result in selective
amplification of one product at the expense of others (see chapter 2.3).
In analogy to our assemblies prepared by Metal-Directed SelfAssembly, we decided to use olefin CM to prepare tetrameric cyclic arrays of
porphyrins by DCC (scheme 5.4). There are three requirements that have to be
met: (i) the availability of a diolefin-functionalized porphyrin that can be
interlinked with itself to a cyclic species, (ii) a basis for supramolecular
interaction with a template, for which we chose the zinc-pyridine interaction,
and (iii) a template to relay the appropriate information required to amplify the
tetrameric species from the reaction mixture, for which tetrapyridyl porphyrin
(TPyP) is the obvious choice. Since a single (but bifunctionalized) reactant is
employed, there are no concerns with respect to product selectivity:
homodimerization (and subsequent oligomerization) is the only possibility.
Stereoselectivity does not pose a problem as a mixture of isomers as the
product resulting from cis/trans isomerism is acceptable for our purposes,
although hydrogenation of the double bonds could eliminate this cis/trans
isomerism.
The meso-positions on the porphyrin that are not used to accommodate
the olefin functional groups, can be occupied with a ‘spectator’ substituent, that
does not have a particular function. We used simple phenyl and toluyl
substituents to examine the synthetic strategy we proposed, and the resulting
tetramers are the ‘flexible’ analogs of the rhenium macrocycles (chapter 4) that
dissolve only in organic solvents. We also examined the possibility to replace
the toluyl substituents with N-methyl-pyridinium substituents, to obtain analogs
of the charged boxes described in chapter 3. Given the ability of N-methyl-4pyridinium porphyrins to interact with DNA, the cyclic tetramers that
incorporate this functionality are interesting alternatives to the metallacycles in
forming pseudorotaxane topologies with DNA and, ultimately, processive
enzyme mimics. Their most obvious advantage is that they are more stable and
do not suffer from the precarious balance that needs to be striken between
metal-ligand rotational freedom and bond dissociation.
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Scheme 5.4 General strategy to prepare cyclic porphyrin tetramers by dynamic
combinatorial olefin metathesis. For clarity, substituent R is omitted in the
product.
In what may seem a digression from the general aim in this thesis, we
also became interested in porphyrins that are unfunctionalized at the mesopositions that are not used for the olefin functionality. Osuka et al. have
explored the Ag(I)-promoted meso-meso coupling of porphyrins and
subsequent oxidative double ring closure to form porphyrin ‘tapes’ (scheme
5.5).32,33,34,35 We set out to apply this methodology to our porphyrin tetramers to
form tubes, instead of boxes (figure 5.1, page 138), and explore their potential
in ligand-directed topological catalysis (figure 4.2). Another way to link the
cyclic tetramers is to functionalize them with meso-pyridyl substituents and
link these with a square planar trans-metal complex such as transPtCl2(PhCN)2. Since the rotational freedom of the porphyrins is limited in the
tubular assemblies, they will have a somewhat more defined cavity compared
to the inherently flexible covalent tetramers. As such, these tubes are
potentially more promising candidates to direct catalysis to take place either
inside the (extended) cavity or outside the assemblies.
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Scheme 5.5 Preparation of meso-meso linked porphyrin oligomers. (i) =
AgPF6, CHCl3. (ii)= Sc(OTf)3, DDQ, CHCl3.
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Figure 5.1 Synthesis of porphyrin tubes from cyclic tetramers by meso-meso
coupling.
This chapter is dedicated solely to the synthesis of several cyclic
porphyrin tetramers. The proof-of-principle of preparing porphyrin assemblies
of varying size and complexity by DCC has already been provided by Sanders
et al.,36,37,38,39,40,41 but olefin metathesis had not been explored except for a
single communication by Konishi and Inomata.42 Possibly, this is because of
limited catalyst activity in the presence of a pyridine-functionalized template,
as will be discussed in chapter 5.2.1.

5.2 Results and Discussion
5.2.1 Synthesis of Cyclic Tetramers by a One-Step Strategy
For our initial efforts into the synthesis of cyclic tetramers we used
phenyl substituted zinc porphyrins with butene functionalities (Zn-9) and a
toluyl substituted zinc porphyrin with hexene functionalities (Zn-10), which
were synthesized as shown in scheme 5.6. When either of these porphyrins
were stirred in dichloromethane with 0.25 equivalents of TPyP, a color change
consistent with coordination of pyridine to zinc porphyrins is observed.
However, addition of a fairly typical catalytic amount (10 mol %) of second
generation Grubbs’ catalyst 2 to this reactant/template mixture did not result in
a significant yield of cyclic tetramer. Catalyst 2 was chosen on account of its
known increased activity as well as enhanced tolerance of functional groups, in
particular amines, compared to the first generation catalyst 1.43,44 MALDI-ToF
analysis of the reaction mixture indicated the presence of cyclic tetramer, but
also other oligomers, both linear and cyclic, and the reactants. Although
quantitative analysis conclusions cannot be drawn from MALDI-ToF spectra ,
it appeared as though no selective amplification of the cyclic tetramer had taken
place.
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Scheme 5.6 Synthesis of olefin functionalized zinc porphyrins Zn-9 and Zn-10
Since there is a distinct possibility that amplification fails because the
catalyst is not active long enough to allow the reaction mixture to reach
equilibrium, we set out to find conditions in which the catalyst might be more
active and/or have a longer lifetime. To exclude the possibility of trace
impurities in the solvent deactivating the catalyst, we used only purified,
thoroughly dried and degassed solvents and performed the reaction under an
inert atmosphere.† The reaction conditions, i.e. the solvent, concentration,
temperature and catalyst loading were varied according to table 5.1.
Table 5.1 Reaction conditions examined to optimize the yield of cyclic tetramer
by treating a mixture of Zn-9 or Zn-10 with 2.
Porphyrin
Zn-9
Zn-9
Zn-9
Zn-10

a

Zn-10
Zn-10

Solvent
CH2Cl2
CH2Cl2
CH2Cl2
1) CH2Cl2
2) Toluenea
Toluene
CH2Cl2

Concentration (M)
1.7 x 10-3
2.2 x 10-2
1.9 x 10-2
1) 2.5 x 10-2
2) 1.3 x 10-3
2.3 x 10-2
2.3 x 10-2

T (°C)b
RT
RT
40
1) rt
2) rt
50
rt

Catalystc
9.7
9.9
8.3 + 20.7e
1) 9.3
2) 21.3
2 x ~25e
2 x ~25e

Yieldd
n.d.
n.d.
< 12 %
1) n.d.
2) < 15 %
n.d.
< 28 %

The reaction mixture was isolated, redissolved in toluene and treated again
with catalyst. b rt = room temperature. c in mol % with respect to the porphyrin.
d
not determined, although MALDI-ToF MS indicated the formation of some
cyclic tetramer in all cases. e The indicated amounts of catalyst were added
successively, roughly at 12 hour intervals.

†

Catalyst 2 is frequently reported to be suffiently active even on the benchtop
but we expected the lifetime of the catalyst could be increased by employing
rigorously dry and de-oxygenated conditions.
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Although the investigations in table 5.1 cannot be deemed systematic,
all attempts that resulted in a conversion that seemed worth the effort to
commence purification, were obtained with a relatively high catalyst loading (>
30 mol %). Exact yields cannot be given, because purification proved very
cumbersome: even after multiple size exclusion columns, by-products of
apparently similar size (predominantly trimeric species) could be detected by
MALDI-ToF mass spectrometry, although it has to be stressed that the small
scale at which the experiments were performed (10-20 mg Zn-9 or Zn-10) does
not facilitate purification. Eventually, reasonably pure samples of cyclic
tetramers ZnCT-9 and ZnCT-10, corresponding to starting materials Zn-9 and
Zn-10 respectively, could be obtained by combining all promising fractions of
the size exclusion column and repeatedly fractionating them by preparative size
exclusion chromatography. The isolated yields based on the sum of the total
mass of starting porphyrins used, is estimated to be less then 10 %. Hence, this
synthetic strategy is not very efficient in preparing cyclic tetramers.
The 1H NMR and MALDI-ToF spectra and analytical size exclusion
chromatography traces of ZnCT-9 and ZnCT-10 are shown infigure 5.2 and
5.3 respectively. The cyclic tetramers are isolated as supramolecular
complexes, as expected for strong binding of TPyP inside the cavity. In 1H
NMR, the signals corresponding to the parent zinc porphyrins are somewhat
broadened, but indicate a fairly symmetrical structure overall. The assignments
of the resonances (figure 5.2c and 5.3c) are based on 2D NMR spectra and
comparison with the parent porphyrins and a less flexible analog from the
literature.45
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Figure 5.2 Characterization of ZnCT-9.TPyP (a) 1H NMR spectrum
(CDCl3:CD3OD 10:1 v/v) spectrum. (b) MALDI-ToF spectrum. (c) Proton
numbering for the 1H spectrum. (d) Analytical size exclusion chromatogram
recorded at 420 nm. Note: TPyP is present but not shown in spectrum (b).
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Figure 5.3 Characterization of ZnCT-10.TPyP (a) 1H NMR spectrum
(CDCl3:CD3OD 20:1 v/v) spectrum. (b) MALDI-ToF spectrum. (c) Proton
numbering for the 1H spectrum. (d) Analytical size exclusion chromatogram
recorded at 420 nm.
The signals of TPyP are shifted strongly upfield as a result of the
shielding ring currents of the zinc porphyrins in close proximity. The shifts are
comparable for both the butene and hexene variant and are less pronounced
towards the center of the cavity where the inner NH protons of TPyP reside: Δδ
= -1.8 ppm for the pyrrole NH proton signals, whereas the signal of the pyridyl
signals adjacent to the nitrogen atom (TPyP Pyr-Hα) are shifted more strongly
(Δδ = -6.5 ppm).
On the basis of the NMR spectra, it can be concluded that the
supramolecular complex adopts a box-like structure (figure 5.4a, page 142),
although it cannot be ruled out that tilting of the porphyrin planes results in a
somewhat cup-shaped structure (figure 5.4b). If tilting would occur to a
significant extent, one might expect to observe different resonances for the
phenyl or toluyl substituents, which is not the case, although the broadening of
the signals may be (partly) due to the formation of a less-symmetrical cupshaped geometry or conformations of ‘cups’ that rapidly interconvert on the
NMR timescale.
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a)

b)

= TPyP

Figure 5.4 Two possible conformations of ZnCT-9.TPyP or ZnCT-10.TPyP.
A mixture of products corresponding to different cis/trans isomers is
expected, although only a single resonance for the double bond is observed in
the proton NMR spectrum. The MALDI spectra of both ZnCT-9 and ZnCT-10
reveal that the product is actually not just a mixture of isomers, but a mixture of
products. Apart from the expected mass of the cyclic tetramer, i.e. the sum of
the mass of the four parent porphyrins with the loss of four ethene molecules,
additional peaks with masses of 14, 28 or 42 amu less than the expected mass
are observed. This can be explained by the isomerization activity of
Ru2,10,46,47,48,49 in which terminal olefins are converted to internal ones,
probably mediated by a ruthenium hydride formed as a result of decomposition
of the catalyst.50 Subsequent CM of an internal olefin results in the loss of
propene (or higher order olefins) instead of ethene, explaining the mass
difference of n x 14 amu. Note that, for example, the cyclic product formed by
the loss of two ethene and two propene molecules cannot be distinguished by
mass spectrometry from the product formed by the loss of three ethene
molecules and a single butene molecule. The mixture of products, therefore,
does not only contain cyclic tetramers differing in size by one or more
methylene groups, there are also probably different isomers present for the
signals with a mass difference equal to or greater than 28 amu with respect to
the expected tetramer. The combination of cis/trans and structural isomerism
and the observed mixture of differently sized products may also explain the
broadened resonances in the 1H NMR spectrum.
If optimization of the reaction conditions, apart from catalyst loading,
could not improve our isolated yields of cyclic tetramer, perhaps the use of
porphyrins with a different substitution pattern could. Employing metabutenyloxyphenyl substituted porphyrin Zn-11 (scheme 5.7), prepared
analogously to Zn-9 and Zn-10, with 50 mol % 2 in the presence of TPyP, did
not result in a significantly improved amplification of the cyclic tetramer from
the reaction mixture compared to the previous attempts with paraalkenyloxyphenyl substituted porphyrins. Since after extensive purification
analytical size exclusion chromatography and MALDI-ToF analysis indicated
that the product still was not pure, further purification was not attempted. The
yield was less than 11 %.
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Scheme 5.7 Structure of zinc porphyrins Zn-11, Zn-12 and Zn-13. Their
synthesis is described in the experimental section.
We tentatively ascribe the poor performance of the one-step
methodology to vacant sites of ruthenium intermediates in the catalytic cycle
competing with the porphyrin zinc metal centers for coordination to TPyP.
Previously, it has been shown by Grubbs et al. that pyridine can displace the
phosphine ligand of ruthenium complex 2 by an associative mechanism.51 In
the presence of excess pyridine derivatives (10-100 equivalents), bispyridyl
complexes are readily formed.52 The interest in these pyridine complexes is
primarily due to their rapid initiation rate compared to their phosphine analogs,
resulting in highly active catalysts in both CM53 and ROMP.54 Unfortunately,
the association constant between pyridine and the propagating ruthenium
species (with a vacant site) is unknown, and the rapid initiation is not
necessarily an indication that pyridine is a weakly binding ligand; slow
reassociation kinetics may equally well account for the relatively high
concentration of propagating species during olefin metathesis with pyridinemodified 2. As such, we lack the quantitative data to support our hypothesis of
TPyP coordinating to ruthenium.
Still, a semi-quantitative treatment renders our explanation plausible.
Considering that only a small percentage of the ruthenium metal centers lose a
phosphine ligand and produce a catalytic species,52 there is a large excess of
pyridine (as meso-substituents of TPyP) present. Under the reaction conditions
we employed, the concentration of pyridine groups is equal to the concentration
of zinc porphyrins. Therefore, 10 mol % of catalyst corresponds to a 10-fold
excess of pyridine ligands, which Grubbs et al. report to be enough to produce
the pyridine complex from 2 at high concentration.52 Catalytic activity is still
observed, indicating that under the relatively dilute conditions and in the
presence of competing zinc metal centers, some propagating species are still
being formed. But even at 50 mol % of catalyst loading, corresponding to a
two-fold excess of pyridine ligands, catalytic activity is still inhibited and
equilibrium is therefore not reached. In addition, ruthenium-pyridine
coordination does not only decrease the effective concentration of catalytic
species, it also decreases the effectiveness of the template itself. Increasing the
‘catalyst’ loading even more, perhaps to more than 100 mol %, is therefore not
an effective solution, although there is probably an optimum.
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5.2.2. Synthesis of Cyclic Tetramers by a Two-Step Strategy
If the affinity of the template for the zinc porphyrins could be
increased, competition with ruthenium binding would be less pronounced.
Obviously, not much can be done to alter the association constant of the zinc
porphyrin-pyridine equilibrium itself. Oligomers of zinc porphyrins however,
should bind TPyP stronger, since they can feature multitopic interactions. Thus,
in order to enhance the yield, we reasoned that it would be more efficient to
first prepare a ‘library’ of linear and cyclic oligomers in the absence of a
template, from which through the principles of Dynamic Combinatorial
Chemistry a product (or products) could be amplified by a second reaction step.
We applied this strategy to Zn-12 (scheme 5.7) and treated it with
Grubbs’ first generation catalyst 1 without any TPyP present (step 1, scheme
5.8). In this case, we preferred 1 over 2 because in our experience, 1 does not
display isomerization activity, or at least not very significantly, and there are no
functional groups present that inhibit this catalyst. By performing the
oligomerization in refluxing dichloromethane, ethene is efficiently removed
from the reaction mixture, driving the equilibrium of step 1 to the right. We
monitored the reaction by MALDI-ToF and added 1 until consumption of
virtually all monomers was complete, which proved to be the case after
cumulative addition of 10.2 mol % 1 (figure 5.5a-c). At this stage, MALDI-ToF
spectra in reflective mode, which has a high resolution but also a limited range
of operation (about 500 - 4500 amu in our case), the library seemed to consist
exclusively of cyclic oligomers. The concentration was as high as the solubility
of Zn-12 would allow, but the relatively dilute conditions 10-2 M) probably
favor intramolecular cyclization. MALDI-ToF analysis in linear mode (not
shown), which has a lower detection limit and a much larger range of operation
(500 - > 20000 amu), showed that at least traces of linear oligomers were
present and oligomers up to the 7-mer were detected. Analytical size exclusion
chromatography did not yield useful information, which disables quantitative
analysis of the library.
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Scheme 5.8 Two-step strategy towards the synthesis of ZnCT-12 by
amplification from a library of oligomers.
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Figure 5.5 MALDI-ToF spectra of the reaction mixture shown in scheme 5.8.
(a) Step 1, ~ 4 mol -% 1 added, after 3 hours. (b) Step 1, ~ 8 mol % 1 added,
after 6 hours. (c) Step 1, ~ 8 mol % added, after 9 hours. (d) TPyP and 8.8 mol
% 2 added. The area between 2500 and 3500 has been expanded by a factor of
three for the spectra shown in a, b and c.
In step 2 (scheme 5.8), foregoing any workup, 0.25 equivalents of
TPyP with respect to the original concentration of Zn-12 was added and the
mixture was stirred. TPyP is not very soluble in pure dichloromethane, so in
our previous attempts, in which zinc porphyrins were mixed with TPyP, we had
to heat and sonicate in order to ensure a homogeneous solution. In the strategy
depicted in scheme 5.8 (step 2), TPyP readily dissolved in the course of several
minutes by simply stirring the mixture, as judged from the color change.
Several hours after the addition of 10 mol-% of 2 to the library and template,
the color of the solution had changed to dark blue. MALDI-ToF analysis in
reflective mode indicated that only cyclic dimeric and tetrameric species were
present (figure 5.5d). Analysis in linear mode (not shown) indicated the
presence of some trimeric species, as well as oligomers containing five or six
porphyrins. Workup by preparative size exclusion chromatography yielded the
cyclic tetramer in 62 % isolated yield, along with 18 % cyclic dimer and minor
amounts of other products. Thus, amplification of the cyclic tetramer from the
library of oligomers is very successful. Apart from the significantly higher
yield, purification is much less cumbersome.
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We have no conclusive evidence that thermodynamic equilibrium is
reached in the two-step strategy, although the formation of mainly cyclic dimer
and tetramer is a strong indication. At equilibrium, the concentration of any
species present is a reflection of their free energy. Formation of the cyclic
dimer is to be expected, since it will probably bind TPyP ditopically† and will
therefore compete with the cyclic tetramer if the association constant is a
significant fraction of the association constant of TPyP and ZnCT-12. A cyclic
trimer, on the other hand, does not possess a geometry that is optimal for
binding TPyP strongly. Tritopic binding probably requires a significantly
strained conformation. Ditopic binding to TPyP pyridine ‘arms’ oriented cis
with respect to each other is probably feasible, but even if the concomitant
association constant of TPyP is similar to that of the cyclic dimer, the latter
may be favored because of entropic considerations.
To examine the role of thermodynamic equilibrium in this strategy, we
performed three additional experiments:
1) In the first, we collected the oligomers produced from our one-step
attempts with Zn-10 and worked them up to remove any TPyP (see
chapter 6.2.1). Although we do not have quantitative data on the
composition of the mixture, MALDI-ToF mass spectrometry indicated
that linear and cyclic oligomers were both present in a significant
amount. No monomer was present in this mixture and cyclic tetramer
was only a minor component, since we had isolated most of it. The
addition of an estimated amount of 0.25 equivalent of TPyP per zinc
porphyrin and stirring in dichloromethane quickly resulted in a
homogeneous solution with a color consistent with pyridine moieties
coordinating to zinc porphyrins. Treating this mixture with 2 seemed
to amplify the cyclic dimer and tetramer, but trimer remained a
significant product. This assessment is qualitative, since isolation of
all the individual components was not attempted. This experiment was
carried out in duplo and addition of more catalyst did not have an
observable effect.
2) Similarly, in our second experiment, we treated ‘empty’ cyclic dimer
isolated from our two-step reaction with Zn-12 with one equivalent of
template and 2. Again, trimeric species were a significant reaction
product (8 % isolated yield), although cyclic dimer and tetramer
(ZnCT-12.TPyP) were the main products (65 % and 18 %
respectively).
3) In a third experiment we repeated our two-step strategy with Zn-12
(scheme 5.8), but, by using (in total) 30 mol % of 1 in step 1,
deliberately forced the production of a library that was relatively rich
in long oligomers, i.e. oligomers in which 4 or more porphyrins were
†

We have no quantitative data to support this notion, but the color change of a
solution of cyclic dimer upon addition of one equivalent of TPyP is
significantly more pronounced than when adding pyridine (up to 10
equivalents). Hence, ditopic binding is presumed to occur.
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present. Again, we lack quantitative data on the composition of the
mixture, but MALDI-ToF analysis revealed the presence of oligomers
up to the 15-mer. For comparison, in our original two-step attempt
with 10.2 mol % 1, only traces of a 7-mer could be detected, and no
larger species. However, it should be noted the quality of MALDI-ToF
spectra is notoriously dependent on sample preparation, for which
realistically some parameters (room temperature, air humidity) simply
cannot be controlled. It can therefore not be concluded with certainty
that, for example, the 15-mer was not present at all in the original
experiment. Treatment of the mixture of oligomers with 2 resulted in a
reasonable yield of cyclic tetramer (52 %) and cyclic dimer (5 %), but,
significantly, also a broad, brown band eluting before the tetramer on a
preparative size exclusion column was isolated (25 %), of which
MALDI-ToF analysis showed to be composed of TPyP, pentamers
and higher order oligomers.
The three additional experiments raise the question to what extent the
composition of the starting materials, i.e. the library of oligomers, determines
the outcome of the templated reaction. There certainly is a possibility that a
number of local minima exist in the free energy ‘landscape’. The starting
situation, catalyst activity and lifetime likely have an effect on which minimum
is reached, if any at all. Although great care was taken to perform each reaction
at the same conditions, batch-to-batch differences of catalysts and solvent and
the quality of the inert atmosphere may have inadvertently created different
reaction conditions. As a result, the outcome of each of the experiments may
not be comparable.
In each of the three experiments, the final situation did not exactly
match the outcome of the original experiment as depicted in scheme 5.8, since
either trimer or other oligomers were present to a significant extent. Experiment
2 indicated that CM between internal olefin bonds proceeds efficiently with 2,
producing ZnCT-12.TPyP as the main product. However, whether or not
equilibrium was reached remains unclear, as it is not known if the
supramolecular complex of the trimeric species has a sufficiently low free
energy to compete with those of the dimer and tetramer. Given its efficiency of
CM between internal olefins, one might expect experiment 1 to proceed
smoothly. Amplification of ZnCT-10 (and its cyclic dimer analog) from the
mixture of oligomers, in which many internal olefin bonds are present as a
result of both CM and isomerization activity prior to CM, was observed, but
qualitatively the results obtained for Zn-12 were not reproduced. Theoretically,
the additional methylene group in each olefin tail in Zn-10 with respect to Zn12 (i.e. pentene or hexene tails), may result in a significantly altered ratio of
free energy between the cyclic dimer/tetramer and trimer, resulting in a
stronger competition. Catalyst poisoning by impurities created during the onestep reaction is another option to explain the results.
In experiment 3, efficient CM between oligomers is again proven, and
there is no doubt that the reaction has a tendency to proceed towards forming
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the thermodynamically most stable products. Whether or not the relatively
large amount of pentamers and higher order oligomers corresponds to an
equilibrium situation, or a perhaps a local minimum in the free energy profile,
remains uncertain. These large oligomers are expected to be able to bind TPyP
quite strongly, and perhaps even form an intermolecular dynamic ‘network’ in
solution, which as such may compete with the cyclic dimer and tetramer. It can
be concluded that as a synthetic method, the two-step strategy is most efficient
when a library of moderately large oligomers is exposed to template and 2.
It has to be noted that the two-step strategy strictly does not conform
to the principles of Dynamic Combinatorial Chemistry. The first step is not an
equilibrium reaction since ethene is actively removed from the reaction
mixture. Only in the second step, the reaction is under thermodynamic control.
Still, the principle of amplification applies and referring to it as a DCC strategy
seems justified. In fact, our methodology of manipulating the pre-equilibrium
situation in order to avoid (or discourage) undesirable interactions between
components in the reaction mixture, may have more general application in
DCC.
٭٭٭
The proton NMR spectrum of ZnCT-12.TPyP is comparable to those
of ZnCT-9.TPyP and ZnCT-10.TPyP, but there are some differences
(compare figures 5.2, 5.3 and 5.7). The resonances of ZnCT-12.TPyP are
remarkably sharp, especially in the aromatic region, and assignment of the
signals is unambiguous by COSY and ROESY NMR. Contrary to ZnCT9.TPyP and ZnCT-10.TPyP, two resonances are found for the olefinic as well
as the allylic protons, corresponding to cis- and trans-isomeric bonds. The
assignment of cis- and trans-signals has been accomplished by 2D correlation
NMR and comparison with work of Frost and Gunstone on cis and trans
unsaturated fatty acids.55 In COSY NMR the most downfield olefinic signal is
correlated with the most upfield allylic signals. Frost and Gunstone concluded
that the difference in chemical shift between olefinic and allylic protons is
largest for the trans-isomer, hence the assignment of the most downfield shifted
olefinic signal as the trans-isomer. In addition, the coupling pattern resulting
from cis- and trans-stereochemistry matches their simulations and
observations. By integration, the cis:trans ratio amounts to about 4:7. It would
appear that ZnCT-9.TPyP and ZnCT-10.TPyP contain almost exclusively cisbonds, and are probably kinetic products.
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Figure 5.7 (a) H NMR spectrum and (b) close-up of the aliphatic region of the
spectrum, (c) assignments of the resonances of ZnCT-12.TPyP, and (d)
analytical size exclusion chromatogram of ZnCT-12.TPyP and its cyclic dimer.
Interestingly, the methyl group of the toluyl substituent shows at least
3 resonances (figure 5.7b), but the rest of the spectrum is indicative of a highly
symmetrical species. If the supramolecular complex ZnCT-12.TPyP adopts a
cup-shaped geometry (figure 5.4b), one might expect the aromatic protons of
the toluyl group to also broaden, or even split up, but this is not observed. Still,
the box-shaped geometry (figure 5.4a) should exhibit only a single resonance
for the methyl substituent; on the basis of this it is tentatively concluded that
the zinc porphyrins of ZnCT-12.TPyP are not perpendicularly orientated to the
plane defined by TPyP, but slightly tilted with respect to it. The analytical size
exclusion chromatography trace (figure 5.7d) is consistent with a single
species.
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Figure 5.8 High-resolution MALDI-ToF spectrum of ZnCT-12.TPyP prepared
by the two-step methodology (a) or the single step methodology (b).
Further characterization by MALDI-ToF (figure 5.8a) seemed to
indicate that prior to CM hardly any isomerization of terminal olefin bonds had
taken place.† This is not surprising, since prior to additions of template and 2
the mixture of oligomers seemed to consist of mostly cyclic species (figure
5.5c). As a result, few terminal olefins have been exposed to 2 and
isomerization is virtually eliminated. For comparison, we also prepared ZnCT12.TPyP by the one-step methodology. As expected, the isolated yield was low
(< 5 %) and a mixture resulting from isomerization was obtained (figure 5.8b).
The relatively sharp 1H NMR resonances of ZnCT-12.TPyP (prepared by the
two-step strategy) compared to ZnCT-9 and ZnCT-10.TPyP (prepared by the
one-step strategy) are probably the result of it being a better defined species.¥
For optimal results, the second step of adding template and 2 is therefore
preferably done when MALDI-ToF indicates that little or no linear oligomers
are present after step 1.
Following the two-step strategy, preparation of the cyclic tetramer
based on meta-alkenyloxyphenyl porphyrin Zn-13 produced similar results, i.e.
the cyclic dimer and tetramer were the main products, isolated in 7 % and 55 %
yield respectively. Characterization by analytical size exclusion
chromatography and MALDI-ToF mass spectrometry did not show any
unexpected results, and the 1H NMR spectrum of ZnCT-13.TPyP (figure 5.9)
is comparable to that of ZnCT-12.TPyP, except that there are even more
aliphatic signals, which are also considerably broadened. Apart from cis/trans
isomerism, there may be multiple conformations that interconvert slowly on the
NMR timescale, most likely the result from the meta-pentenyloxy substituent
being able to ‘point’ inward or outward (figure 5.9c). Assignment of the signals
was performed with the help of 2D NMR spectroscopy (figure 5.9b). Due to
signal broadening and different conformers being observed, application of the
†

In chapter 6, the free base analog of ZnCT-12 is described. MALDI-ToF
analysis showed the presence of products as the result of isomerization prior to
CM to a much greater extent than suggested by figure 5.8a. See section 6.2.1.
¥
The scale at which the one-step strategy with Zn12 was performed as well as
the low yield and purification problems prevented a proper 1H NMR spectrum
to be recorded, which would have been desirable for optimum comparison.
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criteria of Frost and Gunstone to assign the signals to cis- and trans-isomeric
forms55 did not yield a definitive conclusion. However, in analogy to ZnCT12.TPyP however, it seems reasonable to assume the most upfield shifted
olefinic signals (number 13, figure 5.9b) corresponds to a trans-bond.
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Figure 5.9 (a) 1H NMR spectrum of ZnCT-13.TPyP and (b) assignment of its
signals. (c) Schematic representation of a ‘corner’ of a tetramer, illustrating
how the meta-alkenyloxyphenyl substituents can give rise to multiple
conformations.
There may be some room for improving the two-step synthetic
strategy discussed above. Recent work by Forman et al. has shown that the
turnover number and lifetime of 1 can be improved by addition of phenol to the
reaction mixture.56,57 By applying this method, a lower catalyst loading of 1
may be possible. In addition, Grubbs et al. have shown that the isomerization
activity of 2 can be suppressed by additives such as electron-deficient
quinones.49 If the second step is performed in the presence of such an additive,
a single product may be the result.

151

Chapter 5

5.2.3 Charged Cyclic Tetramers
Charged pyridinium porphyrin macrocycles were synthesized by
methylation of meso-pyridine substituted zinc porphyrin Zn-14 (scheme 5.9).
In order to enhance the solubility in organic solvents, the iodide counter ions
were exchanged for hexafluorophosphate or tetraphenylborate anions, to yield
Zn-16 and Zn-17 respectively. Unfortunately, both Zn-16 and Zn-17 are not
very soluble in chlorinated organic solvents or THF, both of which are the most
commonly employed solvents for performing metathesis. Oligomerization at
the maximum possible concentration (~ 10-4 M) of Zn-16 with 1 in several
different solvents, i.e. dichloromethane, 1,2-dichloroethane or THF, at a range
of temperatures, i.e. 40 – 60 °C, only seemed to increase the solubility problem,
as all porphyrinic material cleanly precipitated from the reaction mixtures.
MALDI-ToF analysis of the precipitate, solubilized by the addition of pyridine,
indicated that it was mainly composed of monomer Zn-16, along with dimers
and trimers.
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Scheme 5.9 Synthesis of charged porphyrin macrocycles Zn-16 and Zn-17.
To obtain a more concentrated homogeneous solution, about two
equivalents of meta-bromopyridine were added to the precipitate, followed by
slow addition of 1,2-dichloroethane. Meta-bromopyridine was chosen because
its electron-deficient nature results in a labile complex with 2, so its presence
was less likely to deactivate the catalyst. Upon dilution however, the
solubilizing effect of meta-bromopyridine was quickly lost and a homogeneous
solution with a concentration of at least 10-3 M could not be obtained. Much
more pyridine would be required to keep Zn-16 in solution, which is likely to
poison the catalyst.
Pyridinium porphyrin Zn-17 proved somewhat more soluble,
especially when it was dissolved in a minimal amount of nitromethane
followed by dilution with dichloromethane to a ratio of 4:1 (v/v)
dichloromethane:nitromethane. Previous work by Grubbs et al. had shown not
only that metathesis using catalyst 2 is possible in the presence of
nitromethane, but also that the catalyst is active enough to reach
thermodynamic equilibrium.58 Unfortunately, attempts to produce the cyclic
tetramer following either the one-step or two-step strategy did not proceed

152

Synthesis of Covalent Porphyrin Macrocycles
smoothly.† In our best attempt, some amplification of the cyclic tetramer
qualitatively seemed to have taken place (figure 5.10). However, attempts to
isolate the desired cyclic tetramer proved impossible: the product mixture
showed a strong interaction with all size exclusion resins (e.g. Sephadex) that
can be used in combination with the polar solvents required to dissolve the
crude product. Understandably, ordinary chromatography with silica proved not
viable either. Attempts to render the crude product water soluble by ion
exchange for hydrophilic counter ions (e.g. Cl- and NO3-) failed.
a)

b)
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Figure 5.10 MALDI-ToF spectra of (a) Zn-17 oligomerized with 2 in the
absence of TPyP in CH2Cl2:CH3NO2 4:1 (v/v) and (b) the reaction mixture
after addition of TPyP and 2.
5.2.4. Porphyrin Tubes
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Scheme 5.10 Synthesis of 10,20-meso-unfunctionalized porphyrin Zn-19.
Our ‘standard’ method for the synthesis of trans-porphyrins did not
work with dipyrromethane 18 (scheme 5.10). We therefore employed another
low-scrambling method59 described by Lindsey et al. for the preparation of H219. After converting the free base derivative to Zn-19, the preparation of its
cyclic tetramer was attempted following the two-step strategy. In both
dichloromethane and toluene, exposure of Zn-19 to Grubbs’ first generation
catalysts 1 results in the formation of a precipitate within a few minutes, for
which MALDI-ToF analysis showed quantitative formation of the cyclic dimer
(figure 5.11, page 154). The dimer proved insoluble in common organic
†

Given the reaction medium, employing catalyst 2 was the only viable option
for both the one- and two-step strategy.
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solvents, except in the presence of pyridine. Interestingly, various ratios of
other coordinating solvents, such as methanol, in chlorinated organic solvents
did not dissolve the dimer. The insolubility is probably the result of efficient ππ interactions between the predominantly flat aromatic surfaces of the
porphyrins, which is disrupted only in the presence of a strongly coordinating
ligand. All attempts to create a supramolecular complex of the dimer with
TPyP failed and hence further investigations into preparing porphyrin tubes
through meso-meso-coupling were abandoned.

Cyclic dimer of Zn-19

1000

4000

m/z

Figure 5.11 MALDI-ToF spectrum of the precipitate formed by treating Zn-19
with catalyst 1. The precipitate was solubilized with pyridine.
Solubility problems similarly disrupted our attempt to prepare tubes
through metal linkage of pyridyl-functionalized cyclic tetramers derived from
Zn-14, which is only soluble in highly polar solvents. Our intention was to link
the pyridyl functionalities with square planar trans-complex 20 featuring labile
benzonitrile ligands (scheme 5.11), which had been used before to interlink
porphyrins.60,61,62,63 Of course, a negative effect of the pyridyl substituents on
the yield of cyclic tetramer was expected, since competition between the TPyP
template and the pyridine moieties would arise. We anticipitated nonetheless
that we might have been able to isolate some cyclic tetramer, had it not been for
the poor solubility of Zn-14. With the benefit of hindsight, it might have been
viable to solubilize Zn-14 by including nitromethane in the reaction mixture,
but this was not attempted. An even better option, probably, is to perform the
oligomerization with free base porphyrin H2-14, which is more soluble, and
subsequently metallate it. The zinc porphyrin oligomers are probably soluble in
the presence of TPyP.

N

Cl
M
N

Cl

Scheme 5.11 Structure of 20. M = Pd or Pt.

154

Synthesis of Covalent Porphyrin Macrocycles

5.3 Concluding Remarks
Using the reversibility of olefin cross metathesis catalyzed by Grubbs’
catalysts as well as the principles of DCC to our advantage, we have developed
a new strategy to interlink porphyrin macrocycles (scheme 5.12). We used a
tetratopic template to obtain flexible – and more robust - analogs of the
porphyrin metallacycles described in chapter 3 and 4. It stands to reason that
other templates can be employed to selectively amplify cyclic oligomers of
different constitution from the same library of random oligomers as well. Our
attempts to introduce additional functionality, i.e. charged or reactive moieties,
have not been successful, but the cyclic tetramer with simple toluyl substituents
is, in itself, an interesting multi-porphyrin analog of the porphyrin clip (see
chapter 1). Possessing a relatively large cavity and multiple binding sites, the
cyclic tetramer may feature a rich host-guest chemistry, threading behavior and
catalytic properties – all of which will be investigated in the next two chapters.
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Scheme 5.12 The one-step and two-step strategy to prepare covalent
macrocycles as described in this chapter.
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5.4 Experimental Section
General
All manipulations using catalysts 1 and 2 were performed under a dry argon atmosphere using
standard Schlenk techniques in solutions degassed by several freeze-thaw-pump cycles. All
reactions with porphyrins were performed under the exclusion of light prior to workup.
Chromatography was performed on Acros silicagel 60 (size 0.035 – 0.070 mm, pore size 6 nm) or
alumina (neutral, Fisher A450, 80-200 mesh). Size exclusion chromatography was performed on
Biorad Biobeads SX-1, using distilled dichloromethane as the eluent.

Instrumentation
NMR spectroscopy was performed on Bruker DMX300 (1H and 13C spectra) and Varian Inova400
(1H and 2D spectra) instruments and chemical shifts are reported in ppm downfield with respect to
TMS as an internal standard. MALDI-ToF spectra were recorded on a Bruker Biflex III
spectrometer employing dithranol as a matrix. EI mass spectra were recorded on a VG 7070E
instrument. UV-VIS spectra were measured on a Varian Cary 50 spectrophotometer. Analytical
size exclusion chromatography was performed in chloroform at room temperature on a Shimadzu
LC 10-AD GPC Pump equipped with a Polymer Laboratories PLgel 5 μm MIXED-D column
running on CHCl3. For detection a Shimadzu SPD-10AV UV-VIS detector operating at 420 nm
was used.

Materials
3-Hydroxybenzaldehyde and 4-hydroxybenzaldehyde (Merck, 97 %) were recrystallized from
water. 4-Bromo-1-butene, 5-bromo-1-pentene and 6-bromo-1-hexene (Aldrich, 98+ %) were
distilled under reduced pressure. Benzaldehyde and p-tolualdehyde were passed over alumina prior
to use. DMF was degassed by stirring under a mild vacuum for 15 minutes. DMSO was fractionally
crystallized twice and stored on 4 Å mol sieves. Dichloromethane and chloroform were distilled
freshly from CaH2 and K2CO3 respectively. Pyrrole was distilled under reduced pressure from
CaH2. All other chemicals were obtained from commercial sources and used without purification.

Synthesis
If methanol-d4 or pyridine-d5 were used as a co-solvent for preparing NMR samples and the ratio
CDCl3:co-solvent is not given, the co-solvent was added dropwise until the sample was dissolved.
4-But-3-enyloxy-benzaldehyde (5)
4-Hydroxybenzaldehyde (4.3 g, 0.035 mol), 4-bromo-but-1-ene (4.99 g, 0.036 mol) and K2CO3 (17
g, 0.12 mol) were stirred under a dry argon atmosphere in 20 mL degassed DMF for 72 hours. The
mixture was concentrated, dichloromethane (150 mL) was added, and the suspension was filtered,
the filtrate washed twice with 50 mL 10 % K2CO3 (aq) and once with water. After drying on
MgSO4 and filtering, the product was obtained by removal of volatiles in vacuo. Yield: 0.93 g (15
%) yellow oil.
1
H-NMR (CDCl3, 400 MHz): δ 9.87 (s, 1H, CHO), 7.83 (d, 2H, J = 6.6 Hz, ortho-ArH), 7.00 (d,
2H, J = 6.6 Hz, meta-ArH), 5.95 – 5.84 (m, 1H, -CH=CH2), 5.22 – 5.12 (m, 2H, -CH=CH2), 4.10 (t,
2H, J = 6.8 Hz, -OCH2CH2-), 2.58 (d of t, 2H, J = 7.4 Hz,
-OCH2CH2-) ppm. TLC (silica, CHCl3/CH3OH 1 % v/v): Rf 0.31.
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4-Hex-5-enyloxy-benzaldehyde (6)
4-Hydroxybenzaldehyde (3.40 g, 0.028 mol), 6-bromo-hex-1-ene (4.75 g, 0.029 mmol) and K2CO3
(16.1 g, 0.12 mol) were stirred under a dry argon atmosphere in 10 mL degassed DMF for 16 hours.
DMF was removed on a rotary evaporator, the residue suspended in dichloromethane (50 mL), and
this suspension was washed with water (100 mL), 10 % K2CO3 (aq) (50 mL), and again water (2 x
50 mL). The organic layer was dried on MgSO4, filtered and volatiles were removed in vacuo.
Yield: 5.25 g (92 %) colorless oil.
1
H-NMR (CDCl3, 400 MHz): δ 9.88 (s, 1H, CHO), 7.82 (d, 2H, J = 6.8 Hz, ortho-ArH), 6.99 (d,
2H, J = 6.8 Hz, meta-ArH), 5.93 – 5.78 (m, 1H, -CH=CH2), 5.07 – 4.97 (m, 2H, -CH=CH2), 4.05 (t,
2H, J = 6.4 Hz, -OCH2CH2CH2CH2-), 2.14 (d of t, 2H, J = 7.2 Hz, -OCH2CH2CH2CH2-), 1.84 (m,
2H, -OCH2CH2CH2CH2-), 1.57 (m, 2H, OCH2CH2CH2CH2-) ppm. 13C-NMR (CDCl3, 100.6 MHz):
δ 187.1, 161.9, 128.6, 131.3 112.0, 115.7, 128.2, 70.3, 29.6, 24.9, 33.1 ppm. TLC (silica,
CHCl3/CH3OH 1 % v/v): Rf 0.39.
[Bis-(1H-pyrrol-2-yl)-methyl]-benzene (7)
Adapting a procedure by Lindsey et al.,64 to a stirred, degassed solution of benzaldehyde (3.19 g,
0.030 mol) in pyrrole (80 mL), TFA (200 μL) was added, upon which the solution turned brown
immediately. After 30 minutes, the mixture was diluted with 80 mL dichloromethane and washed
with 50 mL 0.5 M NaOH (aq) and water (2 x 50 mL). The organic layer was dried on MgSO4,
filtered and volatiles were removed in vacuo. The crude product, a dark red oil, was purified by
column chromatography (hexanes:ethyl acetate:triethylamine = 80:19:1) and recrystallized twice
from a mixture of ethyl acetate and hexanes. Yield: 1.0 g (16 %) off-white solid. Its spectroscopic
properties were identical to those previously reported.64
[Bis-(1H-pyrrol-2-yl)-methyl]-toluene (8)
Adapting a procedure by Lindsey et al.,64 to a stirred, degassed solution of p-tolualdehyde (12.1 g,
0.10 mol) in pyrrole (285 mL), 1 mL TFA was added, upon which the solution turned brown
immediately. After 15 minutes, 5 mL triethylamine was added and volatiles removed in vacuo on a
rotary evaporator and a high vacuum system. The resulting dark sticky solid was stirred vigorously
with hexanes, which caused a yellow solid to form. The solid was filtered off, powdered and
washed with hexanes until the filtrate remained colorless. The crude product was dissolved in ethyl
acetate, applied on a silica column and eluted with 1 % v/v triethylamine in hexanes. Eluent was
collected as long as it was colorless, after which volatiles were removed in vacuo. The resulting
off-white solid was washed with hexanes and recrystallized from a mixture of ethyl acetate and
hexanes. Yield: 10.7 g (45 %) white solid. Its spectroscopic properties were identical to those
previously reported.64
(1Z,4Z,9Z,15Z)-5,15-Bis-(4-but-3-enyloxy-phenyl)-10,20-diphenyl-porphyrin (H2-9)
4-But-3-enyloxy-benzaldehyde 5 (0.47 g, 2.65 mmol), dipyrromethane 7 (0.59 g, 2.65 mmol) and
NH4Cl (0.44 g, 8.23 mmol) were stirred in 26 mL DMSO at 90 °C for 20 hours. The solution was
allowed to cool to room temperature, 220 mL methanol was added and the mixture cooled at -18 °C
for several hours. A black solid was filtered off, washed with methanol and passed through a pad of
silica eluted with dichloromethane. Purification by column chromatography (eluent on a gradient of
3:2 to 1:5 heptanes:dichloromethane) and repeated precipitation in methanol yielded a purple
crystalline solid (48.5 mg, 4.6 %).
1
H-NMR (CDCl3, 400 MHz): δ 8.98 (d, 4H, J = 4.7 Hz, β-pyrrole), 8.93 (d, 4H, J = 4.7 Hz, βpyrrole), 8.22 (d, 4H, J = 7.7 Hz, ortho-PhH), 8.12 (d, 4H, J = 8.4 Hz, ortho-PhH-OR), 7.76 (m,
6H, meta,para-PhH), 7.28 (d, 4H, J = 8.4 Hz, meta-PhHOR), 6.14 – 6.04 (m, 2H, -CH=CH2), 5.35
– 5.22 (m, 4H, -CH=CH2), 4.32 (t, 4H, J = 6.7 Hz, -OCH2CH2-), 2.76 (q, 4H, J = 6.7 Hz, OCH2CH2-), -2.76 (s, 2H, NH) ppm. MALDI-ToF MS: m/z calculated for C52H42N4O2 754.33,
found: 754.07 ([M]+).
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(1Z,4Z,9Z,15Z)-5,15-Bis-(4-but-3-enyloxy-phenyl)-10,20-diphenyl-porphyrinato zinc (Zn-9)
Free base porphyrin H2-9 (45.0 mg, 0.060 mmol) was dissolved in boiling chloroform:methanol 4:1
(v/v, 20 mL). A solution of Zn(OAc)2.2H2O (147 mg, 0.67 mmol) in 5 mL methanol was added
dropwise and the mixture refluxed until TLC indicated complete metallation (usually within 1
hour). The mixture was concentrated on a rotary evaporator, the residue diluted with chloroform,
and the resulting solution washed with water (3x), dried with Na2SO4, filtered, concentrated and the
residue precipitated in methanol twice. The product was collected, suspended in cold pentanes,
stirred, centrifugated, stirred again in pentanes and collected. Yield: 47.3 mg (97 %) pink solid.
1
H-NMR (CDCl3/CD3OD, 400 MHz): δ 8.87 (d, 4H, J = 4.8 Hz, β-pyrrole), 8.82 (d, 4H, J = 4.8
Hz, β-pyrrole), 8.22 (d, 4H, J = 7.7 Hz, ortho-PhH), 8.11 (d, 4H, J = 8.4 Hz, ortho-ArH (PhOR)),
7.76 (m, 6H, meta,para-PhH), 7.28 (d, 4H, J = 8.4 Hz, meta-ArH (PhOR)), 6.14 – 6.04 (m, 2H, CH=CH2), 5.35 – 5.22 (m, 4H, -CH=CH2), 4.32 (t, 4H, J = 6.7 Hz, -OCH2CH2-), 2.76 (q, 4H, J =
6.7 Hz, -OCH2CH2-) ppm. MALDI-ToF MS: m/z calculated for C52H40N4O2Zn 816.24; found:
816.01 ([M+]).
(1Z,4Z,9Z,15Z)-5,15-Bis-(4-hex-5-enyloxy-phenyl)-10,20-ditoluyl-porphyrin (H2-10)
4-Hex-3-enyloxy-benzaldehyde 6 (0.97 g, 4.75 mmol), dipyrromethane 8 (1.12 g, 4.74 mmol) and
NH4Cl (0.75 g, 14.7 mmol) were stirred in 48 mL DMSO at 90 °C for 20 hours. After cooling to
room temperature, 190 mL methanol was added and the mixture was cooled at -18 °C for 18 hours.
A black solid was filtered off, washed with methanol and purified by silica chromatrography on a
gradient of 1:1 to 95:5 (v/v) hexanes:chloroform. Although 1H NMR indicated the presence of
impurities (< 5 %), the crude product was used to synthesize Zn-10 without further purification.
Yield: 158 mg (7.9 %) purple solid.
1
H-NMR (CDCl3, 300 MHz): δ 8.86 (s, 8H, β-pyrrole), 8.12 (br d, 4H, ortho-ArH (PhOR)), 8.10
(br d, 4H, ortho-ArH (toluyl)), 7.56 (br d, 4H, meta-ArH (toluyl)), 7.27 (br d, 4H, meta-ArH
(PhOR)), 6.00 – 5.87 (m, 2H, -CH=CH2), 5.16 – 5.04 (m, 4H, -CH=CH2), 4.26 (t, 4H, J = 6.2 Hz, OCH2CH2CH2CH2-), 2.71 (s, 6H, -CH3), 2.27 (q, 4H, J = 7.0 Hz, -OCH2CH2CH2CH2-), 2.01 (m,
4H, -OCH2CH2CH2CH2-), 1.76 (m, 4H, -OCH2CH2CH2CH2-), -2.75 (s, 2H, NH) ppm. MALDI-ToF
MS: m/z calculated for C58H54N4O2 838.42; found 838.51 ([M+]).
(1Z,4Z,9Z,15Z)-5,15-Bis-(4-hex-5-enyloxy-phenyl)-10,20-ditoluyl-porphyrinato zinc (Zn-10)
Free base porphyrin H2-10 (63.9 mg, 0.076 mmol) was treated with excess Zn(OAc)2.2H2O as
described for Zn-9, except the crude product was purified by column chromatography in
dichloromethane before the precipitation procedure. Yield: 61.2 mg (89%) purple solid.
1
H-NMR (CDCl3, 400 MHz): δ 8.96 (s, 8H, β-pyrrole), 8.11 (br d, 4H, ortho-ArH (PhOR)), 8.09
(br d, 4H, ortho-ArH (toluyl)), 7.55 (br d, 4H, meta-ArH (toluyl)), 7.26 (br d, 4H, meta-ArH
(PhOR)), 5.98 – 5.88 (m, 2H, -CH=CH2), 5.16 – 5.03 (m, 4H, -CH=CH2), 4.26 (t, 4H, J = 6.5 Hz, OCH2CH2CH2CH2-), 2.71 (s, 6H, -CH3), 2.26 (q, 4H, J = 6.9 Hz, -OCH2CH2CH2CH2-), 2.01 (m,
4H, -OCH2CH2CH2CH2-), 1.75 (m, 4H, -OCH2CH2CH2CH2-) ppm. MALDI ToF MS: m/z
calculated for C58H56N4O2Zn 900.34; found 899.96 ([M+]).
ZnCT-9.TPyP
A total of 35.7 mg (0.044 mmol) of Zn-9 was treated in three separate attempts using the
conditions listed in table 5.1, in the presence of 0.23 - 0.25 equivalents of TPyP. Of each attempt,
fractions collected from a preparative size exclusion column were analyzed by MALDI-ToF MS
and those that showed a significant amount of cyclic tetramer were combined and repeatedly
fractionated on a size exclusion column until no additional by-products could be detected by
MALDI-ToF MS. The product was then dissolved in dichloromethane and precipitated in diethyl
ether (5x). Yield: 2.73 mg (6.6 % based on Zn-9).
1
H-NMR (CDCl3/CD3OD, 400 MHz): δ 8.93 + 8.88 + 8.81 (shoulder) (3x br, 32H, β-pyrrole), 8.18
– 8.13 (br, 32H, ortho-ArH (Ph and PhOR)), 7.77 + 7.70 (2x br, 24 H, meta + para-ArH (Ph)), 7.28
(br, 16H, meta-ArH (PhOR)), 6.90 (br, 8H, TPyP β-pyrrole), 5.96 (br, 8H, -CH=CH-), 5.79 (d, 8H,
J = 6.2 Hz), TPyP Pyr-Hβ), 4.38 (br, 16H, -OCH2CH2-), 2.90 + 2.81 (2x br, 16H, -OCH2CH2-), 2.58
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(br d, 8H, TPyP Pyr-Hα) ppm. MALDI-ToF MS: m/z calculated for C200H160N16O8Zn4 (ZnCT-9)
3152.96; found 3156 ([M]+), 3143, 3129, 3116, 619 (TPyP).
ZnCT-10.TPyP
A total of 45.3 mg (0.050 mmol) of Zn-10 was treated in three separate attempts using the
conditions listed in table 5.1, in the presence of 0.25 equivalents of TPyP. From each attempt,
fractions collected from a preparative size exclusion column were analyzed by MALDI-ToF MS
and those which showed a significant amount of cyclic tetramer were combined and repeatedly
fractionated on a size exclusion column until no additional by-products could be detected by
MALDI-ToF MS. The product was then dissolved in dichloromethane and precipitated in pentane
(5x). Yield: 4.21 mg (8.2 % based on Zn-10).
1
H-NMR (CDCl3, 400 MHz): δ 8.91 (br m, 32H, β-pyrrole), 8.10 (br, 32H, ortho-ArH (toluyl and
PhOR)), 7.52 (br, 16H, meta-ArH (toluyl)), 7.23 (br, 16H, meta-ArH (PhOR)), 6.89 (br, 8H, TPyP
β-pyrrole), 5.79 (d, 8H, J = 6.0 Hz, TPyP Pyr-Hβ), 5.62 (br t, 8H, -CH=CH-) 4.27 (br, 16H, OCH2CH2CH2CH2), 2.75 (s, 24H, toluyl-CH3), 2.59 (br d, 8H, TPyP Pyr-Hα), 2.23 (br, 16H, OCH2CH2CH2CH2-), 2.01 (br, 16H, -OCH2CH2CH2CH2-), 1.76 (br, 16H, -OCH2CH2CH2CH2-), 4.71 (s, 2H, TPyP NH) ppm. MALDI-ToF MS: m/z calculated for C224H200N16O8Zn4 3489.36
(ZnCT-10); found 3493 ([M]+), 3479, 3465, 3451, 3438, 619 (TPyP).
3-But-3-enyloxy-benzaldehyde
In a procedure similar to that for the synthesis of 5 and 6, 3-but-3-enyloxybenzaldehyde was
prepared from 3-hydroxybenzaldehyde and 4-bromo-butene, except ethyl acetate was used as the
organic solvent during aqueous workup. Yield: 17 % yellow oil, which was used without further
purification to prepare H2-11.
(1Z,4Z,9Z,15Z)-5,15-Bis-(3-but-3-enyloxy-phenyl)-10,20-di-p-tolyl-porphyrin (H2-11)
p-Toluyl dipyrromethane 8 (0.42 g, 2.37 mmol), 3-but-3-enyloxy-benzaldehyde (0.56 g, 2.37
mmol) and NH4Cl (0.39 g, 7.35 mmol) were stirred in 30 mL DMSO at 85 °C for 28 hours. After
cooling to room temperature, addition of 200 mL methanol and cooling at -18 °C for several hours,
no precipitate had formed. Volatiles were removed, and the resulting black tar purified by column
chromatography (CHCl3 and CHCl3:hexanes 7:3 v/v). Since scrambled by-products could not be
removed, the crude mixture of porphyrins was used without further purification to prepare Zn-11.
Yield: 25.1 mg (2.8 %) purple solid.
(1Z,4Z,9Z,15Z)-5,15-Bis-(3-but-3-enyloxy-phenyl)-10,20-di-p-tolyl-porphyrinato zinc (Zn-11)
Porphyrin H2-11 (25.1 mg) was treated with excess Zn(OAc)2.2H2O as described for Zn-9. Careful
purification by column chromatography on a gradient of 60 – 30 % v/v hexanes in chloroform
resulted in the isolation of a pink solid (20.1 mg, 72 %).
1
H-NMR (CDCl3/CD3OD, 400 MHz): δ 9.03 (d, 4H, J = 4.9 Hz, β-pyrrole), 8.97 (d, 4H, J = 4.9 Hz,
β-pyrrole), 8.13 (d*, 4H, J = 7.7 Hz, ortho-ArH (Toluyl)), 7.83 (d*, 2H, ortho-ArH (PhOR)), 7.75
(br s, 2H, ortho-ArH (PhOR)), 7.60 ( br t, 2H, meta-ArH (PhOR)), 7.54 (d, 4H, J = 7.7 Hz, metaArH (Toluyl)), 7.28 (br, 2H, para-ArH (PhOR)), 6.15 – 6.11 (m, 2H, -CH=CH2), 5.37 – 5.27 (m,
4H, -CH=CH2), 4.32 (t, 4H, J = 6.3 Hz, -OCH2CH2-), 2.76 (br, 10H, -OCH2CH2- and –CH3) ppm.
MALDI-ToF MS: m/z calculated for C54H44N4O2Zn 844.28; found 843.91 ([M+]).
4-Pent-4-enyloxy-benzaldehyde
In a procedure similar to that described for the synthesis of 5 and 6, 4-pent-4-enyloxybenzaldehyde
was prepared from 4-hydroxybenzaldehyde and 5-bromo-pentene, except Cs2CO3 was used as a
base. If undistilled 5-bromo-pentene is used, minor impurities in the product are removed by
column chromatography (4:1 toluene:ethyl acetate v/v). Yield: 98 % colorless oil.
1
H-NMR (CDCl3, 400 MHz): δ 9.87 (s, 1H, COH), 7.81 (d, 2H, J = 8.8 Hz, ortho-ArH), 6.98 (d,
2H, J = 8.8 Hz, meta-ArH), 5.85 (ddt, 1H, J = 6.6, 7.0, 10.0 Hz, -CH=CH2), 5.1 – 5.0 (m, 2H, -
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CH=CH2), 4.05 (t, 2H, J = 6.4 Hz, -OCH2CH2CH2- ), 2.25 (dt, 2H, J = 7.0, 7.4 Hz, -OCH2CH2CH2), 1.92 (m, 2H, -OCH2CH2CH2-) ppm. 13C-NMR (CDCl3, 100.6 MHz): δ 189.93, 163.44, 136.84,
131.28, 129.26, 114.97, 114.24, 67.20, 29.78, 28.00 ppm. EI-MS: m/z calculated for C12H14O2
190.10; found 190.12.
3-Pent-4-enyloxy-benzaldehyde
In a procedure similar to that described for the synthesis of 4-pent-4-enyloxybenzaldehyde, 3-pent4-enyloxybenzaldehyde was prepared from 3-hydroxybenzaldehyde and 5-bromo-pentene, except
Cs2CO3 was used as a base. If undistilled 5-bromo-pentene is used, minor impurities in the product
are removed by column chromatography (5:1 toluene:ethyl acetate v/v). Yield: 98 % colorless oil.
1
H-NMR (CDCl3, 400 MHz): δ 9.97 (s, 1H, COH), 7.46 – 7.42 and 7.40 – 7.37 (m, 3H, ortho +
meta-ArH), 7.17 (m, 1H, para-ArH), 5.85 (ddt, 1H, J = 6.6, 6.8, 10.0 Hz, -CH=CH2), 5.1 – 5.0 (m,
2H, -CH=CH2), 4.03 (t, 2H, J = 6.5 Hz, -OCH2CH2CH2- ), 2.25 (dt, 2H, J = 7.2, 7.6 Hz, OCH2CH2CH2-), 1.91 (m, 2H, -OCH2CH2CH2-) ppm. 13C-NMR (CDCl3, 100.6 MHz): δ 191.33,
158.95, 137.20, 136.98, 129.43, 122.82, 121.38,114.86, 112.29, 67.11, 29.85, 28.11 ppm. EI-MS:
m/z calculated for C12H14O2 190.10; found 190.08.
(1Z,4Z,9Z,15Z)-5,15-Bis-(4-pent-4-enyloxy-phenyl)-10,20-di-p-tolyl-porphyrin (H2-12)
p-Toluyldipyrromethane 8 (2.51 g, 0.011 mol), 4-pent-4-enyloxybenzaldehyde (2.01 g, 0.011 mol)
and NH4Cl (1.75 g, 0.033 mol) were stirred in 95 mL DMSO at 90 °C for 17 hours. After cooling to
room temperature, 150 mL methanol was added and the mixture cooled at -18 °C for several hours.
A tar-like solid was filtered off, which was dissolved in a minimal amount of dichloromethane (ca.
15 mL) and precipitated in 200 mL cold methanol. The purple precipitate was filtered off and
filtered through a pad of silica in 3:1 (v/v) dichloromethane:hexanes. The yield (320 mg, 3.6 %)
was contaminated with scrambled products, but used without purification for the preparation of Zn12.
(1Z,4Z,9Z,15Z)-5,15-Bis-(4-pent-4-enyloxy-phenyl)-10,20-di-p-tolyl-porphyrinato zinc (Zn12)
The crude yield of free base porphyrin H2-12 was treated with excess Zn(OAc)2.2H2O as described
for the synthesis of Zn-9. After chromatographic purification in 3:1 (v/v) dichloromethane:hexanes,
the yield was refluxed in hexanes for one hour, cooled at 4 °C, the precipitate filtered off and
washed with pentanes. Yield: 290 mg (84.2 %) pink solid.
1
H-NMR (CDCl3/CD3OD, 400 MHz): δ 8.96 (br, 8H, β-pyrrole), 8.09 (br, 8H, ortho-ArH (toluyl
and PhOR)), 7.53 (d, 4H, J = 7.8 Hz, meta-ArH (toluyl)), 7.22 (d, 4H, J = 8.7 Hz, meta-ArH
(PhOR)), 6.05 – 5.9 (m, 2H, -CH=CH2), 5.20 – 5.05 (m, 4H, -CH=CH2), 4.23 (t, 4H, J = 6.0 Hz, OCH2CH2CH2-), 2.72 (s, 6H, toluyl-CH3), 2.43 (br m, 4H, -OCH2CH2CH2-), 2.08 (br m, 4H, OCH2CH2CH2-) ppm. 13C-NMR (CDCl3/CD3OD, 100.6 MHz): δ 158.92, 150.75, 150.51, 140.15,
138.20, 137.29, 135.55, 134.65, 132.12, 127.56, 121.32, 121.05, 115.52, 112.86, 67.73, 30.52,
28.91, 21.79. Elemental Analysis: calculated for C56H48N4O2Zn C, 76.92; H, 5.53; N, 6.41; found
C, 76.45; H, 5.45; N, 6.53. MALDI-ToF MS: m/z calculated for C56H48N4O2Zn 872.31; found
871.71 ([M+]).
(1Z,4Z,9Z,15Z)-5,15-Bis-(3-pent-4-enyloxy-phenyl)-10,20-di-p-tolyl-porphyrin (H2-13)
p-Toluyl dipyrromethane 8 (1.50 g, 6.35 mmol), 3-pent-4-enyloxy-benzaldehyde (1.21 g, 6.35
mmol) and NH4Cl (1.02 g, 19.1 mmol) were stirred in 60 mL DMSO at 95 °C for 16 hours. After
cooling to room temperature, addition of 200 mL of methanol, cooling at -18 °C for several hours
and filtering off the precipitate, TLC analysis indicated significant amounts of porphyrin in the
filtrate. The precipitate and filtrate were therefore combined and volatiles were removed in vacuo.
The crude black tar was filtered through a pad of alumina in 3:2 (v/v) hexanes:dichloromethane and
purified by column chromatography on a gradient of 7:2 to 1:4 (v/v) hexanes:dichloromethane. The
crude product, which showed evidence of scrambling by MALDI-ToF analysis, was used without
further purification for the preparation of Zn-13.
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(1Z,4Z,9Z,15Z)-5,15-Bis-(3-pent-4-enyloxy-phenyl)-10,20-di-p-tolyl-porphyrinato zinc (Zn13)
After treating H2-13 with excess Zn(OAc)2.2H2O as described for the synthesis of Zn-9, the
product was purified by column chromatography using 1:1 (v/v) hexanes:dichloromethane as the
eluent. The resulting solid was precipitated in methanol, filtered off and washed extensively with
pentanes. Yield: 8.9 % pink solid (with respect to 8).
1
H-NMR (CDCl3, 400 MHz): 9.0 – 8.95 (m, 8H, β-pyrrole), 8.09 (d, 4H, J = 7.8 Hz, ortho-ArH
(toluyl)), 7.82 – 7.78 (md, 2H, ortho-ArH (PhOR)), 7.75 (ms, 2H, ortho-ArH (PhOR)), 7.60 (t, 2H,
J = 8.3 Hz, meta-ArH (PhOR)), 7.54 (d, 4H, J = 7.8 Hz, meta-ArH (toluyl)), 7.29 – 7.26 (m, 2H,
para-ArH (PhOR)), 5.90 – 5.79 (ddt, 2H, J = 6.8, 10.3, 6.6 Hz, -CH=CH2), 5.08 – 4.95 (m, 4H, CH=CH2), 4.11 (t, 4H, J = 6.3 Hz, -OCH2CH2CH2-), 2.70 (s, 6H, toluyl-CH3), 2.26 (br m, 4H, OCH2CH2CH2-), 1.94 (br m, 4H, -OCH2CH2CH2-) ppm. 13C-NMR (CDCl3, 100.6 MHz): δ 156.81,
149.93, 149.56, 143.68, 139.39, 137.37, 136.63, 133.88, 131.53, 131.41, 127.03, 126.82, 120.75,
120.46, 120.34, 114.72, 113.60, 66.99, 29.71, 28.11, 21.07 ppm. Elemental Analysis: calculated for
C56H48N4O2Zn: C, 76.92; H, 5.53; N, 6.41; found: C, 76.73; H, 5.51; N, 6.31. MALDI-ToF MS:
m/z calculated for C56H48N4O2Zn 872.31; found 872.15 ([M+]).
ZnCT-12.TPyP
Porphyrin Zn-12 (30.17 mg, 0.035 mmol) was dissolved in 20 mL of CH2Cl2. About half of a
solution of 2.31 mg (2.81 μmol) of 1 in 2 mL of CH2Cl2 was added through a canula and the
resulting mixture was refluxed. After 3 hours, the remainder of the solution of 1 was added and
refluxing was continued for 9 hours. Next, TPyP (5.22 mg, 8.44 μmol) was added while the
solution was allowed to cool to room temperature and the solution stirred for an additional 30 min.
Finally, 2.62 mg (3.09 μmol) of 2 was added and the mixture was stirred for 6 hrs. After the
mixture had been concentrated to 3 mL, as much solid as possible was redissolved with CH2Cl2.
Insoluble material was disposed off by means of centrifugation, after which the supernatant was
collected. Volatiles were removed on a rotary evaporator and the obtained purple solid was
redissolved in a minimal amount of CH2Cl2 and purified by size exclusion chromatography. The
cyclic tetramer was collected from a dark purple band, which was chromatographed once again.
Yield: 21.3 mg (62 %) of purple solid. 1H NMR (CDCl3, 400.15 MHz) δ 8.92 (m, 32H, β-pyrrole),
8.10 (d, 16H, J = 8.7 Hz, ortho-ArH (PhOR)), 8.06 (d, 16H, J = 7.6 Hz, ortho-ArH (toluyl)), 7.48
(d, 16H, J = 7.6 Hz, meta-ArH (toluyl)), 7.27 (d, 16 H, J = 8.7 Hz, meta-ArH (PhOR)), 6.88 (br,
8H, TPyP β-pyrrole), 5.79 (d, 8H, J = 5.9 Hz, TPyP Pyr-Hβ), 5.72 (br, trans- CH=CH-), 5.65 (br t,
cis–CH=CH-), 4.30 (br t, 16H, -OCH2CH2CH2-), 2.71 (3x s, 24H, toluyl-CH3), 2.61 (d, 8H, J = 5.9
Hz, TPyP Pyr-Hα), 2.56 (m, -OCH2CH2CH2- (allyl next to cis-bond)), 2.46 (m, -OCH2CH2CH2(allyl next to trans-bond)), 2.09 (m, 16H, -OCH2CH2CH2-), -4.71 (s, 2H, TPyP NH) ppm. 13CNMR (CDCl3, 100.6 MHz): δ 157.95, 149.83, 149.80, 149.54, 147.93, 140.71, 140.07,140.00,
136.09, 135.25, 135.23, 133.90, 130.99, 130.02, 129.40, 129.36, 126.73, 126.41, 120.02, 119.99,
119.80, 114.94, 111.96, 111.75, 66.56, 28.60, 28.60, 23.95, 21.39 ppm. UV-VIS (CH2Cl2) λmax (ε
[104 cm-1 M-1]): 603.0 (2.99), 563.0 (3.99), 522.5 (2.61), 426.0 (67.5) nm. MALDI-ToF MS:
calculated for C216H184N16O8Zn4 (ZnCT-12) 3377.24; found 3377.10 ([M+]).
ZnCT-13.TPyP
In an analogous procedure to that described for the synthesis of ZnCT-12.TPyP, Zn-13.TPyP
(53.14 mg, 0.061 mmol) was treated with 4.6 mg (5.6 μmol) 1, 9.4 mg (0.015 mmol) TPyP and 5.6
mg (6.6 μmol) 2 to yield 33.7 mg purple solid (55 %).
1
H NMR (CDCl3, 400.15 MHz) δ 8.93 (br, 32H, β-pyrrole), 8.14 – 8.07 (br, 16H, ortho-ArH
(toluyl)), 7.81 (br, ortho-ArH (PhOR)), 7.68 (br, ortho-ArH (PhOR)), 7.59 (br, meta-ArH (PhOR)),
7.44 (br, meta-ArH (toluyl), 7.25 (br, para-ArH (PhOR)), 6.95 (br, TPyP β-pyrrole), 5.87 (br, TPyP
Pyr-Hβ), 5.70 – 5.32 (br, -CH=CH-), 5.20 (br, -CH=CH-), 4.15 + 3.94 (2x br, 16H, -OCH2CH2CH2), 2.72 – 2.64 (br, 32H, toluyl-CH3 + TPyP Pyr-Hα), 2.30 + 2.18 (br, 8H, -OCH2CH2CH2-), 2.09 –
1.72 (br, -OCH2CH2CH2- and -OCH2CH2CH2-), 1.58 (br, -OCH2CH2CH2-), -4.62 (s, TPyP NH)
ppm. 13C-NMR (CDCl3, 100.6 MHz): δ 156.48, 149.81, 149.44, 148.19, 144.34, 140.96, 140.05,
136.30, 131.22, 131.05, 129.34, 127.17, 126.71, 120.91, 120.25, 119.76, 114.93, 112.70, 66.35,
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30.76, 28.44, 28.23, 21.08 ppm. MALDI-ToF MS: calculated for C216H184N16O8Zn4 (ZnCT-13)
3377.24; found 3377.08 ([M+]).
H2-14
4-Pyridyl dipyrromethane (2.55 g, 0.011 mmol), 4-pent-4-enyloxy-benzaldehyde (2.17 g, 0.011
mmol) and NH4Cl (2.44 g, 0.046 mmol) were stirred in 95 mL DMSO at 90 °C for 16 hours. The
reaction mixture was allowed to cool, 100 mL methanol was added and cooled at -18 °C for 20
hours. A purple solid was filtered off, which was washed with methanol and purified by column
chromatography (eluent: 1 % v/v methanol in chloroform). Yield: 0.56 g (5.6 %) purple solid.
1
H NMR (CDCl3, 400.15 MHz) δ 9.03 (d, 4H, J = 5.9 Hz, Pyr-Hα), 8.93 (d, 4H, J = 4.8 Hz, βpyrrole), 8.79 (d, 4H, J = 4.8 Hz, β-pyrrole), 8.16 (d, 4H, J = 5.9 Hz, Pyr-Hβ), 8.10 (d, 4H, J = 8.6
Hz, ortho-ArH), 7.28 (d, 4H, J = 8.6 Hz, meta-ArH), 5.98 (ddt, 2H, J = 6.6, 6.8, 10.3 Hz, CH=CH2-), 5.23 – 5.08 (m, 4H, -CH=CH2-), 4.27 (t, 4H, J = 6.4 Hz, -OCH2CH2CH2-), 2.42 (m, 4H,
-OCH2CH2CH2-), 2.09 (m, 4H, -OCH2CH2CH2-), -2.82 (s, 2H, NH) ppm. MALDI-ToF MS:
calculated for C52H44N6O2 784.35; found 783.66 ([M+]).
Zn-14
Porphyrin H2-14 was treated with excess Zn(OAc)2.2H2O as described for the synthesis of Zn-9,
except the aqueous workup was replaced by a precipitation procedure with methanol. The
precipitate was washed extensively with methanol and diethyl ether. Yield: 95 – 100 % blue/green
solid.
1
H NMR (CDCl3/CD3OD 1:1 v/v), 400.15 MHz) δ 8.97 (d, 4H, J = 4.6 Hz, β-pyrrole), 8.89 (d, 4H,
J = 6.0 Hz, Pyr-Hα), 8.80 (d, 4H, J = 4.6 Hz, β-pyrrole), 8.23 (d, 4H, J = 6.0 Hz, Pyr-Hβ), 8.10 (d,
4H, J = 8.6 Hz, ortho-ArH), 7.29 (d, 4H, J = 8.6 Hz, meta-ArH), 6.0 (br m, 2H, -CH=CH2-), 5.24 –
5.08 (m, 4H, -CH=CH2-), 2.42 (m, 4H, -CH2CH2CH2-), 2.10 (m, 4H, -CH2CH2CH2-) ppm . Note:
the resonance for -CH2CH2CH2- was obscured by a large signal for water. MALDI-ToF MS:
calculated for C52H42N6O2Zn 846.27; found 845.97.
Zn-16
Porphyrin Zn-14 (50.5 mg, 0.060 mmol) was refluxed in 30 mL chloroform:acetonitrile 2:1 (v/v)
and 20 mL iodomethane for 16 hours. The reaction mixture was cooled and then concentrated on a
rotary evaporator (caution: iodomethane is highly toxic; the rotary evaporator should be placed in a
fumehood with ample ventilation) and the precipitate redissolved by the addition of nitromethane
and methanol. A saturated solution of NH4PF6 in water was added dropwise until precipitation was
complete. The precipitate was collected by centrifugation, washed with water twice and with
methanol:diethyl ether 1:10 once. Yield: 59.9 mg (85 %) green solid.
1
H NMR (CD3OD + pyridine-d5, 400.15 MHz) δ 9.79 (br, 6H, Pyr+-CH3), 9.28 (d, 4H, J = 6.6 Hz,
Pyr+-Hα), 9.05 (d, 4H, J = 5.3 Hz, β-pyrrole), 8.91 (d, 4H, J = 5.3 Hz, β-pyrrole), 8.86 (d, J = 6.6
Hz, Pyr+-Hβ), 8.09 (d, 4H, J = 8.6 Hz, ortho-ArH), 7.33 (d, 4H, J = 8.6 Hz, meta-ArH), .6.06 – 5.96
(m, 2H, -CH=CH2), 5.22 – 5.06 (m, 4H, -CH=CH2), 4.32 (t, 4H, J = 6.2 Hz, -OCH2CH2CH2-), 2.42
(m, 4H, -OCH2CH2CH2-), 2.09 (m, 4H, -OCH2CH2CH2-) ppm. MALDI-ToF MS: calculated for
C54H48N6O2Zn 876.31; found 876.02 and 861.29. Note: the counteranions are not observed. The
additional mass peak corresponds to the loss of a methyl substituent.
Zn-17
Porphyrin Zn-14 (67 mg, 0.079 mmol) was refluxed in 30 mL chloroform:nitromethane 1:1 (v/v)
and 15 mL iodomethane for 16 hours. The reaction mixture was concentrated on a rotary
evaporator (caution: iodomethane is highly toxic. The rotary evaporator should be placed in a
fumehood with ample ventilation), methanol was added and a saturated solution of NaBPh4 was
added dropwise until a precipitate was formed. The precipitate was collected, washed twice with
water and once with methanol:diethyl ether 1:10. Yield: 111.4 mg (93 %) green solid.
1
H-NMR (acetone-d6 + pyridine-d5, 400.15 MHz) δ 9.45 (br, 4H, Pyr-Hα), 9.07 (d, 4H, J = 4.1 Hz,
β-pyrrole), 8.99 (br, 8H, Pyr-Hβ + β-pyrrole), 8.13 (d, 4H, J = 8.5 Hz, ortho-ArH (PhOR)), 7.45 –
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7.37 (br m, 20H, meta-ArH + BPh4), 6.95 (br, 16H, BPh4), 6.80 (br, 8H, BPh4), 6.02 (ddt, 2H, J =
6.6, 7.1, 10.6, -CH=CH2), 5.23 – 5.06 (m, 4H, -CH=CH2), 4.34 (t, 4H, J = 6.4 Hz, -OCH2CH2CH2-),
2.42 (m, 4H, -OCH2CH2CH2-), 2.11 (m, 4H, -OCH2CH2CH2-) ppm. MALDI-ToF MS: calculated
for C54H48N6O2Zn 876.31; found 876.26 and 861.27. Note: the counteranions are not observed. The
additional mass peak corresponds to the loss of a methyl substituent.
Dipyrromethane (18)
Adapting a procedure described by Anderson et al.,65 paraformaldehyde (0.54 g, 0.018 mmol) was
cracked at 170 °C and passed into a degassed solution of TFA (140 μL, 1.9 μmol) in pyrrole (100
mL) by a gentle stream of dry nitrogen. After all solid paraformaldehyde had disappeared, the
reaction mixture was diluted with dichloromethane and the solution washed twice with 10 %
K2CO3 (aq.) and twice with water. The organic layer was dried on Na2SO4 and the crude product
obtained by removal of the volatiles in vacuo. Purification by column chromatography
(dichloromethanes:hexanes 4:1 with 1 % v/v triethylamine) and recrystallization (ethanol:water 1:1
v/v), a white solid (0.78 g, 30 %) was obtained. Its spectroscopic properties were identical to those
reported elsewhere.65
H2-19
Dipyrromethane 18 (0.73 g, 5.0 mmol) and 4-pent-3-enyloxybenzaldehyde (0.95 g, 5.0 mmol) were
dissolved in degassed acetonitrile (480 mL) under a dry argon atmosphere. The mixture was cooled
to 0 °C in an ice-bath, BF3.Et2O (63 μL, 0.5 mmol) was added and the mixture stirred for 7 hours.
DDQ (dichlorodicyanoquinone, 1.37 g, 5.0 mmol) was added and the mixture stirred for 16 hours,
after which the volatiles were removed, the residue redissolved in toluene, and the mixture heated
to reflux in the presence of an additional 1.37 g of DDQ. The mixture was concentrated on a rotary
evaporator and eluted over a pad of alumina and then silica with dichloromethane. The crude
product was used to prepare Zn-19 without further purification.
Zn-19
Porphyrin H2-19 was treated with excess Zn(OAc)2.2H2O as described for Zn-9. Purification by
column chromatography (toluene:hexanes 1:1 v/v) yielded an orange solid (0.18 g, 10.4 %).
1
H-NMR (CDCl3, 300 MHz) δ 10.23 (s, 2H, meso-H), 9.38 (d, 4H, J = 4.6 Hz, β-pyrrole), 9.12 (d,
4H, J = 4.6 Hz, β-pyrrole), 8.15 (d, 4H, J = 8.8 Hz, ortho-ArH), 7.30 (d, 4H, J = 8.8 Hz, metaArH), 6.00 (ddt, 2H, J = 6.4, 6.6,10.5 Hz, -CH=CH2), 5.25 – 5.10 (m, 4H, -CH=CH2), 4.31 (t, 4H, J
= 6.2 Hz, -OCH2CH2CH2-), 2.45 (m, 4H, -OCH2CH2CH2-), 2.12 (m, 4H, -OCH2CH2CH2-) ppm.
MALDI-ToF MS: calculated for C42H36N4O2Zn 692.21; found 692.17.
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Chapter 6

Host-Guest Chemistry of Covalent
Porphyrin Macrocycles
The ability of covalent cyclic tetramers to accommodate a range of
pyridylporphyrin guests was explored by UV-VIS, fluorescence and 1H
NMR titration experiments. In order to perform threading, the synthesis
of appropriately functionalized trans-dipyridyl porphyrin guests is
described, but threading over them could not be established.
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6.1 Introduction
Having developed a method to prepare covalent macrocycles by olefin
metathesis, we were interested in exploring the supramolecular chemistry of
their cavities, which is described in this chapter. Our main goal is to study
threading with the cyclic tetramer, which may be envisioned as studying a
binding event in time.1 As mentioned in chapter 1, recent investigations in our
group using porphyrin clip 1 (scheme 6.1) revealed that it is capable of
traversing a synthetic polymer.2,3 Specifically, when 1 is mixed with viologen
derivative 2, which is functionalized with a 3,5-di-tert-butylphenyl ‘stopper’ on
one side and a polymer on the other, MALDI-ToF analysis proved the
formation of a supramolecular complex (figure 6.1). Since with viologen
derivative 3 no complex is observed, consistent with viologen binding strongly
only inside the cavity, 1 necessarily has to thread onto the polymer and move
along the chain before reaching the ‘docking station’.
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Scheme 6.1 Structure of the porphyrin clip, and two viologen derivatives. n =
34, 60 and 88. All counterions are PF6-. An unfunctionalized viologen (4) is
also shown.
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Figure 6.1 (a) MALDI-ToF spectrum of 2. (b) MALDI-ToF spectrum of a 1:1
mixture of 1 and 2.
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The kinetics of the threading process could be studied by monitoring
the fluoresence of 1 as a function of time after mixing in an equimolar amount
of guest 2. Upon binding viologen, the fluoresence of 1 is quenched, but since
the polymer imposes a significant barrier to be overcome, a curve representing
a second order kinetic process is obtained (figure 6.2a). Similarly,
instanteneous dilution (~ 1000x) of a concentrated solution of equimolar
amounts of 1 and 2 causes the equilibrium to shift and a curve for a first order
process is obtained (figure 6.2b). As expected, threading and dethreading were
found to depend on the length of the polymer substituent: the longer the
polymer, the longer it takes to establish equilibrium. Importantly, the ratio of
bound/unbound 2 corresponds well to the ratio of bound/unbound
unfunctionalized viologen 4 at the same concentration, indicating that guests 2
and 4 bind with similar association constants.
a)

b)

Figure 6.2 Typical curves obtained when emission of 1 in the presence of an
equimolar amount of 2 is monitored as a function of time, showing (a)
threading, a second order kinetic process and (b) dethreading, a first order
kinetic process.
Following up on these results, the cyclic tetramers described in chapter
5 offer the potential to be utilized in a role analogous to that of the porphyrin
clip. A trans-dipyridyl porphyrin is a natural choice to function as a guest (i.e. a
docking station) not only because it is expected to bind inside the cavity of a
cyclic tetramer but also because we had already accumulated synthetic
experience with pyridyl substituted porphyrins (chapters 3 and 4). The other
two meso-positions of the trans-dipyridylporphyrin guest, i.e. the ones not
occopied by pyridyl substituents, can be used to attach a stopper or a polymer.
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Given the size of the cavities, an asymmetric ‘stopper-stationpolymer’ guest analogous to 2 is not easily prepared however. We therefore
opted to prepare symmetrically functionalized dipyridyl porphyrin guests H2-5
and H2-6 (scheme 6.2), both of which may be expected to pose a kinetic barrier
of some sort for threading. Their synthesis and complexation behavior with the
covalent cyclic tetramers is discussed in sections 6.2.3 through 6.2.5.
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O
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Scheme 6.2 Structure of functionalized trans-dipyridyl porphyrin guests 5 and
6.
In order to perform the threading experiments, we first needed to
device a procedure to remove the TPyP template from the cavity of the cyclic
tetramers, as these are isolated as their supramolecular complexes. This
procedure is described in section 6.2.1. We also required a ‘baseline’, that is,
insight into the complexation behavior of simple, unfunctionalized guests
(section 6.2.2). The chapter is concluded with the results of investigating
supramolecular complexes of the cyclic tetramers by Scanning Tunnineling
Microscopy (6.2.5). Throughout this chapter, the term ‘cyclic tetramer’ refers
to the compound derived from 5,15-di-para-pentyloxy-10,20-ditoluyl
porphyrin (ZnCT-12 in chapter 5), unless noted otherwise.

6.2 Results and Discussion
6.2.1. Removal of the template
There are two complementary ways to obtain an ‘empty’ cyclic
tetramer (scheme 6.3). When treating the supramolecular complex with a strong
protic acid, demetallation occurs and the resulting two components can be
separated by chromatography, albeit not easily. The thus obtained free base
derivative H2CT-7 can, in principle be metallated again with zinc to obtain
ZnCT-7, but this method is particularly useful for preparing the manganese
derivative (see chapter 7).
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Scheme 6.3 Removal of the TPyP template.
Alternatively, TPyP can be removed through competition with a large
excess of pyridine, which was investigated in some detail by performing a 1HNMR titration (figure 6.3,).† As the concentration of pyridine is increased, the
diagnostic signal of the TPyP β-pyridyl protons (located just upfield of the
olefinic signals), is gradually disappearing, indicating that the template is being
removed from the cavity
TPyP β-Pyr

TPyP Pyr-Hβ

0 eq.

85 eq.

200 eq.
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9.50
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Figure 6.3 H-NMR spectra of succesive additions of pyridine-d5 (in CDCl3) to
a solution containing ZnCT-7 (8.0 x 10-5 M at the start) and TPyP (4.6 x 10-4 M
at the start). The solvent is 5 % v/v CD3OD in CDCl3.
†

The solution used for the titration shown in figure 6.3 is obtained by titrating
‘empty’ ZnCT-7 with TPyP, as described in chapter 6.2.2. The final ratio in the
latter titration, and hence the start of the pyridine titration, is tetramer:TPyP
1:5.8, and not 1:1 as in the supramolecular complex isolated from the reaction
mixture.
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There are no dramatic changes in the 1H NMR spectra of on the one
hand ZnCT-7 and H2CT-7 and on the other hand ZnCT-7.TPyP (apart from
the TPyP resonances), see (figure 6.4a and 6.4c). As expected, overall
symmetry is partially lost, and multiple resonances for nuclei in slightly
different microenvironments are observed, which is particularly pronounced in
the aromatic region of the spectrum. In addition, the allylic protons are merged
into a single broad resonance, whereas in the supramolecular complex, distinct
resonances for the allylic protons adjacent to cis and trans olefin bonds were
observed. This is most likely due to enhanced conformational freedom of the
molecule as a whole and the connecting linkers in particular. For both ZnCT-7
and H2CT-7, several toluyl signals can be distinguished, consistent with
multiple conformers being observed on the NMR time-scale. In an attempt to
gain more information on the structure of ZnCT-7 in solution, its spectra were
examined in the 218 – 298 K temperature range. Upon cooling, no significant
changes were observed and a ‘frozen out’ conformation could not be
distinguished. Most likely, ZnCT-7 exists as a mixture of atropisomers with a
collapsed cavity.4
b)
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Figure 6.4 H NMR (a) and MALDI-ToF (b) spectrum of ZnCT-7 and H NMR
(c) and MALDI-ToF spectrum of H2CT-7 (d).
The MALDI-ToF mass spectrum of ZnCT-7 is basically identical to
that of ZnCT-7.TPyP (figure 6.4b), except in the case of ZnCT-7.TPyP a
separate signal for TPyP is observed since the supramolecular complex is not
observed intact. The mass spectrum of H2CT-7 however (figure 6.4d), reveals
much more clearly that isomerization does take place under the reaction
conditions used for amplification of the cyclic tetramer. The spectra of ZnCT-7
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and H2CT-7 were taken from appropiately treated samples originating from the
same batch of ZnCT-7.TPyP and although the [M-14]+ and [M-28]+ signals are
clearly observed for ZnCT-7, they are much more pronounced for H2CT-7. If
anything, this should be taken as a clear reminder not to interpret MALDI-ToF
signals quantitatively.
6.2.2 Host-guest chemistry with simple guests
Because of the well-known photophysical properties of porphyrins, the
host-guest chemistry of ZnCT-7 was explored using a combination of UV-VIS
and fluoresence spectroscopy, supplemented by 1H NMR spectroscopy. The
guests we employed are shown in scheme 6.4. In addition to a number of free
base porphyrins (8, 10 and 12), which were chosen because their structure is
analogous to those of functionalized guests 5 and 6, we also investigated the
association of manganese porphyrins 9 and 11 with ZnCT-7, for the potential
of their respective supramolecular complexes to act as (processive) enzyme
mimics (see chapter 7). Guests 13 and 14 function as reference compounds,
whereas buckminsterfullerene 15 was investigated out of a curiosity fueled by
recent literature reports (vide infra).
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11 M = MnCl; trans-MnDPyP

12 M = 2H; cis-DPyP

14 Pyridine

15 C60

Scheme 6.4 Structure of guests 8-15. For convenience, for each guest an
abbreviation was coined.
Although titration is usually a straightforward procedure, the
experimental procedure employing hosts and guests that both absorb visible
light requires some special consideration, especially if absorption maxima
(partially) overlap. Obviously, many of guests 8-15 absorp visible light;
especially zinc and free base porphyrins have similar absorption spectra, which
are dominated by the so-called Soret band around 420 nm. The Soret band of a
zinc porphyrin displays a bathochromic shift (~ 5 nm) upon coordination of an
axial ligand such as pyridine, which can be used as a means to quantify the
proportion of coordinated species. If the guest also displays significant
absorption in this region, the diagnostic signal resulting from the bathochromic
shift is (partially) obscured by absorption of the guest. While it is possible to
correct for guest absorption, assuming the guests’ absorption properties are not
significantly altered by association, this is only accurate when binding is very
strong, e.g. for TPyP (8). The association constants can therefore only be
accurately determined by UV-VIS spectroscopy using guests 8, 9, 11 and 13-
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15, which display strong binding and/or do not have significant absorption in
the Soret region of host ZnCT-7.
Fluoresence spectroscopy can be used as an alternative as well as a
complimentary method for determining association constants. Free base and
manganese porphyrins quench the fluorescence of zinc porphyrins, which can
be used as a measure for the proportion of supramolecular complex present.
The emission spectra of free base and zinc porphyrins display minimal overlap
and manganese porphyrins are not fluorescent, so the presence of excess guest
affects accuracy only when guests absorp too much photons from the excitation
beam – a factor that could be avoided in our experiments. Fluoresence
spectroscopy also offers the possibility to work at a relatively high
concentration, since excitation through the first Q-band results in the same
emission spectrum. By exciting the Q-band, and not the Soret band, the allowed
concentration is about 30 times higher, which proved useful for the guests that
have a relatively low association constant.
1
H NMR experiments are viable for all guests, provided diagnostic
signals can be discerned without overlap and the binding constant is below ~
106 M-1. The solubility of ZnCT-7 in common organic solvents is a limiting
factor however, since it proved difficult to dissolve enough to reach a
sufficiently concentrated solution for NMR measurements. Solubility was
greatly enhanced by the presence of methanol, which is why NMR experiments
have been performed in mixtures of methanol and chloroform. In a related
matter, samples for UV-VIS and fluoresence titrations were also dissolved with
the help of a few drops of methanol, but once dissolved, they were strongly
diluted. Generally, less than 0.01 % methanol was present in these experiments,
except when purposely introduced. Since methanol also results in a
bathochromoshift of the host’s Soret band, the presence of a significant amount
of methanol renders, in our experiments, UV-VIS spectroscopy useless for the
purpose of determining binding constants.
The association constants of ZnCT-7 with guests 8-15 determined by
UV-VIS and fluorescence spectroscopy are tabulated in table 6.1. As expected,
TPyP derivatives 8 and 9 bind very strongly in chloroform: their association
constants are about three orders of magnitude higher than those of dipyridyl
porphyrin derivatives 10-12. In the presence of 5 % v/v methanol however,
binding is considerably weaker. The binding constant of BiPy 13 is of the same
order of magnitude as trans-DPyP 10 and significantly larger than that of
pyridine, suggesting that bipyridyl species are ‘sandwiched’ in between two
opposite zinc porphyrins of one ZnCT-7, at least until 1:4 complex formation
is favoured by the presence of excess guest.
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Table 6.1 Association constants of guests 8-15 with ZnCT-7. All curves were
fitted assuming 1:1 complex formation. See section 6.4 for experimental details.

a

Compound

Abbreviation

UV-VIS
(CHCl3)

8
9
10
11
12
13
14
15

TPyP
MnTPyP
Trans-DPyP
Trans-MnDPyP
Cis-DPyP
BiPyd
Pyridinee
C60

1 x 109
2 x 109
5 x 105
2 x 103
n.b.f

Ka (M-1)a
Fluorescence
(CHCl3)
> 108 (p.f.)c
> 108 (p.f.)c
5 x 105
4 x 108
1 x 106
n.b.f

Fluorescence
(CHCl3/CH3OH)b
> 107 (p.f.)c
2 x 107
-

Estimated error: 50 % for porphyrin species, 10 % for 13 and 14. b 5 % v/v
methanol in chloroform. c p.f. = poor fit. d Additional binding modes not
included in fit.e 4:1 non-coorperative fit. f n.b. = no binding observed.
Cis-DPyP 12 binds to ZnCT-7 with a similar binding constant as
trans-DPyP 11. In principle, there are two possible modes of interaction for cisDPyP: it can bind to two zinc porphyrins located opposite to one another in the
ZnCT-7 macrocycle, or to two neighbouring zinc porphyrins. The relevance of
these binding modes comes to light when extrapolated to the binding of TPyP.
Theorically, TPyP could ‘glue’ two ZnCT-7 macrocycles together by forming
1:2 or even 2:2 complexes. Clearly, from comparison of the peak area of
several signals in its 1H NMR spectrum, the ratio of ZnCT-7 to TPyP is unity
for the supramolecular complex isolated from the reaction mixture, eliminating
the possibility of a 1:2 complex. Adding TPyP to ‘empty’ ZnCT-7 not
necessarily results in the same complex however, and kinetic intermediates
may also play a role. Although perhaps unlikely, given the good size and shape
complementarity of TPyP and ZnCT-7 for forming a 1:1 complex, the
observed high binding constant and entropic considerations, we could not
completely exclude the possibility of 1:2 and 2:2 complex between ZnCT-7
and TPyP and proceeded to investigate it in some detail. Apart from justifying
the 1:1 ratio employed for curve fitting, confirming the 1:1 reinsertion of TPyP
or MnTPyP is also highly relevant for the catalytic experiments described in
chapter 7.
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A 1H NMR tritration was performed with ZnCT-7 and TPyP (figure
6.5) in 5 % v/v CD3OD in CDCl3. As the ratio of ZnCT-7 to TPyP approaches
1, the spectrum of the supramolecular complex ZnCT-7.TPyP isolated from
the reaction mixture is reproduced (figure 5.7), i.e. strongly upfield shifted
resonances for TPyP are observed and the resonances for ZnCT-7 sharpen
considerably. Excess of either TPyP or ZnCT-7 does not affect the position of
the resonances for bound TPyP and no evidence for additional modes of
binding was found. Bound and unbound TPyP can be distuinguished
particularly well from their pyrrole NH resonances at δ = -4.71 ppm and δ = 2.95 ppm respectively. When ZnCT-7 is present in excess, only the resonance
at δ = - 4.71 ppm is found. When TPyP is present in excess, both resonances
are observed, in a ratio consistent with the known concentration of TPyP while
assuming exactly one equivalent is bound.

0 eq.
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0.24 eq.
0.48 eq.

0.96 eq.

1.92 eq.
8.50
8.50

8.00
8.00

7.50
7.50
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7.00
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6.50

6.00
6.00

5.50
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Figure 6.5 1H NMR spectra upon successive additions of TPyP to ZnCT-7. For
clarity, only the upfield region is shown and some ratios of TPyP:ZnCT-7 are
omitted. Solvent: 5 % v/v CD3OD in CDCl3.
These observations are consistent with the high association constants
determined by UV-VIS and fluorescence spectroscopy, and it appears that
TPyP smoothly reinserts into the macrocycle, but the identity of the 1:1
complex formally remains to be proven. Mass spectrometric investigations by
soft ionization techniques did not reveal observation of any supramolecular
complexes. MALDI-ToF spectra of ZnCT-7.TPyP show only separate signals
for ZnCT-7 and TPyP. Electrospray ionisation was also not suitable since it
requires the addition of an acid, which interferes with the host-guest chemistry
involving pyridine. Efforts to grow crystals suitable for X-ray analysis from
ZnCT-7.TPyP also failed. As a conquence of the difficulty in characterizing
the supramolecular complexes, it was assumed that a 1:1 complex is formed.
For comparison, 1H NMR titrations in CD3OD/CDCl3 with ZnCT-7
and cis-DPyP 12 and trans-DPyP 10 were also performed (figure 6.6 and 6.7

176

Host-Guest Chemistry of Covalent Porphyrin Macrocycles

(page 178) respectively). Regardless of the ratio of host to guest, single
resonances for all protons located on the DPyP moieties are observed,
indicating fast exchange on the NMR timescale and the observation of timeaveraged binding and release of the guest. Analysis of the titration curves by
non-linear curve fitting revealed binding constants in the order of 1.5 x 103 M-1
and 3.0 x 103 M-1 for cis-DPyP and trans-DpyP, respectively, in this solvent
system (table 6.2). The difference in association constants between cis-DPyP
and trans-DPyP in CDCl3/CD3OD is interesting, since in neat chloroform the
association constants are the same within error (table 6.1). The origin of this
difference likely finds its origin in the different modes of binding, i.e. ZnCT-7
has to adopt different conformations in order to accommodate either cis-DPyP
or trans-DPyP. Binding in ‘cis-mode’ has to bring two zinc porphyrin
considerably closer together compared to binding in ‘trans-mode’. This can be
deduced from the Chemically Induced Shifts (CISs) derived from the titration
curve. The CIS for the cis-DPyP Pyr-Hβ and pyrrole NH protons are
considerably larger than those for trans-DPyP (table 6.2, page 178). While
these protons in trans-DPyP experience a shielding effect mainly from the zinc
porphyrin it binds to, the same protons in cis-DPyP experience an additional
shielding effect from a second zinc porphyrin in relative proximity. Possibly,
the presence of methanol affects the π-π stacking interactions and the
conformational freedom of the aliphatic spacers the linking the zinc porphyrins,
thus influencing the ability of the host to adopt the required orientation to
accommodate the cis-guest.
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Figure 6.6 (a) H NMR spectra upon successive additions of cis-DPyP to
ZnCT-7. For clarity, only the aromatic region is shown and some ratios of cisDPyP:ZnCT-7 are omitted. Solvent: 5 % v/v CD3OD in CDCl3. (b) 1H NMR
spectrum of cis-DPyP in CDCl3.
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Figure 6.7 (a) H NMR spectra upon successive additions of trans-DPyP to
ZnCT-7. For clarity, only the aromatic region is shown and some ratios of
trans-DPyP:ZnCT-7 are omitted. Solvent: 5 % v/v CD3OD in CDCl3. (b) 1H
NMR spectrum of trans-DPyP in CDCl3.
Table 6.2 Association constants Ka (103 M-1) and chemically induced shift
values (CIS, ppm) for cis-DPyP 12 and trans-DPyP 10 protons in 5 % v/v
CD3OD in CDCl3.
Porphyrin
Cis-DPyP
Trans-DPyP

Pyr-Hα
CIS
Ka
1.7±0.05
-0.77
-

Pyr-Hβ
Ka
CIS
1.6±0.05
-0.98
3.0±0.2
-0.45

β-pyrrole
Ka
CIS
3.1±0.1
-0.34

NH
Ka
CIS
1.7±0.1 -0.40
3.2±0.2 -0.22

Binding of buckminsterfullerene 15 was not observed by UV-VIS or
fluorescence spectroscopy. Following up on the discovery of porphyrinbuckminsterfullerene co-crystallates,5 Aida et al.6,7,8,9,10 and others11,12,13 have
recently published a number of cyclic and ‘open’ structures that incorporate
two or more metalloporphyrins, which were shown to bind fullerenes with
considerable association constants (~ 104 – 107 M-1) in solution. The origin of
this unexpectedly large interaction was shown by calculations to be largely
based on π-π and Van Der Waals interactions.14,15 Most of these structures are
significantly preorganized for accommodating the fullerene guests and feature a
good size complementarity. Tetramer ZnCT-7 lacks these structural features,
which apparently disables any interaction to be observed at the concentration
regime employed. A saturated solution of 15 in toluene-d8 did not dissolve
ZnCT-7 upon stirring, sonication or heating. ZnCT-7 did dissolve when a
trace of methanol-d4 was added, but the subsequently recorded 1H NMR
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spectrum did not reveal significant changes with respect to ZnCT-7 in toluened8/methanol-d4 without C60 present.
6.2.3 Synthesis of a Polymer-Functionalized Guest
Since a wealth of end-functionalized polymers are commercially
available, our initial strategy to prepare polymer-functionalized guests relied on
connecting a pre-formed and appropiately terminated polymer to a transdipyridyl porphyrin. We preferred a reasonably stable connection and hence
opted for an amide bond, for which peptide chemistry has developed a myriad
of bond-forming methodologies. Finally, we needed to consider which species,
i.e. the dipyridylporphyrin or the polymer, incorporated which functionality,
i.e. the amine or the carboxylic acid. Since the incorporation of both acid and
base functionalities on the dipyridyl guest was likely to frustrate purification,
we decided to incorporate the amine on the guest and use acid terminated
polymers, for which polybutadienes seemed a reasonable initial choice because
of their potential as substrates in catalysis.
We prepared the ‘universal’ trans-dipyridyl porphyrin scaffold H2-16
from pyridyldipyrromethane and ester-protected 4-hydroxybenzaldehyde under
Lindsey low-scrambling conditions (scheme 6.5). This free base derivative is
scarcely soluble, but its zinc analog Zn-16 can be solubilized with pyridine.
Reaction of Zn-16 with a (protected) 3-bromopropyl amine yielded porphyrins
Zn-16 – Zn-19, which can be demetallated by treatment with acid. Amine
functionalized porphyrin Zn-17, or its free base derivative H2-17, proved
impossible to purify because it is retained on silica even with highly polar
eluents and basic additives. We therefore attempted to prepare Boc-protected
Zn-18 from the appropiate propyl bromide, but the main product, which was
identified by MALDI-ToF and TLC analysis as the desired product, proved to
co-elute with several unidentified by-products. As a result, we had to resort to
treating the crude product of free amine porphyrin H2-17 with Boc2O (di-tertbutyl dicarbonate) to yield H2-18 after purification (figure 6.8a, page 180).
Much to our surprise, however, standard deprotection conditions (i.e. TFA or
HCl) resulted in the partial loss of the propyl arms (figure 6.8b).
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Scheme 6.5 Synthesis of amine-functionalized trans-dipyridyl porphyrins and
their protected analogues.
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Figure 6.8 MALDI-ToF spectra of (a) H2-18. The additional peak marked with
* corresponds to a derivative containing a butyl spacer as a result of impure 3bromo-propylamine and the peaks marked with • to the loss of a tert-butyl
group, probably as a result of MALDI-ToF ionization conditions. (b) H2-18
after acid treatment.
To avoid the strongly acidic deprotection conditions, we also treated
diamine H2-17 with nosyl chloride to afford the nosylate H2-19. Nosylate
groups are removed under mild conditions, i.e. in the presence of
phenylthiols.16,17 Unfortunately, we found this protecting group not stable
enough to perform chromatography in the eluent system required. We then
proceeded to prepare phtalimide protected amines 20 and 21 from pyridyl
dipyrromethane and appropriately substituted benzaldehydes (scheme 6.6), in
order to avoid having to treat crude reaction mixtures with protecting agents.
Deprotection of 20 or 21, either as their free base or zinc derivative, with
hydrazine appeared to proceed smoothly. A sample of the reaction mixture
showed quantitative deprotection (figure 6.9a), but after any sort of workup, i.e.
aqueous acid/base wash-steps or precipitations, by-products were obtained.
After purificitation by preparative TLC in the presence of ammonia, we were
left with a single by-product (figure 6.9b). A solution of this reasonably pure
product in chloroform rapidly disintregrated (figure 6.9c), as did the solid even
when stored under an inert atmosphere at -18 °C, although not as quickly. We
therefore had to conclude that the amine functionalized dipyridyl porphyrins
are not stable, although the reason for this remains elusive. Not surprisingly,
attempts to use crude products in a coupling reaction with carboxylic acids did
not produce promising results.
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diamine functionalized dipyridyl porphyrin guests.
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Figure 6.9 MALDI-ToF spectra of (a) a sample of H2-21 refluxed with
hydrazine in ethanol, (b) the reaction mixture worked up by preparative TLC,
(c) the same worked up sample after 30 minutes in chloroform.
We decided to abandon the amide linkage between polymer and
dipyridyl porphyrin guest and use somewhat more easily hydrolyzable esters
instead. Alcohol functionalized porphyrin H2-25 was prepared from its
protected analog to facilitate purification (scheme 6.7, page 182). Contrary to
the amine functionalized dipyridyl porphyrin, H2-25 appeared to be stable
indefinetely. Screening for suitable coupling conditions with the polybutadiene
‘analog’ elaidic acid,† treatment of the carboxylic acid with oxalyl chloride
followed by reaction of H2-25 proved to yield the most promising results.
However, when this methodology was applied to carboxylic acid end-capped
polybutadiene, the yield of polymer functionalized guest 5a was
disappointingly low. Moreover, the product predominantly consisted of
monofunctionalized porphyrin and purification proved not possible. As a result,
no polybutadiene functionalized porphyrin 5a was isolated.

†

Apart from standard DCC/DMAP/HOBt coupling, reaction of the
pentafluorophenyl ester and acyl chloride (prepared with thionyl chloride) of
elaidic acid with H2-25 was evaluated. In all cases, conversion was observed,
but purification was never attempted.
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Scheme 6.7 Synthesis of alcohol functionalized porphyrin H2-25 and its
reaction with selected carboxylic acids. Polybutadiene of molecular weights
(Mn) 1200 and 2500 were employed.
The problem was not inherent to the methodology itself, since
substituting H2-25 for methanol readily produced the methyl ester (as
confirmed by MALDI-ToF mass spectrometry). Apparently, either the
carboxylic acid group is ‘buried’ inside a ‘ball’ of polymer strands and can only
be reached by relatively small alcohols, and/or the porphyrin displays unusual
aggregration behavior in which the alcohol moiety is tied up. Proton and 13C
NMR analysis of H2-25 indeed revealed broadened resonances for the βpyrrole protons and carbon atoms in the porphyrin ring respectively, even in
chloroform-d1 with methanol-d4 present, probably indicative of stacking
through π-π interactions enhanced by hydrogen bond formation between
alcohol moieties thus brought into close proximity. There was no evidence
found for an interaction between the alcohol and pyridyl moieties.
Since connecting a pre-formed polymer to a porphyrin scaffold
appeared to be an ineffective strategy, we explored the possibility of using an
established polymerization technique creatively, in order to prepare polymer
functionalized trans-dipyridylporphyrin guests. Atom Transfer Radical
Polymerization (ATRP) is a fairly new, but well-developed method for
preparing polymers and is characterized by excellent control over chain length
and polydispersity.18,19,20 Recent work in our group had shown that polystyrene
could be grown from a porphyrin functionalized with a 2-bromoisobutyryl
initiator group.21
Extending this methodology, we prepared Zn-26 and Zn-27 by
reaction of their respective alcohol derivatives with 2-bromo-isobutyryl
bromide (scheme 6.8). Porphyrin Zn-26 proved not soluble enough for our
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purposes, but polymerization with Zn-27 in bulk styrene was successful
(scheme 6.9, page 184).22 The MALDI-ToF spectrum and analytical size
exclusion chromatogram of Zn-5b are shown on in figure 6.10a and 6.10b on
page 184 respectively. The mass difference of ~105 amu between adjacent
peaks in the mass spectrum is consistent with a polystyrene species. Each
discrete signal appears in the mass spectrum as a collection of (at least) four
different signals, which is probably the result of an ill-defined spacer length of
the initiator complex as well as substitution or elimination of the terminal
bromide.†,22
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Scheme 6.8 Synthesis of dipyridyl porphyrin guests functionalized with ATRP
initiators
Molecular weight analysis of the mass spectrum showed Mn ≈ 4590,
Mw ≈ 4970 and a polydispersity index (PDI) of 1.1. By analytical size exclusion
chromatography, Mn ≈ 5460, Mw ≈ 7105 and PDI = 1.3 values were obtained.
Obviously, the values obtained by analytical SEC relate to polystyrene
standards, which may not be applicable for Zn-5b. Correcting for the mass of
the pyridyl porphyrin (1050 amu), the number molecular weights of Zn-5b
measured by MALDI-ToF and analytical SEC are reasonably similar and
correspond to an average of 43 styrene units appended on the porphyrin.
Subsequent treatment of Zn-5b with hydrochloric acid resulted in
demetallation to form H2-5b, as indicated by analytical SEC (figure 6.10c),
UV-VIS spectroscopy (figure 6.10d) and MALDI-ToF spectroscopy (not
shown).

†

MALDI-ToF analysis of H2-25 also showed the presence of a C7 spacer.
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Figure 6.10 (a) MALDI-ToF spectrum of Zn-27. (b) Analytical size exclusion
chromatograms of Zn-27. (c) Analytical size exclusion chromatograms of H25b. (d) UV-VIS spectra of Zn-27 and H2-5b.
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6.2.4 Synthesis of a Porphyrin-Functionalized Guest
Porphyrin H2-28 was functionalized with a carboxylic acid moiety by
reaction with ethyl 6-bromohexanoate and subsequent hydrolysis of the ester
(scheme 6.10). Just as the acyl chloride of acid terminated polybutadiene did
not significantly react with H2-25, the reaction of the acyl chloride of H2-30
with H2-25 did not proceed smoothly. In this case, however, it proved possible
to isolate the desired product H2-6, albeit in low yield.
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Scheme 6.10 Synthesis of porphyrin-functionalized guests H2-6.
Proton NMR and MALDI-ToF mass spectrometry confirmed the
identity of H2-6 as a trans-dipyridyl porhyrin guest with ‘stoppers’ appended to
it. Its NMR spectrum (figure 6.11, page 186) consists of strongly overlapping
resonances, but also reveals two anomalous signals. The pyrrole NH protons of
the central dipyridyl porphyrin appear as two broad and partially overlapping
resonances. This most likely that indicates the linker connecting the central
guest and the ‘stopper’ is capable of folding back and allows for weak
interactions between porphyrins thus brought into close promixity. This
phenomenon also affects the protons of the meso-phenyloxy subsituents of the
central guest, which also appear as at least two distict signals of unequal
intensity, i.e. 1 overlapped by 3 and 1’ overlapped by 3’ in figure 6.11a-c.
Investigation of the 2D COSY and ROESY spectra (not shown) and
comparison with the NMR spectra of the starting materials is consistent with
this assigment: proton 1 has a NOE contact with proton 2, which in turn
features a COSY contact with the signal of proton 3. The larger of the two
signals (assigned n’) are obscured by overlapping peaks, but the slightly shifted
minor signals (assigned n) can be distinguished. Apparently, a conformation
such as that depicted in figure 6.11d is observed on the NMR time-scale.
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Figure 6.11 (a) Complete and (b) zoomed in 1H NMR spectrum of H2-6. (c)
Assignment of anomalous signals appearing in the spectrum. (d) Proposed
interporphyrin interaction explaining the anomalous signals.
6.2.5 Threading Experiments
Threading experiments were carried out analogously to those
performed with the porphyrin clip, as discussed in the introduction of this
chapter.2,3 Specifically, threading was studied by injecting a solution (in
chloroform) of H2-5b or H2-6 into a solution of ZnCT-7 (in chloroform with a
trace of methanol) and monitoring the emission of the zinc porphyrins as a
function of time. Typically, traces such as those depicted in figure 6.12a were
obtained. Immediately after injection, the emission is quenched to a level that
depends on the ratio of host to guest after injection, but time-dependent
changes reminiscent of the porphyrin clip-viologen system (figure 6.2) were
not observed. Similarly, ‘dethreading’ was monitored by injecting a
concentrated mixture of H2-5b or H2-6 and ZnCT-7 (in chloroform) into neat
chloroform, and recording the zinc porphyrin emission as a function time
(figure 6.12b). Again, equilibrium appeared to be re-established almost
instantaneously and no time-dependent process was observed. In both the
threading and dethreading experiments, the host:guest ratio (1:1 to 1:5), which
determines the fraction of guest bound, did not affect the general shape of the
traces.
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Figure 6.12 (a) Emission as a function of time of ZnCT-7 (in chloroform with a
trace of methanol) measured at 601 nm before and after the addition of 1
equivalent of H2-5b or H2-6 (both in chloroform) to ZnCT-7. (b) Emission as a
function of time measured at 601 nm before and after injecting an equimolar
amount of H2-5b or H2-6 and ZnCT-7 (in chloroform) into neat chloroform. In
both experiments, λexc = 550 nm.
The association constants of ZnCT-7 with both guests could be
determined by fluorescence titration experiments analogous to those described
in section 6.2.2. Since quenching of emission did not appear to be timedependend, no particular precautions had to be taken into account to ensure
emission measurements were performed at equilibrium situations, i.e. no delay
between addition and measurement had to be implemented. The titration curves
and derived association constants are shown in figure 6.13. Both guests have
similar binding constants which compare well to those measured for transDPyP 10.
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Figure 6.13 Left: emission of host ZnCT-7 (601 nm) in CHCl3 as a function of
the guest-to-host ratio, where the guest is either H2-5b or H2-6. For both
experiments, λexc = 550 nm. Right: association constants in CHCl3 determined
by non-linear curve fitting. Estimated error: 50 %.
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Several explanations may account for absence of time-dependent
quenching of the emission of ZnCT-7 when exposed to either of the guests.
ZnCT-7 in solution probably does not posses a well-defined cavity, but rather
exists as several rapidly interconverting conformers in between the two
extremes of a completely flat and a box-shaped geometry. As such, the
polystyrene tails, but especially the porphyrin ‘stoppers’, should pose a
significant barrier to thread over, especially since there is no – or at least very
little – conceivable interaction between the porphyrin stoppers or polystyrene
moieties and the tetramer to ‘catalyze’ threading. On the other hand, this kind
of interaction appears to be absent also in the case of the porphyrin clip
threading over the polyTHF moiety, and threading is observed nonetheless.
Based on the fluorescence experiments, we cannot rule out that threading takes
place too fast to be observed in the temperature range accessible to us.
A more likely explanation, however, is that threading does not take
place at all. Instead, the quenching of the fluorescence is explained by ZnCT-7
‘wrapping’ itself around the guest without actually having moved over the nonpyridyl meso-substituents of the guests (figure 6.14). In fact, this mode of
binding probably cannot be avoided with such a flexible host. Since the binding
constants of trans-DPyP 10, H2-5b and H2-6 are comparable, the steric bulk on
H2-5b and H2-6 apparently does not pose a significant energy penalty for
ZnCT-7 to accommodate these guests. On the other hand, we cannot
distinguish between each of the two binding modes by fluorescence
measurements. The binding mode depicted in figure 6.14 may co-exist in
equilibrium with the ‘threaded’ mode, i.e. an equilibrium may exist between
uncomplexed and ‘wrapped’ host as well as between uncomplexed and
‘threaded’ host. From the fluoresence experiments, we cannot provide evidence
that this process takes place.

Figure 6.14 Model of ZnCT-7 ‘wrapped’ around the dipyridyl porphyrin of
H2-5b.
In order to gain further insight into the binding of guests H2-5b and
H2-6, we performed a number of NMR experiments. Unfortunately, we did not
have enough H2-6 to carry out a proper titration experiment, but three additions
up to 1.2 equivalents of H2-6 illustrate its binding (figure 6.15). As expected,
the pyrrole NH protons of the central dipyridyl porphyrin shift upfield: Δδ = 0.87 ppm with 0.8 equivalent of guest present. For comparison, the pyrrole NH

188

Host-Guest Chemistry of Covalent Porphyrin Macrocycles

protons of trans-DPyP shift considerably less, Δδ = -0.22 ppm with 0.67
equivalents of guest present. In addition to the pyrrole NH resonance, three
shifting resonances appear in the downfield region, two in the 6 – 5 ppm
regime and one around 8.3 ppm. The mixture was too dilute to obtain
informative 2D spectra, but it seems reasonable to assume that these signals
correspond to the pyridyl and β-pyrrole protons of the dipyridyl porphyrin.
Thus, the complexation-induced shift values are much larger than those
measured for trans-DPyP (figure 6.7), while the association constants are of the
same order of magnitude.† This may be the result of a different binding mode
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Figure 6.15 (a) Downfield and (b) upfield region of 1H NMR spectra recorded
after successive additions of H2-6 to ZnCT-7 (in 5 % v/v CD3OD in CDCl3).

†

NMR titrations are performed in ~ 5 % v/v CD3OD in CDCl3 and formally the
similar binding constants of trans-DPyP 10 and H2-5b derived from
fluorescence measurements in chloroform are not completely comparable to
those performed in chloroform/methanol.
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Figure 6.16 Partial 1H NMR spectra recorded after successive additions of H25b to ZnCT-7 (in 5 % v/v CD3OD in CDCl3).
A similar titration with H2-5b and ZnCT-7 was performed, but we
had more H2-5b to spare. While the downfield region did not prove very
informative due to overlapping signals, the resonance of the guest’s pyrrole NH
was more interesting (figure 6.16). The upfield shift is comparable to that
observed for bound H2-6 and thus larger than that for bound trans-DPyP. For
example, Δδ = -0.84 ppm with 0.43 equivalents of guest present, and Δδ = 0.72 ppm with 0.87 equivalents of guest present. More importantly, in most
recorded spectra with more than 0.87 equivalent of guest present, two distinct
resonances can be discerned! Unfortunately, recording a NMR spectrum of
sufficient quality took over five minutes, so we could only establish that this
phenomenon is not time-dependent over several hours: successive spectra taken
after 2, 4 and 19 hours after the addition of in total 2.18 equivalents of H2-5b
did not reveal any changes.
These two signals for the pyrrole NH protons probably correspond to
different binding modes, although not necessarily to the proposed ‘wrapped’
and ‘threaded’ bonding mode. It is unfortunate that we were unable to verify
whether bound H2-6 gives a similarly split signal for its pyrrole NH protons,
i.e. we were unable to perform the titration in the same range of host-guest ratio
as the one performed with H2-5b. With the data available to us, it remains
speculation whether the two pyrrole NH signals correspond to ‘threaded’ and
‘wrapped’ ZnCT-7, implying that in the former geometry the tetramer
relatively easily traverses polystyrene, but not the porphyrin ‘stopper’.
As discussed in chapter 1, one of the reasons for preparing cyclic
porphyrin tetramers relates to their increased cavity size with respect to the
porphyrin clip. Thus, polymers with a larger diameter, i.e. polymers other than
poly-THF or polybutadiene, could function as a substrate for threading. Recent
efforts in our group have focussed on using helical hydrogen-bond stabilized
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polyisocyanopeptides as a scaffold for preparing well-defined functional
arrays.23,24 As a part of this ongoing program, pyridine functionalized
polyisocyanopeptide 31 was prepared (scheme 6.11).25 Polymer 31 is a block
co-polymer, since the pyridine polyisocyanide homopolymer proved
completely insoluble. The polyisocyanide block of 31 consists of about 37
repeating units, with an estimated diameter of 17 Å. Polyisocyanodipeptides are
known to assume a stiff, rod-like character,26 but on account of the single
hydrogen bond between residu n and (n+4) it has been assumed that 31 is
somewhat flexible. Nonetheless, polymer 31 is an interesting substrate for
threading, since the pyridine-zinc porphyrin interactions provide an incentive
for the tetramer to thread onto the polymer.
N
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n
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O

H
N

n
N

Scheme 6.11 Structure of polyisocyanopeptide-block-polystyrene polymer 31.
Ideally, threading of ZnCT-7 onto 31 is probably best established
with the help of NMR experiments, i.e. comparing the complexation induced
shift values (if any) of the polymer-appended pyridine moieties for ZnCT-7
and analogous, non-cyclic oligomers. Unfortunately, we had very little 31
available and only a preliminary UV-VIS experiment was performed. Addition
of 31 to ZnCT-7 leads to a 3 nm bathochromic shift of the Soret band, as
expected for interaction of pyridine with zinc porphyrins (figure 6.16, page
192). Due to solubility limitations imposed by 31, we were forced to perform
the experiment in 5 % v/v methanol in chloroform. As explained in section
6.2.2., the presence of excess methanol usually obscures the binding of pyridine
since it not only induces a similar 4-5 nm bathochromic shift by itself, it also
lowers the association constant. Even binding of TPyP in ZnCT-7 in
chloroform/methanol, for example, could only be assessed by fluoresence
spectroscopy. It is therefore quite remarkable that mixing ZnCT-7 and 31 leads
to a 3 nm bathochromic shift in addition to the 4 nm bathochromic shift
induced by methanol.
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Figure 6.16 Absorption at 430 nm upon successive additions of 31 to a solution
of ZnCT-7. Solvent: 5 % v/v CH3OH in CHCl3.
We have no way of assessing the binding mode(s) of ZnCT-7 through
this experiment, nor can we derive an association constant. Qualitatively,
binding of 31 is less strong than the binding of TPyP in chloroform/methanol
considering the number of pyridine moieties (~ 37 per mole of 31) required to
induce the maximum absorption at 430 nm. Most likely, the structure of
polymer 31 is not optimal for being accommodated inside the tetramer while
binding to its four zinc metal centres. Molecular Modeling calculations may be
able to shed light on which binding modes, topological as well as external, are
feasible. For the moment, we have to contend ourselves that binding of 31 to
ZnCT-7 is established.
6.2.6 Scanning Tunneling Microscopy of ZnCT and its host-guest
complexes
Scanning Tunneling Microscopy (STM) is a valuable tool for
visualizing single molecules and their self-assembled arrays on conductive
surfaces. Porphyrins, which owing to their large aromatic surface and rich
intermolecular interactions, are often easily tuned through introduction of
various metals, additional ligands, and functional groups, have been extensively
used as building blocks for the rational construction of well-defined functional
surfaces. Examples include the self-assembly of alkylated porphyrin derivatives
on a highly oriented pyrolytic surface (HOPG),27,28 giant porphyrin wheels,29,30
and patterned surfaces assisted through hydrogen bonding31,32 or π-π
interactions.33,34 Our group has made contributions on the self-assembly and
manipulation of hexameric35 and dodecameric36 porphyrin ‘discs’. However,
investigation of pre-formed cyclic porphyrin arrays is an underexplored
area,37,38,39,40 and to the best of our knowlegde, no examples of their
supramolecular complexes have been visualized by STM.
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STM imaging of the template filled cyclic tetramer at the interface of
Highly Oriented Pyrolytic Graphite (HOPG) and a mixture of 1-phenyloctane
and chloroform (1:4, v/v) revealed the presence of highly ordered domains,
extending over more than 75 x 75 nm2 (figure 6.17a). For these measurements,
we used the hexenyloxyphenyl variant of the porphyrin tetramer (ZnCT10.TPyP in chapter 5). There are multiple ways in which the supramolecular
complex could adsorb to the surface (figure 6.17b). The most commonly
encountered orientation for porphyrins on a graphite surface is ‘face-on’, i.e.
parallel to the surface.41 In case of the tetramer, this would translate into
orientation A (figure 6.17b), in which one of the zinc porphyrin is physisorbed
on to surface. This orientation however, is not consistent with the observed
square lattice and topological periodicity of 3.7 ± 0.1 nm. We therefore propose
that the zinc porphyrins are oriented at an angle (0 – 90°) with respect to the
surface, leaving the TPyP guest essentially parallel to it. Since the array is
likely to be stabilized by π-π interactions between neighbouring zinc
porphyrins, any proposed topology should allow for a maximum number of
such interactions.
Orientation A

10 nm

a)

α
a

b

5 nm

b)

Orientation B

Orientation C

Figure 6.17 (a) STM topography of self-assembled template filled cyclic
tetramers at the interface of phenyloctane/CHCl3 and a highly oriented
pyrolytic graphite surface (Vbias = -250 mV, i = 5 pA). The unit cell (a = 37 ± 2
Å, b = 38 ± 2 Ǻ, α = 84 ± 2°) is indicated by the white square. (b) Possible
orientations (‘side’ view) of the tetramers and template on the surface. In
orientation B and C, two zinc porphyrins per tetramer have been omitted for
clarity.
There are two possible orientations that conform to our proposal, i.e.
orientation B and C. In orientation B, the zinc porphyrins are approximately
perpendicularly oriented, resulting in a roughly box-like structure of the
supramolecular complex. In orientation C, the zinc porphyrins are at an angle
with respect to the surface and adopt a cup-shaped structure. Considering the
flexilibility of the molecules involved, the actual orientation probably conforms
to both orientations interconverting into one another.
The ‘empty’ cyclic tetramer might be expected to orient itself flat on
the surface, but attempts to visualize this compound by STM have not been
successful. The steric bulk of the toluyl-substituents that usually adopt a
perpendicular orientation with respect to the porphyrin ring, might prevent
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suffiently strong interactions between the surface and the planes of the
porphyrin macrocycles. Sadly, attempts to prepare and visualize a well-defined
array of ZnCT-7.MnTPyP in order to create a functional catalytic surface,42
failed.

6.3 Concluding Remarks
Although a variety of guests proved to bind inside the cavity of cyclic
porphyrin tetramer ZnCT-7, we have not been able to observe the kinetics of
threading two different functionalized trans-dipyridyl porphyrin guests H2-5b
and H2-6, nor have we been able to establish that threading takes place at all.
The major obstacle appears to be the inherent flexibility of ZnCT-7, allowing
for the host to wrap itself around the guest instead of threading over the
polymer or ‘stopper’. Although theoretically these two binding modes might be
distinguished by NMR experiments supplemented by molecular modelling
calculations, our efforts were insufficient to do so. Within this context, more
rigid assemblies such presented in chapter 3 and 4 seem more promising hosts
since they are unable to wrap themselves around a guest. Although our results
indicated the stability of these metal-directed self-assemblies in the presence of
additional pyridine moieties may not be optimal, experiments with these
assemblies seem well worth the effort – if only for comparison with the
covalent cyclic tetramers.
Another option, possibly, to overcome the ‘wrap’ enigma, is to utilize
a tetrapyridyl porphyrin guest, which we have shown to bind very strongly
inside ZnCT-7. Since all meso-positions of such a guest are occupied by
pyridyl moieties, a creative way to attach polymers may be to utilize
carboxylate complexes of tin(IV) porphyrins.43,44,45,46 Our own prelimary
experiments indicate that it is possible to synthesize 5,10,15,20-tetrapyridyl
porphyrinato tin dihydroxide 32, from which it may be possible to synthesize
guest 33 by reaction with an acid terminated polymer (scheme 6.12). While
ZnCT-7 will probably wrap itself around the tetrapyridyl porphyrin, this may
be a kinetic intermediate that slowly converts to a fully threaded
supramolecular complex, the effect of which should be measurable as a
function of time.
N

-COOH
HO-

-OH =

N

N
N
OH
HO Sn
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Scheme 6.12 Synthesis of a tetrapyridyl tin(IV) porphyrin as a potential guest.
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6.4 Experimental Section
General
All reactions with porphyrins were performed under the exclusion of light prior to workup.
Chromatography was performed on Acros silicagel 60 (size 0.035 – 0.070 mm, pore size 6 nm).
Preparative size exclusion chromatography was performed on Biorad Biobeads SX-1, using
distilled dichloromethane as the eluent, unless noted otherwise.

Instrumentation
NMR spectroscopy was performed on Bruker DMX-300 (1H and 13C spectra), Varian Inova400 (1H
and 2D spectra) and Bruker DMX-500 (titration experiments) instruments and chemical shifts are
reported in ppm downfield with respect to TMS as an internal standard. MALDI-ToF spectra were
recorded on a Bruker Biflex III spectrometer employing dithranol as a matrix. UV-VIS spectra
were measured on a Varian Cary 50 spectrophotometer. Analytical size exclusion chromatography
was performed in chloroform at room temperature on a Shimadzu LC 10-AD GPC Pump equipped
with a Polymer Laboratories PLgel 5 μm MIXED-D column running on CHCl3. For detection a
Shimadzu SPD-10AV UV-VIS detector operating at 420 nm or 254 nm was used. Fluorescence
measurements were performed on a Perkin Elmer Luminescence Ls50B spectrometer.

Materials
4-Hydroxybenzaldehyde (Merck, 97 %) was recrystallized from water. DMF was degassed by
stirring under a mild vacuum for 15 minutes. DMSO was fractionally crystallized twice and stored
on 4 Å mol sieves. Dichloromethane was distilled from CaH2 and chloroform from K2CO3. Acid
terminated polybutadiene was purchased from PolymerSource (Montreal). All other chemicals
were obtained from commerical sources and used without purification.

Synthesis
Trans-MnDPyP 11 was prepared as described in chapter 4 and 4-pyridyl dipyrromethane as
described in 3. Cis-DPyP 12 was a kind donation from R. Lluch, H2-28 from Dr. M. Lensen and 31
from M. Otten. If methanol-d4 or pyridine-d5 were used as a co-solvent for preparing NMR
samples and the ratio CDCl3:co-solvent is not given, the co-solvent was added dropwise until the
sample was dissolved.
H2CT-7
To a solution of cyclic tetramer ZnCT-7.TPyP (23.1 mg, 5.8 μmol) in dichloromethane (80 mL), 5
mL of HCl (~ 2M) in ethyl acetate was added, upon which the solution turned bright green
instantaneously. After stirring for 3 minutes, the solution was neutralized with aqueous 2 M NaOH
until its color remained purple. The organic layer was washed with twice with water and dried with
Na2SO4. Although TLC (5 % v/v methanol in chloroform) of the resulting solution indicated facile
separation of the two porphyrinic components, all attempts to separate them by column
chromatography failed and a significant portion of the desired product was retained on the
respective columns. Eventually, separation was achieved by eluting with 10 % v/v methanol in
chloroform in the presence of HCl (added as its 2 M solution in ethyl acetate). The crude product
obtained from the appropriate fraction was dissolved in dichloromethane and then neutralized with
aqueous 2M NaOH, washed extensively with water, dried on Na2SO4, filtered, concentrated and the
product precipitated three times in pentane. Yield: 5.8 mg (32 %) purple solid.
For future attempts, separation by preparative TLC is recommended.
1
H-NMR (CDCl3, 400.15 Mhz): δ 8.9 – 8.6 (ms, 32H, β-pyrrole), 8.2 – 8.0 + 8.0 – 7.7 (2x br, 32H,
ortho-ArH), 7.5 – 7.10 (ms, 32H, meta-ArH), 5.75 + 5.67 (2x br, 8H, -CH=CH-), 4.31 (br, 16H, OCH2CH2CH2-), 2.7 – 2.3 (ms, 40H, -OCH2CH2CH2- + tolulyl-CH3), 2.11 (br, 16H, -
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OCH2CH2CH2-), -2.76 (shoulder) + -2.80 (br, 8H, NH) ppm. MALDI-ToF MS: calculated for
C216H192N16O8 3129.44; found 3128.97, 3114.95, 3099.70, 3085.70.
ZnCT-7
Cyclic tetramer ZnCT-7.TPyP (7.7 mg, 1.92 μmol was dissolved in 20 % v/v pyridine in
dichloromethane and chromatographed repeatedly over silica until a single band was observed.
From the collected green/blue band, the crude product was obtained by removal of volatiles in
vacuo. The crude product was redissolved in dichloromethane and this solution was washed with
10 % citric acid in water (2x), a saturated solution of NaHCO3 in water (1x), and water (2x). The
organic layer was dried on Na2SO4, filtered, concentrated on a rotary evaporator and the product
precipitated in pentane twice. Yield: 5.8 mg (89 %) pink solid.
1
H-NMR (CDCl3, 400.15 Mhz): δ 9.0 – 8.6 (ms, 32H, β-pyrrole), 8.15 – 7.96 (br, 16H, ortho-ArH
(PhOR)), 7.9 – 7.7 (ms, 16H, ortho-ArH (Toluyl)), 7.4 – 7.1 (ms, 32H, meta-ArH), 5.77 + 5.68 (2x
br, 8H, -CH=CH-), 4.32 (br, 16H, -OCH2CH2CH2-), 2.6 – 2.4 (ms, 40H, -OCH2CH2CH2-), 2.13 (OCH2CH2CH2-) ppm. MALDI-ToF MS: calculated for C216H184N16O8Zn4 3377.24; found 3380.9
(broad peak).
(1Z,4Z,9Z,15Z)-5,10,15,20-Tetra-pyridin-4-yl-porphyrinato manganese chloride (9)
Tetrapyridyl porphyrin 8 (107 mg, 0.17 mmol) was dissolved in 50 mL chloroform:methanol 3:1
(v/v) at reflux. Manganese(II)acetate tetrahydrate (501 mg, 2.04 mmol) was added and refluxing
was continued for 16 hours. The reaction mixture was cooled, concentrated on a rotary evaporator
and purified by column chromatography (8 % v/v methanol in dichloromethane in the presence of
HCl, added as a 2 M solution in ethyl acetate). The colored fractions were combined, neutralized
with solid NaHCO3, concentrated on a rotary evaporator and stirred with brine for 16 hours. The
organic layer was washed with brine twice, dried on Na2SO4 and filtered. The volatiles were
removed in vacuo, and the crude product was precipitated twice in methanol:water 3:1. Yield: 88
mg (73 %) green solid.
MALDI-ToF MS: calculated for C40H24ClMnN8 706.12; found 671.48 ([M-Cl]+). UV-VIS: λmax =
344.7, 376.9, 403.0, 476.0, 532.1, 584.0, 619.5 nm.
Propionic acid 4-formyl-phenyl ester
4-Hydroxybenzaldehyde (6.30 g, 0.052 mol) and propopionic anhydride (6.45 g, 0.049 mol) were
stirred in pyridine (15 mL) for 2.5 hours. The mixture was diluted with 50 mL ethyl acetate and
washed twice with 10 % K2CO3 (aq) and water (3x). The organic layer was dried on MgSO4,
filtered and volatiles were removed in vacuo. The crude product was passed over a pad of silica
eluted with dichloromethane. Yield: 7.21 g (82 %) colorless oil that slowly crystallizes to a white
solid.
1
H NMR (CDCl3, 400.16 MHz): δ 9.89 (s, 1H, -CHO), 7.91 (d, 2H, J = 8.8 Hz, ortho-ArH), 7.27
(d, 2H, J = 8.8 Hz, meta-ArH), 2.62 (q, 2H, J = 7.4 Hz, -OC(O)CH2CH3), 1.28 (t, 2H, J = 7.4 Hz, OC(O)CH2CH3) ppm.
(1Z,4Z,9Z,15Z)-5,15-Di-pyridin-4-yl-10,20-di-p-hydroxy-porphyrinato zinc (Zn-16)
Propionic acid 4-formyl-phenyl ester (4.45 g, 0.025 mol), 4-pyridyl dipyrromethane (5.63 g, 0.025
mol) and ammmonium chloride (5.26 g, 0.1 mol) were stirred in 250 mL DMSO at 88 °C for 23
hours. The reaction mixture was cooled, 200 mL methanol was added and the mixture cooled at -18
°C for 3 days. A purple solid was filtered off, washed extensively with cold methanol and purified
by column chromatography on a gradient of 0 to 5 % v/v methanol in dichloromethane. Since
chromatography resulted in hydrolysis of the ester bond and a mixture of products was obtained,
the crude product was treated with 4 M NaOH in methanol for several hours, after which the
mixture was neutralized (pH ≈ 7) with 30 % HCl (aq) and solid NaHCO3. The solid was filtered
off, washed with hot water and methanol, and stirred with several grams of zinc acetate dihydrate at
100 °C in DMF:pyridine 3:1 v/v for 5 days. Volatiles were removed and the crude product was
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stirred in hot methanol (55 °C), cooled, the solid was filtered off and washed with hot water,
methanol and diethyl ether. Yield: 602 mg (6.7 %) greenish solid.
1
H NMR (CDCl3:pyridine-d5 4:1 (v/v), 300 MHz): δ 11.68 (s, 2H, -OH), 9.07 (d, 4H, J = 4.5 Hz, βpyrrole), 8.94 (d, 4H, J = 6.0 Hz, Pyr-Hα), 8.38 (d, 4H, J = 4.5 Hz, β-pyrrole), 8.09 (d, 4H, J = 6.0
Hz, Pyr-Hβ), 8.07 (d, 4H, J = 8.4 Hz, ortho-ArH (PhOH)), 7.34 (d, 4H, J = 8.4 Hz, meta-ArH
(PhOH)) ppm. 13C NMR (CDCl3:pyridine-d5 4:1 (v/v), 100.6 MHz): 156.07, 149.68, 149.04,
145.97, 131.98, 130.76, 129.1, 127.80, 119.90, 115.56, 112.20 ppm.
MALDI-ToF MS: calculated for C42H26N6O2Zn 710.14; found 709.98.
[3-(4-Formyl-phenoxy)-propyl]-carbamic acid tert-butyl ester
Di-tert-butyl dicarbonate (19.6 g, 0.090 mol), 3-bromopropylamine hydrobromide (15.1 g, 0.069
mol) and NaHCO3 (30.6 g, 0.36 mol) were stirred in 250 mL water:dioxane 1:1 (v/v) for 16 hours.
The dioxane was removed on a rotary evaporator and the water layer extracted twice with diethyl
ether. The combined organic layers were washed with a saturated solution of NaHCO3 (aq.) and
twice with water, dried on Na2SO4, filtered and volatiles were removed in vacuo to obtain 13.9 g
(85 %) colourless oil.
1
H NMR (CDCl3, 400.16 MHz): δ 4.72 (br, 1H, NH), 3.43 (t, 2H, J = 6.3 Hz, BrCH2CH2CH2-),
3.25 (q, 2H, J = 6.3 Hz, BrCH2CH2CH2-), 2.04 (qu, 2H, J = 6.3 Hz, BrCH2CH2CH2-), 1.44 (s, 9H,
tert-butyl –CH3) ppm.
H2-18
Porphyrin Zn-16 (39 mg, 0.055 mmol) was stirred with 2 g (6 mmol) Cs2CO3 in DMF:pyridine 3:1
(v/v) for 30 minutes, after which 3-bromopropylamine hydrobromide (56 mg, 0.26 mmol) was
added and the mixture stirred for 16 hours. The mixture was diluted with dichloromethane and
mixed with 0.1 M HCl (aq.). The green aqueous layer was washed with dichloromethane twice,
neutralized with 4 M NaOH (aq.), upon which a precipitate formed. The precipitate taken up in
dichloromethane, which was washed with water twice. After drying on Na2SO4, the organic layer
was filtered and concentrated on a rotary evaporator. The crude product was obtained by
precipitation into diethyl ether.
It was treated with di-tert-butyl dicarbonate (40 mg, 0.18 mmol) dissolved in a minimal amount of
chloroform and stirred for 14 hours. The crude, Boc-protected product was purified by preparative
TLC (2 % v/v methanol, 1 % v/v triethylamine in dichloromethane). Yield: 16.9 mg (32 %)
1
H NMR (CDCl3/CD3OD, 400.16 MHz): δ 8.94 (d, 4H, J = 6.0 Hz, Pyr-Hα), 8.79 (br, 8H, βpyrrole), 8.21 (d, 4H, J = 6.0 Hz, Pyr-Hβ), 8.08 (d, 4H, J = 8.3 Hz, ortho-ArH (PhOR)), 7.28 (d, 4H,
J = 8.3 Hz, meta-ArH (PhOR)), 4.31 (t, 4H, J = 6.0 Hz, -OCH2CH2CH2-), 3.46 (q, 4H, J = 6.0 Hz, OCH2CH2CH2-), 2.17 (qu, 4H, J = 6.0 Hz, -OCH2CH2CH2-), 1.49 (s, 18H, tert-butyl) ppm. 13C
NMR (CDCl3/CD3OD, 100.6 Mhz): δ 162.17, 160.16, 154.47, 150.72, 138.89, 137.23, 133.09,
124.25, 119.88, 116.26, 82.91, 69.57, 57.01, 41.46, 33.33, 31.93 ppm. MALDI-ToF MS: calculated
for C58H58N8O6 962.45; found 961.50.
4-(4-(1,3-dioxoisoindolin-2-yl)butoxy)benzaldehyde
Benzaldehyde (1.80 g, 0.015 mol) and Cs2CO3 (18.8 g, 0.058 mol) were stirred in DMF for 20
minutes, after which 4.97 g (0.018 mol) 2-(4-bromobutyl)isoindoline-1,3-dione was added and the
mixture stirred for 4 hours. The mixture was diluted with dichloromethane (150 mL), filtered over
Celite, and volatiles were removed in vacuo. The crude product was purified by column
chromatography on a gradient of 9:1 (v/v) dichloromethane:hexanes to neat dichloromethane. The
thus obtained off-white solid was triturated with hexanes. Yield: 3.67 g (77 %) white solid.
1
H NMR (CDCl3, 400.16 MHz): δ 9.87 (s, 1H, CHO), 7.85 (m, 2H, Phtalimide), 7.80 (d, 2H, J =
8.9 Hz, ortho-ArH), 7.72 (m, 2H, Phtalimide), 6.97 (d, 2H, J = 8.9 Hz, meta-ArH), 4.09 (t, 2H, J =
6.2 Hz, -OCH2CH2CH2CH2-), 3.78 (t, 2H, J = 6.4 Hz, -OCH2CH2CH2CH2-), 1.88 (br, 4H, OCH2CH2CH2CH2-) ppm. 13C NMR (CDCl3, 100.6 MHz): δ 190.97, 168.62, 164.15, 134.18,
132.26, 130.09, 123.43, 114.94, 67.72, 37.71, 26.59, 25.42 ppm.
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4-(4-(1,3-dioxoisoindolin-2-yl)octyloxy)benzaldehyde
The same procedure as described for the synthesis 4-(4-(1,3-dioxoisoindolin-2yl)butoxy)benzaldehyde was employed, except column chromatography was performed on a
gradient of 7:3 dichloromethane:hexanes to neat dichloromethane. Yield: 92 % white solid.
1
H NMR (CDCl3, 400.16 MHz): δ 9.88 (s, 1H, CHO), 7.84 (m, 2H, Phtalimide), 7.81 (d, 2H, J =
8.9 Hz, ortho-ArH), 7.71 (m, 2H, Phtalimide), 6.98 (d, 2H, J = 8.9 Hz, meta-ArH), 4.03 (t, 2H, J =
6.4 Hz, -OCH2RCH2-), 3.68 (t, 2H, J = 7.2 Hz, -OCH2RCH2-), 1.80 + 1.68 + 1.46 + 1.37 (4x m,
2H+2H+2H+6H, -OCH2RCH2-) ppm. 13C NMR (CDCl3, 100.6 MHz): δ 217.91, 190.30, 167.97,
163.76, 133.38, 131.69, 131.49, 122.67, 114.27, 67.86, 37.52, 28.65, 28.55, 28.51, 28.06, 26.25,
25.38 ppm.
H2-20
4-Pyridyl
dipyrromethane
(1.71
g,
7.66
mmol),
4-(4-(1,3-dioxoisoindolin-2yl)butoxy)benzaldehyde (2.48 g, 7.66 mmol) and ammonium chloride (1.47 g, 27.5 mmol) were
stirred in 80 mL DMSO at 95 °C for 48 hours. The mixture was cooled to room temperature, 200
mL methanol was added and it was cooled at -18 °C for 16 hours. The solid was filtered off,
washed with methanol and purified by chromatography on alumina (0.25 % v/v methanol in
dichloromethane) and silica (1.25 % v/v methanol in dichloromethane). Yield: 84.5 mg (2.1 %)
purple solid.
1
H NMR (CDCl3, 400.16 MHz): δ 9.03 (d, 4H, J = 5.9 Hz, Pyr-Hα), 8.92 (d, 4H, J = 4.8 Hz, βpyrrole), 8.78 (d, 4H, J = 4.8 Hz, β-pyrrole), 8.16 (d, 4H, J = 5.9 Hz, Pyr-Hβ), 8.08 (d, 4H, J = 8.6
Hz, ortho-ArH (PhOR)), 7.89 (m, 4H, Phthalimide), 7.75 (m, 4H, Phthalimide), 7.27 (d, 4H, J = 8.6
Hz, ortho-ArH (PhOR)), 4.31 (t, 4H, J = 5.9 Hz, -OCH2CH2CH2CH2-), 3.91 (t, 4H, J = 6.6 Hz, OCH2CH2CH2CH2-), 2.06 (br, 8H, -OCH2CH2CH2CH2-), -2.84 (s, 2H, NH) ppm. 13C NMR (CDCl3,
100.6 Mhz): δ 168.06, 158.50, 149.92, 147.79, 135.14, 133.51, 131.68, 131.51, 130.06, 129.93,
128.97, 122.79, 120.29, 116.40, 112.42, 67.05, 37.30, 26.36, 25.07 ppm. MALDI-ToF MS:
calculated for C66H50N8O6 1050.39; found 1049.30 and 1062.22.
H2-21
A procedure similar to that described for H2-20 was employed, except 4-(4-(1,3-dioxoisoindolin-2yl)octyloxy)benzaldehyde was employed. Extensive purification by column chromatography (0 to
1.5 % v/v methanol in chloroform) and recrystallization was not sufficient to obtain a pure product,
and hence the impure product was purified as the zinc derivative (vide infra) and demetallated by a
standard acid treatment. Yield: 4.3 % purple solid.
1
H NMR (CDCl3, 400.16 MHz): δ 9.03 (d, 4H, J = 5.8 Hz, Pyr-Hα), 8.94 (d, 4H, J = 4.8 Hz, βpyrrole), 8.79 (d, 4H, J = 4.8 Hz, β-pyrrole), 8.16 (d, 4H, J = 5.8 Hz, Pyr-Hβ), 8.09 (d, 4H, J = 8.6
Hz, ortho-ArH (PhOR)), 7.83 (m, 4H, Phtalimide), 7.67 (m, 4H, Phtalimide), 7.28 (d, 4H, J = 8.6
Hz, meta-ArH (PhOR)), 4.24 (t, 4H, J = 6.5 Hz, -OCH2RCH2-), 3.73 (t, 4H, J = 7.4 Hz, OCH2RCH2-), 1.97 + 1.74 + 1.62 + 1.46 (4x m, 4H + 4H + 4H + 12H, -OCH2RCH2-), -2.83 (s, 2H,
NH) ppm. 13C NMR (CDCl3, 100.6 Mhz): δ 167.96, 158.71, 149.90, 147.82, 135.14, 133.32,
131.71, 131.49, 129.90, 128.95, 122.66, 120.35, 116.39, 112.42, 95.66, 67.79, 37.59, 28.96, 28.86,
28.17, 28.17, 26.38, 25.67 ppm. MALDI-ToF MS: calculated for C74H66N8O6 1162.51; found
1162.91 and 1176.92 amu.
Zn-21
Porphyrin H2-21 was metallated by treatment of its refluxing solution in chloroform:methanol 3:1
(v/v) with excess Zn(OAc)2.2H2O. After TLC indicated a complete reaction, the reaction mixture
was concentrated, diluted with chloroform and washed three times with water. The organic layer
was dried on Na2SO4, filtered and volatiles were removed in vacuo. The crude product was purified
by column chromatography (1 % v/v methanol, 0.5 % v/v pyridine in dichloromethane) and
precipitation into methanol. Yield: 73 % green solid.
1
H NMR (CDCl3, 400.16 MHz): δ 8.73 (br, 4H, β-pyrrole ), 8.08 (br, 4H, Pyr-Hβ), 7.95 (br d, 4H, J
= 7.6 Hz, ortho-ArH (PhOR)), 7.76 (br, 4H, Phtalimide), 7.60 (br, 4H, Pthalimide), 7.20 (br d, 4H,
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J = 7.6 Hz, meta-ArH (PhOR)), 7.19 (br, 4H, Pyr-Hα), 4.21 (br t, 4H, -OCH2RCH2-), 3.70 (br t, 4H,
-OCH2RCH2-), 1.96 + 1.73 + 1.62 + 1.46 (4x br, 4H + 4H + 4H + 12H, -OCH2RCH2-) ppm. Note:
the resonances are broadened, presumably because of intermolecular coordination. 13C NMR
(CDCl3, 100.6 Mhz): δ 168.38, 158.75, 151.67, 150.59, 148.21, 135.42, 134.93, 133.72, 132.43,
132.09, 130.33, 128.70, 123.04, 121.30, 112.43, 68.24, 38.03, 29.48, 29.37, 29.19, 28.62, 26.86,
26.17 ppm. MALDI-ToF MS: calculated for C74H64N8O6Zn 1224.42; found 1223.72 and 1237.69.
2-(6-Bromohexyloxy)tetrahydro-2H-pyran
6-Bromohexan-1-ol (5.05 g, 0.028 mol), 3,4-dihydro-2H-pyran (3.53 g, 0.042 mmol) and paratoluenesulfonic acid (0.24 g, 1.4 mmol) were stirred in 5 mL dichloromethane at 0 °C for 30
minutes and then for another 18 hours while allowing the mixture to warm to room temperature.
The reaction mixture was diluted with dichloromethane (100 mL) and this solution was twice
washed with a saturated solution of NaHCO3 (aq.). The organic layer was dried on Na2SO4, filtered
and volatiles were removed in vacuo. The crude product, a dark oil, was passed over a pad of silica
eluted with hexanes: ethyl acetate 97:3 (v/v) to obtain a colorless oil after removal of volatiles.
Yield: 6.17 g (83 %).
1
H NMR (CDCl3, 300 MHz): δ 4.57 (br, 1H), 3.89 (m, 1H), 3.75 (m, 1H), 3.49 (m, 1H), 3.41 (2x
m, 9H), 1.90 – 1.43 (m, 8H) ppm. 13C NMR (CDCl3, 100.6 MHz): 98.24, 66.93, 61.70, 33.19,
32.20, 30.21, 29.17, 29.01, 27.44, 25.52, 19.12 ppm.
4-(6-(Tetrahydro-2H-pyran-2-yloxy)hexyloxy)benzaldehyde
4-Hydroxybenzaldehyde (2.37 g, 0.019 mmol) and Cs2CO3 (25.2 g, 0.078 mmol) were stirred in 25
mL DMF for 20 minutes. 2-(6-bromohexyloxy)tetrahydro-2H-pyran (6.17 g, 0.023 mmol) was
added and the mixture stirred for 28 hours. Dichloromethane (200 mL) was added, the suspension
filtered over Celite and the organic phase was washed twice with 10 % K2CO3, water and brine.
The organic layer was dried on Na2SO4, filtered, and volatiles were removed in vacuo. The crude
product was purified by column chromatography (dichloromethane:hexanes 7:3 v/v). Yield: 5.45 g
(94 %) yellow oil.
1
H NMR (CDCl3, 300 MHz): δ 9.88 (s, 1H, -CHO), 7.82 (d, 2H, J = 8.6 Hz, ortho-ArH), 6.98 (d,
2H, J = 8.6 Hz, meta-ArH), 4.57 (br, 1H, THP), 4.04 (t, 2H, PhOCH2-), 3.87 + 3.75 + 3.73 + 3.40
(4x m, 1H + 1H + 1H + 1H), 1.9 – 1.3 (m, 14H) ppm. 13C NMR (CDCl3, 100.6 MHz): δ 190.29,
163.74, 131.48, 129.28, 114.25, 98.44, 67.80, 66.61, 61.93, 30.29, 29.16, 28.51, 25.51, 25.34,
24.99, 19.23 ppm.
H2-25
4-Pyridyl
dipyrromethane
(3.97
g,
0.018
mmol),
4-(6-(tetrahydro-2H-pyran-2yloxy)hexyloxy)benzaldehyde (5.45 g, 0.018 mmol) and ammonium chloride (3.84 g, 0.071 mmol)
were stirred at 85 °C in 180 mL DMSO for 20 hours. After the reaction mixture had cooled to room
temperature, 200 mL methanol was added and it was cooled at -18 °C for 24 hours. A purple solid
was filtered off, washed with methanol and purified by column chromatography (4 % v/v methanol
in dichloromethane). Since MALDI-ToF analysis of the fractions indicated that the protecing group
had been partially removed, the combined yield (~ 350 mg) was dissolved in chloroform:ethanol
1:1 (v/v, 35 mL) and refluxed in the presence of para-toluenesulfonic acid (> 1 g) for 21 hours.
Volatiles were removed, the crude product taken up in dichloromethane and stirred with NaCO3
(aq.) in a two-phase system. The organic layer was separated, washed with NaCO3 (aq.) twice and
with brine once. After removal of volatiles, the residue was purified by column chromatography
(5% v/v methanol in chloroform). The final product was obtained by recrystallization from
chloroform and methanol, and washing the thus obtained crystals with methanol and pentane.
Yield: 351 mg (4.6 %) purple solid.
1
H NMR (CDCl3, 400.1 MHz): δ 8.97 (d, 4H, J = 6.0 Hz, Pyr-Hα), 8.80 (br, 8H, β-pyrrole), 8.20 (d,
4H, J = 6.0 Hz, Pyr-Hβ), 8.09 (d, 4H, J = 8.6 Hz, ortho-ArH (PhOR)), 7.28 (d, 4H, J = 8.6 Hz),
meta-ArH (PhOR)), 4.26 (t, 4H, J = 6.4 Hz, -OCH2RCH2OH), 3.69 (t, 4H, -OCH2RCH2-), 2.00 +
1.7 – 1.5 (2x m, 2H + 6H, -OCH2RCH2-), -2.84 (s, 2H, NH) ppm. 13C NMR (CDCl3, 100.6 MHz): δ
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162.56, 154.48, 151.05, 139.03, 137.16, 133.12, 124.34, 119.96, 116.31, 71.68, 65.74, 35.92, 32.83,
29.46, 29.08 ppm. MALDI-ToF MS: calculated for C54H52N6O4 848.41; found 848.54 and 862.57.
Zn-26
Porphyrin Zn-16 (104 mg, 0.15 mmol) was suspended in chloroform and pyridine was added until
a homogeneous solution was obtained. The mixture was treated in several stages with 2bromoisobutyryl bromide until TLC indicated a complete reaction. The reaction mixture was
applied directly onto a column of silica and eluted with 3 % v/v methanol in dichloromethane. The
appropiate fractions were combined, concentrated and precipitated in methanol twice. Yield: 20 mg
(13 %) green/blue solid.
1
H NMR (CDCl3 + DMSO-d6 + pyridine-d5, 400.1 MHz): δ 9.00 (br, 4H, Pyr-Hα), 8.88 (br, 4H, βpyrrole), 8.83 (br, 4H, β-pyrrole), 8.25 (br d, 4H, ortho-ArH (PhOH)), 8.18 (br, 4H, Pyr-Hβ), 7.59
(br d, 4H, meta-ArH (PhOH)), 2.22 (s, 12H, -C(CH3)2Br) ppm. MALDI-ToF MS: calculated for
C50H36Br2N6O4Zn 1006.5; found 1006.00, 926.07 and 857.01.
H2-27
Porphyrin H2-25 (21.1 mg, 0.025 mmol) was suspended in 15 mL dichloromethane and 1 mL
triethylamine at 0 °C. The mixture was treated with 2-bromoisobutyryl bromide until a
homogeneous solution resulted, which was stirred for an additional two hours while allowing to
warm to room temperature. The reaction mixture was applied directly onto a column of silica and
eluted with 2 % v/v methanol in dichloromethane. The appropriate fractions were combined,
concentrated and precipitated in methanol. Yield: 22.6 mg (79 %) purple solid.
1
H NMR (CDCl3, 400.1 MHz): δ 9.03 (d, 4H, J = 5.8 Hz, Pyr-Hα), 8.93 (d, 4H, J = 4.7 Hz, βpyrrole), 8.79 (d, 4H, J = 4.7 Hz, β-pyrrole), 8.16 (d, 4H, J = 5.8 Hz, Pyr-Hβ), 8.09 (d, 4H, J = 8.7
Hz, ortho-ArH (PhOR)), 7.27 (d, 4H, J = 8.7 Hz, meta-ArH (PhOR)), 4.27 + 4.26 (2x t
(overlapping), 8H, -OCH2RCH2-), 2.00 (m, 4H, -OCH2RCH2-), 1.98 (s, 12H, -C(O)(CH3)2Br), 1.84
+ 1.70 + 1.60 (3x m, 4H + 4H + 4H, -OCH2RCH2-), -2.82 (s, 2H, NH) ppm. 13C NMR (CDCl3,
100.6 MHz): δ 171.78, 159.12, 150.45, 148.19, 135.62, 133.86, 131.86, 130.40, 129.44, 120.80,
116.85, 112.86, 68.07, 66.00, 64.70, 30.82, 29.33, 28.38, 25.86, 25.71 ppm. MALDI-ToF MS:
calculated for C62H62Br2N6O6 1144.31; found 1144.70, 1158.68 and 1064.76.
Zn-27
Porphyrin H2-27 (22.6 mg, 0.020 mmol) was warmed to 50 °C in 10 mL chloroform. A solution of
zinc bromide (0.3 g, 1.33 mmol) in 10 mL methanol was added and the mixture stirred for 4 hours
at 50 °C and an additional 16 hours while allowing to cool to room temperature. The mixture was
diluted with chloroform (50 mL) and the solution washed with water twice. The organic layer was
dried on Na2SO4, filtered, evaporated and the residue purified by column chromatography (4 %
methanol v/v in dichloromethane). The thus obtained solid was precipitated twice in pentane.
Yield: 15.4 mg (64 %) green solid.
1
H NMR (CDCl3, 400.1 MHz): δ 8.73 (br d, 4H, J = 4.2 Hz, β-pyrrole), 8.08 (br, 4H, Pyr-Hβ), 7.95
(d, 4H, J = 8.3 Hz, ortho-ArH (PhOR)), 7.20 (d, 4H, J = 8.3 Hz, meta-ArH (PhOR)), 7.20 (br, 4H,
Pyr-Hα), 4.28 + 4.24 (2x t, 4H, J = 6.5 and 6.3 Hz, -OCH2RCH2-), 2.01 (m, 4H, -OCH2RCH2-), 1.98
(s, 12H, -C(O)(CH3)2Br), 1.85 + 1.71 + 1.62 (3x m, 4H + 4H + 4H, -OCH2RCH2-) ppm. 13C NMR
(CDCl3, 100.6 MHz): δ 156.88, 149.93, 149.57, 143.65, 139.38, 138.53, 136.63, 133.87, 131.52,
131.42, 126.95, 126.82, 120.74, 120.41, 113.41, 113.62, 67.74, 33.22, 28.88, 28.42, 28.36, 25.50,
21.07 ppm. MALDI-ToF MS: calculated for C62H60Br2N6O6Zn 1206.22; found 1206.31 + 1220.30
+ 1126.53.
H2-5b
This procedure, prior to workup, was carried out using standard Schlenk techniques under a dry
argon atmosphere. Polystyrene appended Zn-5b was dried in a dessicator 3 days prior to dissolving
it in dichloromethane. Approximately 2 mL of hydrochloric acid in ethyl acetate (~2M) was added,
and the mixture stirred for 10 minutes. After dilution with dichloromethane, the organic phase was
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carefully shaken with with a saturated solution of NaHCO3 in water, and then washed with brine
twice. Volatiles were removed and the crude product was purifified by size exclusion
chromatography (eluted with toluene).
H2-30
Porphyrin H2-28 (185.0 mg, 0.156 mmol) was stirred in DMF:dichloromethane 3:1 (v/v) with
Cs2CO3 (194 mg, 0.59 mmol) for 20 minutes after which ethyl 6-bromohexanoate (68.2 mg, 0.31
mmol) was added and the mixture was stirred for 72 hours. Volatiles were removed, the product
redissolved in THF:methanol 3:1 (v/v) and the suspension was refluxed with finely powdered KOH
(~ 1 g) for 16 hours. The reaction mixture was concentrated, diluted with dichloromethane and the
pH was changed to ~ 5 by adding 30 % HCl (aq.). After the phases were separated, the organic
layer was washed once with 10 % aqueous citric acid and three times with water. Volatiles were
removed and the crude product was purified by column chromatography (5% v/v methanol in
dichloromethane) and precipitation in methanol. Yield: 119 mg (59 %) purple solid.
1
H NMR (CDCl3, 400.1 MHz): δ 8.85 (br, 8H, β-pyrrole), 8.08 (br, 8H, ortho-ArH), 7.22 (br, 8H,
meta-ArH), 4.17 (br, 8H, PhOCH2R), 2.49 (br t, 2H, -CH2COOH), 2.0 – 1.2 (br, 66H, -C10H20),
0.89 (br, 9H, -CH3), -2.73 (br, 2H, 2H) ppm. 13C NMR (CDCl3, 100.6 MHz): δ 178.15, 158.29,
158.15, 146.31, 135.01, 134.01, 133.87, 130.40, 119.32, 119.24, 112.20, 67.99, 65.40, 33.72, 31.80,
29.54, 29.39, 29.25, 29.00, 26.10, 25.66, 24.44, 22.60, 14.06 ppm. Note: the resonances in the
NMR spectra are obscured by broadening as a result of aggregration. MALDI-ToF MS: calculated
for C86H112N4O6 1296.86; found 1296.63.
H2-6
Porphyrin H2-30 (16.0 mg, 0.012 mmol) was stirred in 5 mL dichloromethane at 0 °C. Oxalyl
chloride (15 drops) was added dropwise, as well as a drop of dry DMF. After gasses had ceased to
evolve, the mixture was allowed to warm to room temperature. Volatiles were removed and the
product was dried in vacuo for 16 hours. After redissolving the green solid in dichloromethane (5
mL) and triethylamine (10 drops), 5.1 mg (6.0 μmol) H2-25 was added. After stirring for 72 hours,
volatiles were removed and the crude product was purified by size exclusion chromatography
(eluted with toluene). Yield: 4.2 mg (10.3 %) purple solid.
1
H NMR (CDCl3, 400.1 MHz): δ 8.97 (d, 4H, J = 5.8 Hz, Pyr-Hα), 8.86 (d, 4H, J = 4.7 Hz, βpyrrole (A2B2)), 8.83 (br, 16H, β-pyrrole (C3D)), 8.73 (d, 4H, J = 4.7 Hz, β-pyrrole (A2B2)), 8.08
(d, 4H, J = 5.8 Hz, Pyr-Hβ), 8.7 – 7.95 (m, 20H, ortho-ArH (A2B2 and C3D)), 7.25 – 7.06 (m, 20H,
meta-ArH (A2B2 and C3D)), 4.28 – 4.14 + 4.05 (m, 22H, PhOCH2- (C3D) + PhOCH2- (A2B2) + CH2OC(O)CH2- ), 2.49 (br t, 4H, -CH2OC(O)CH2-), 2.10 – 1.4 (br, 76H, -OCH2C10H20CH3 + OCH2C4H8CH2C(O)O- + -C(O)OCH2C4H10CH2O-), 0.88 (br, 18H, -CH3), -2.76 (s, 4H, NH (C3D)),
-2.84 (br s, 2H, NH (A2B2)) ppm. Note: A2B2 refers to the trans-dipyridyl moiety and C3D to the
‘stoppers’. MALDI-ToF MS: calculated for C226H272N14O14 3406.10; found 3407.7.

Titration Experiments
UV-VIS and Fluorescence experiments
UV-VIS measurements for guests were performed within the absorption range 0.25 – 0.75.
Absorption was monitored at the absorption maximum (428 nm) of the host-guest complex (UVVIS). Excitation of fluorescence experiments was performed at the absorption maximum of ZnCT7 (420 nm in CHCl3, 426 nm in CHCl3/CH3OH ), unless noted otherwise. Emission was monitored
at the emission maximum (601 nm in CHCl3 or 608 nm in CHCl3/CH3OH). Solutions for
fluorescence measurements were checked for absorption < 0.1 at the excitation wavelength before
and after the additions. Measurements were performed for guests 8-15, H2-5b, H2-6 and 31
according to method A or B, described below. Experiments were carried out at room temperature in
duplo and the obtained association constants were averaged.
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Guest
8
8
8
9
9
10
11
12
13
14
15
H2-5b
H2-6
31

Technique
UV-VIS
Fluorescence
Fluorescence
UV-VIS
Fluorescence
Fluorescence
Fluorescence
Fluorescence
UV-VIS
UV-VIS
Both
Fluorescence
Fluorescence
UV-VIS

Method
A
B
B
A
B
A
B
A
A
A
B
B
B
A

Remarks
Corrected for TPyP absorption
Chloroform/methanol
Corrected for MnTPyP absorption
Excitation at 550 nm
Excitation at 550 nm

Excitation at 550 nm
Excitation at 550 nm
Association constant not determined

Method A: a solution of ZnCT-7 was prepared by suspending a known amount into ~ 1 mL of
chloroform and adding a few drops of methanol. Next, the solution was diluted with chloroform (or
5 % v/v methanol in chloroform) to the desired concentration. A known amount of guest was
subsequently prepared in this solution and step-wise added to a known volume of host solution by
microsyringe. Association constants were determined by non-linear curve fitting using Grafit
(Erithacus Software Ltd) according to the formula:
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for UV-VIS titrations, or
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for fluoresence titrations, where An = absorption at addition n; A0 = absorption before adding any
guest; In = emission at addition n; I0 = emission before adding any guest; C = a constant (obtained
from the fit); [G]n = concentration of guest at addition n; [H] = concentration of ZnCT-7 and K =
association constant.
Method B: a solution of ZnCT-7 was prepared by suspending a known amount into ~ 1 mL of
chloroform and adding a few drops of methanol. Next, the solution was diluted with chloroform (or
5 % v/v methanol in chloroform) to the desired concentration. A known amount of guest was
dissolved and diluted to the desired concentration with the appropiate solvent system and step-wise
added to a known volume of host solution by microsyringe. Association constants were determined
by non-linear curve fitting using Grafit (Erithacus Software Ltd) according to the formula:
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for fluorescence titrations, where: In = emission at addition n; I0 = emission before adding any
guest; C = a constant (obtained from the fit); K = association constant and
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where [G]0 = concentration of the guest stock solution; [H]0 = concentration of ZnCT-7; V0 = the
volume of ZnCT-7 in the cuvette before the addition of guest and Vn = volume of addition n.
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NMR experiments
Solutions of known concentrations of guests in CDCl3 were added to a known volume of a solution
of ZnCT-7 in 5 % v/v CDCl3/CD3OD, of known concentration and volume, by microsyringe.
Association constants were determined by non-linear curve fitting using Grafit (Erithacus Software
Ltd) according to the formula:

δ obs,n = δ H +

2 H
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where δobs,n = the chemical shift of a probe proton at addition n; δH = the chemical shift of the probe
proton in the absence of guest; Δ = δobs,n - δcalc where δcalc is the calculated chemical shift of the
probe proton inside the host-guest complex; [H]n = concentration of ZnCT-7 at addition n and [G]n
= concentration of guest at addition n. It was assumed that the changing methanol concentration did
not have a significant effect.

Threading Experiments
Threading
Threading experiments were performed by preparing stock solutions in CHCl3 of ZnCT-7, H2-5b
and H2-6 as described in the titration section. A known volume (~ 2 mL) of ZnCT-7 in a cuvette
was equilibrated at the desired temperature (5 °C or 20 °C) and emission was monitored at 601 nm
as a function of time (λexc = 550 nm) , after which a stock solution of guest was injected by
microsyringe to obtain 1:1 to 1:5 host-guest stochiometry. The cuvette was quickly shaken and
emission was continued to be monitored.

Dethreading
Stock solutions of ZnCT-7 and guests H2-5b or H2-6 were prepared in chloroform in such a way
that injection of 5 – 20 μL into 2 mL chloroform resulted in absorption < 0.1 at the excitation
wavelength (550 nm). Emission at 601 nm before and after injection was monitored as a function of
time. If so desired, the chloroform was equilibrated at a set temperature (5 °C or 20 °C).

STM Measurements
STM measurements were carried out in the constant current mode using a home-built low-current
STM. For each experiment the HOPG surface was freshly cleaved and the STM tips were
mechanically cut from a Pt:Ir (80:20) wire. A drop of a nearly saturated solution of the analyte in 1phenyloctane/CHCl3 (1:4, v/v) was brought onto the surface. Typically, an STM image (512 lines ×
512 points) was recorded over a period of 10 min. Experiments were carried out in duplicate and
the raw data were processed only by the application of a background flattening. Before and after the
experiments the piezo element was calibrated in situ by lowering the bias voltage to 100 mV and
raising the tunneling current to 50 pA, which allowed imaging of the HOPG surface underneath the
molecules.
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Catalytic Explorations
The covalent porphyrin boxes are probed as both Cytochrome P450 and
processive enzyme mimics. No catalytic behavior analogous to such
enzymes could be observed, which is attributed to the inherent flexibility
of the porphyrin ‘capsule’ and multiple binding modes of the catalyst
inside it.
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7.1 Introduction
As described in section 2.5.1, the design and preparation of synthetic
analogues of naturally occurring proteins – enzymes in particular – has been a
long-standing goal of scientists around the globe. A range of metalloporphyrin
derivatives have been extensively studied as model systems towards this end.1,2
3,4,5,6
By far the most studied ánd mimicked model system is cytochrome
P450,3,4,5,6 a haem-containing family of monooxygenases found in bacteria,
fungi, plants and animals alike (figure 7.1). Since this enzyme is involved in the
metabolism of xenobiotics (e.g. drugs), it attracted the attention of the medical
and biological community as early as the 1950s. Today, molecular biologists
are still probing the subtle differences in tertiary protein structure within the
P450 family to find out their relation to the diverse responses of organisms to
waste products, toxins and drugs.7
a)

b)
N
N

Fe

N
N

O
OH
OH
O

S
Cys

Figure 7.1 Structure of (a) cytochrome P450 and (b) haem b, forming the
active site in many enzymes and proteins.
Chemists, on the other hand, are intrigued by the unique oxygen
chemistry and relative stability displayed by the haem group encapsulated by
the amino acid residues of cytochrome P450, thus explaining their interest in
mimicking this enzyme. Its catalytic cycle has been thoroughly investigated
and a high valent Fe(V)-oxo complex has been identified as the catalytic
species (figure 7.2).8,9 It proved somewhat inconvenient to reproduce this
chemistry with ‘naked’ synthetic iron porphyrin architectures and hence
manganese porphyrins, which tend to be more forgiving with respect to the
reaction conditions,10 have been commonly employed instead. In addition, the
use of molecular oxygen as the oxidant is difficult to achieve and usually a
single-oxygen donor such as hypochlorite, oxone or iodosylbenzene is
employed.3 A final difference between the natural systems and their synthetic
analogues is the presence of external axial ligands,3,11 usually nitrogen based,
which serve to enhance the reaction rate, stereoselectivity and activity.12,13 In
the Cytochrome protein, a cysteine residue functions as ancillary ligand (figure
7.1b).
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+ H+
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Fe(II)

+ e-/H+ - H2O

+ eFe(III)

O
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- ROH

Fe(V)

shunt
Oxygen-donor

Figure 7.2 Simplified representation of cytochrome P450’s catalytic cycle. The
shunt mechanism, often operating when using synthetic porphyrins and an
oxidant other than molecular oxygen, is also depicted.
The mechanism of manganese porphyrin oxidation is related to the
catalytic cycle of cytochrome P450 in the sense that a high valent oxo complex
has been proposed to be the catalytically active species. When using a singleoxygen donor, the catalyst is formed through a so-called ‘shunt’ mechanism
that bypasses the two 1-electron reduction steps and heterolytic oxygen
cleavage.14,15 The oxidation state of manganese in the catalytically active
species is still a matter of some debate, as both a Mn(V)-oxo16,17,18 and a radical
cation Mn(IV)19,20 species have been postulated, although the former option has
probably gathered enough support to be regarded the consensus view. Indeed,
the key oxomanganese(V) porphyrin intermediate has been isolated
recently.21,22 There is evidence, however, that intermediates other than high
valent moieties can serve as oxidizing agents under certain conditions.19,20,23
For example, a Mn-porphyrinoid complex activated by iodosylbenzene has
been isolated and shown to be catalytically active, as expected.24 Goldberg et
al. showed that this Mn(V)=O corrolazine acts as Lewis acid catalyst,
activating a ‘second’ molecule of iodosylbenzene, that coordinates to the
Mn(V)=O complex, encouraging it to transfer its oxygen to the substrate.25
This chapter will touch upon mimicking cytochrome P450 with
manganese porphyrins, but the main target, as laid down in chapter 1, is to
perform catalysis in a pseudorotaxane topology. Essentially, the strategy
follows that described in section 4.1, i.e. substituting the rhenium assemblies
depicted in figures 4.1 and 4.2 for their covalent analogues. Although trying to
direct the catalysis to take place either inside or outside covalent manganese
porphyrin boxes seems a rather futile endeavor, given the inherent flexibility of
the molecules involved, we thought it would be interesting nonetheless to bind
a tetrapyridyl porphyrin (TPyP) ligand inside a manganese porphyrin box in
order to create a highly active catalyst. The synthesis of manganese porphyrin
boxes and their catalytic properties are described in chapter 7.2.1 and 7.2.2
respectively. Zinc porphyrin boxes, as established in chapter 6, can
accommodate manganese dipyridyl porphyrins which – if the inherent
flexibility allows for it - might leave a cavity large enough for a polymer to
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thread through and as such might mimic processive enzymes. Additionally,
zinc porphyrin boxes may form a protective capsule for the catalyst analogous
to the cytochrome protein. The results of these experiments can be found in
chapter 7.2.3.

7.2 Results and Discussion
7.2.1 Synthesis of Manganese Porphyrin Boxes
After treatment of ZnCT-1.TPyP with acid and separation of the
tetramer and template by chromatography, the thus obtained free base
derivative H2CT-1 was treated with manganese acetate according to a
published protocol (scheme 7.1).26 This reaction proved rather sluggish, failing
to quantitatively convert H2CT-1 to MnCT-1 after five days at reflux.
Presumably, the poor solubility of H2CT-1 in common organic solvents is
preventing smooth insertion of the metal. Addition of pyridine to the solvent
system in order to solubilize partially metallated tetramers proved effective in
reducing the reaction time to full conversion in four days. The MALDI-ToF
mass spectrum of MnCT-1 is shown in figure 7.3.
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Scheme 7.1 Synthesis of MnCT-1.
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Figure 7.3 MALDI-ToF MS spectrum of MnCT-1. The unmarked peaks
correspond to a product resulting from isomerization activity during metathesis
(mass difference 14 amu; see chapter 5).
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7.2.2 Catalysis with MnCT-1
Initially, we intended to use a recently developed experimental
procedure to monitor catalytic turnover in situ.27 In this setup catalyst MnCT-1,
substrate, oxygen donor and (if desired) deuterated ligands are mixed in an
appropriate deuterated solvent, and transferred to a NMR tube which is
periodically analyzed by NMR spectroscopy over the course of several hours in
an automated process. We chose olefinic substrates10 such as cis-stilbene and
polybutadiene, for which the cis- and trans-epoxide products can easily be
distinguished by their chemical shifts. The advantage of this method is evident:
a wealth of data may be acquired to describe the progress of the reaction
without having to take samples – which through removal of catalyst has an
adverse effect on conversion.
Unfortunately, this in situ procedure proved incompatible with our
catalytic systems. When using insoluble iodosylbenzene as an oxygen donor,
spinning the NMR tube proved insufficient to sustain catalytic conversion. The
reasonably soluble pentafluoroiodosylbenzene (PFIB) proved little of an
alternative as the mixture bleached before a single NMR measurement could be
taken, irrespective of the ligand employed (500 equivalents of pyridine-d5 or 1
equivalent of TPyP), the catalyst concentration (0.02 < [Mn] < 2 mM) or excess
of substrate (up to 2000 equivalents). Conversion of cis-stilbene or
polybutadiene was observed under these conditions, but the results were
irreproducible. Apparently, PFIB is very quick to reoxidize the manganese
center after a catalytic cycle, enabling a high turnover frequency, but it also has
an adverse effect on the lifetime of the catalyst – which presumably relates, at
least partially, to its high activity under these conditions.
Returning to a more conventional setup for catalytic experiments, a
solution of MnCT-1 was stirred in dichloromethane with (figure 7.4a, page
212) and without a TPyP ligand, iodosylbenzene and polybutadiene while
monitoring the reaction by periodic sampling and subsequent analysis by NMR.
As the TPyP ligand we did not choose the free base porphyrin, but its
manganese derivative MnTPyP, since supramolecular chemistry thus presented
us with an opportunity to assemble 5-center catalyst MnCT-1.MnTPyP which
– in theory – cannot deactivate itself intramolecularly by the common catalyst
deactivating pathways, i.e. μ-oxo-dimer formation28,29 or auto-oxidation.30,31 To
the best of our knowledge, such an assembly is unprecedented. Obviously, the
five manganese centers are not equivalent, as only four are activated by
pyridine coordination.†
Not surprisingly, exposing a solution of MnCT-1 to iodosylbenzene
without MnTPyP present leads to quick bleaching of the mixture. In fact,
exposing the solution of MnCT-1 to iodosylbenzene even in the presence of
excess monopyridyl ligands of varying sizes invariably leads to rapid
†

We have not been able to assess the association constant of TPyP or MnTPyP
in MnCT-1; rather, it is assumed to be reasonably high on account of the very
high association constant measured for the zinc porphyrin boxes.
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bleaching. The flexibility of the tetramer obviously enables facile
intramolecular catalyst deactivation. However, high turnovers were observed in
the presence of MnTPyP (figure 7.4b), supporting the notion that a host-guest
complex is formed and intramolecular deactivation is prevented. The
conversion seems zero order in the substrate, indicating that the rate of
substrate transport to the catalytic centers is probably orders of magnitude
lower than the rate-limiting step, which in all likelihood is activation of the
catalytic center by iodosylbenzene.
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Figure 7.4 (a) Structure of MnCT-1.MnTPyP and (b) Catalysis in
dichloromethane performed with MnTPyP both in the presence and absence of
MnCT-1. Conditions: [MnTPyP] = [MnCT-1] = 0.1 mM; oxygen-donor =
iodosylbenzene (500 eq.); substrate: polybutadiene (Mn = 300,000, 250 eq.
C=C).
7.2.3 Catalysis with ZnCT-1 + Manganese Pyridyl Porphyrins
In an attempt to perform catalysis in a pseudorotaxane topology with
the porphyrin box, rather than the porphyrin clip (section 1.3),32,33,34 we
employed the ZnCT-1.MnDPyP host-guest complex (figure 7.5a) with
polybutadiene as a substrate. The question arises, however, how the topology of
catalysis is to be determined. In case of the porphyrin clip, creating a
[3]rotaxane proved the feasibility of a pseudorotaxane mechanism and a strong
effect of the cavity on the cis/trans-ratio of the product was observed.34
Recently, further evidence for a pseudorotaxane mechanism was provided by
showing that the rate of epoxidation of polybutadiene by the manganese
porphyrin clip depends on the length of the polymer.35 A solution of long
polymers contains fewer end groups for the clip to thread on to compared to an
equal amount (in mol repeating units) of short polymers. These two indicators,
i.e. length/rate-dependence and stereochemistry of the product, might also
apply to catalysis employing ZnCT-1.MnDPyP. Potentially, however, the
cavity of ZnCT-1.MnDPyP is considerably larger (~ 9 x 20 Å) and more
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flexible than that of the porphyrin clip and a priori it is hard to predict if this
negates the effects observed for ‘processive’ catalysis with the porphyrin clip.†
Nonetheless, a (strong) length/rate dependence and an effect on product
stereochemistry would suggest a contribution from a pseudorotaxane
mechanism. Unfortunately, as figure 7.5b indicates, the rate of catalysis is the
same within error for two significantly differently sized polymers. No effect on
the stereochemistry of the product was observed either. We have therefore no
evidence that catalysis is taking place in a pseudorotaxane topology, but we
cannot rule it out either.
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Figure 7.5 (a) Structure of ZnCT-1.MnDPyP and (b) Catalysis in
dichloromethane with ZnCT-1.MnDPyP and polybutadiene of two different
lengths. Conditions: [ZnCT-1.MnDPyP] = 0.25 mM; oxygen-donor =
iodosylbenzene (500 eq.); substrate = polybutadiene (Mn = 300,000 and
3000,000 respectively, 250 eq. C=C).

†

Molecular Modeling of ZnCT-1.MnDPyP might shed some light on this
predicament.
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We also performed catalysis with the ZnCT-1.MnTPyP host-guest
complex (figure 7.6a). In analogy to Hupp’s rhenium assemblies,36 the
tetrameric capsule might shield the catalyst from common bimolecular
deactivation pathways.28,29,30,31 However, the rate of catalyst degradation seems
unaffected by encapsulation inside ZnCT-1 (figure 7.6b).
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Figure 7.6 (a) Structure of ZnCT-1.MnTPyP and (b) Catalysis in
dichloromethane of MnTPyP both in the presence and absence of ZnCT-1.
Conditions: [MnTPyP] = [ZnCT-1] = 0.5 mM; oxygen-donor =
iodosylbenzene (500 eq.); substrate = polybutadiene (Mn = 300000, 250 eq.
C=C).
This would seem to indicate significant ‘exposure’ of the catalyst,
despite binding to its tetrameric host. This certainly is a possibility, considering
the ‘cup-shaped’ geometry discussed in chapter 5 (figure 5.4). On the other
hand, a modest change in product stereochemistry was observed, suggesting
that there is enough steric bulk imposed by the box to alter the strand
conformation in relative proximity to the catalytic center. The supramolecular
system produces a cis/trans ratio of 68:32, compared to 57:43 for the free
catalyst. Since the pyridine moieties on MnTPyP are almost certainly oriented
perpendicularly with respect to the manganese porphyrin plane, an
coordination-induced electronic effect is not likely to account for this change in
cis/trans ratio.
Interestingly, a more pronounced effect on the cis/trans ratio was
observed when performing the reaction in an NMR tube with PFIB, as
described in section 7.2.2. Although the final conversion was not reproducible
(ranging from 10 to 60 %), the cis:trans ratio produced by the supramolecular
complex consistently approximated 10:1, while the uncomplexed porphyrin
yields a ratio of roughly 3:2. It is interesting to note how the oxygen donor
seems to induce a different stereochemistry, which would be hard to explain if
only the ‘cytochrome P450’ mechanism (figure 7.2) was operating. After all, if
a Mn(V)-oxo complex acts as the (only) catalytically active species, the origin
of the oxygen atom (be it iodosylbenzene or PFIB) would be of no consequence
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and should lead to the observation of identical product stereochemistry
regardless of the oxygen donor.

7.3 Concluding Remarks
We had little success in using porphyrin box derivatives as ‘synthetic
enzymes’. Firstly, we found no evidence of catalysis taking place in a
pseudorotaxane topology, and thus failed to provide a new processive enzyme
mimic that is not based on the porphyrin clip. The major obstacle is to
differentiate between various modes of catalysis that may take place. ZnCT1.MnDPyP can display at least 4 possible ways of epoxidizing a substrate: (i)
since the association between ZnCT-1 and MnDPyP is an equilibrium,
unbound MnDPyP (< 1 % under the conditions we used) is present to perform
catalysis, (ii) the orientation of MnDPyP inside ZnCT-1 as depicted in figure
7.5b allow for both a loop and a pseudorotaxane mechanism, as explained in
chapter 1, (iii) MnDPyP can also adopt an orientation similar to that of TPyP
as depicted in figure 7.6b, providing yet another mode of catalysis. In the
system employed by us an unknown number of these modes partake in catalysis
and discriminating between them is difficult at best. To prepare a processive
enzyme mimic using porphyrin boxes, therefore, a strategy analogous to that of
the [3]rotaxane porphyrin clip34 (figure 1.11) seems more prudent. The
polymer- and porphyrin functionalized guests described in chapter 6 may serve
as predecessors to such systems.
Secondly, porphyrin boxes proved also of little use as cytochrome
P450 mimics. In itself, this is an interesting difference with the work of Hupp,
who found a concentration-dependent increase in catalyst stability, i.e. up to
100-fold higher turnover numbers, upon encapsulation of similar catalysts in
rhenium assemblies.36 Almost certainly, the catalyst in Hupp’s system is still
destroyed, eventually, by common catalyst deactivation pathways and
destruction of the protective capsules by unbound catalysts. Given our results
obtained with the porphyrin box however, this seems an unlikely explanation
for its poor protective properties. The binding constant of MnTPyP in our
porphyrin box is several orders of magnitude higher than that of the analogous
catalyst used by Hupp in the rhenium tetramer; if anything, a better protection
would have been expected. Instead, it seems that the rigidity of the rhenium
capsule is of prime importance for shielding the catalysts from the rest of the
solution. Quite clearly, our porphyrin box cannot provide this function, since it
apparently is too flexible and hence ‘exposes’ the ‘encapsulated’ catalyst.

7.4 Experimental Section
General
Preparative size exclusion chromatography was performed on Biorad Biobeads SX-1 using distilled
dichloromethane as the eluent.
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Instrumentation
MALDI-ToF spectra were recorded on a Bruker Biflex III spectrometer employing dithranol as a
matrix. NMR spectroscopy was performed on Bruker DPX-200 (in situ catalysis) and Inova400
(sample analysis).

Materials
Porphyrin boxes were prepared from pentoxyphenyl substituted porphyrins according to the twostep method described in chapter 5. Chloroform was distilled from K2CO3 and dichloromethane
from CaH2. Polybutadiene was obtained from Aldrich. All other chemicals were obtained from
commercial sources and used as received.

Synthesis
Zinc box ZnCT-1 was prepared as described in chapter 5. Free base tetramer H2CT-1, MnDPyP
and MnTPyP were prepared as described in chapter 6. Iodosylbenzene was prepared freshly prior
to each experiment from its diacetate ester according to a literature procedure.37
MnCT-1

Free base tetramer H2CT-1 (10 mg, 3 μmol) was suspended in 2 mL chloroform and 0.5 mL
pyridine and brought to reflux while light was being excluded. Aliquots of a saturated solution of
manganese(II) acetate tetrahydrate in methanol were added in the course of several days. The
reaction was monitored through analysis by MALDI-ToF analysis of periodically taken samples.
After four days, the mixture was diluted with chloroform (20 mL), washed with water twice and a
green solid collected from the organic layer by removal of volatiles in vacuo. The solid was
redissolved in chloroform and stirred vigorously with brine for 16 hours. The layers were separated,
the organic layer was washed with brine and water, dried on Na2SO4, filtered and concentrated on a
rotary evaporator. Purification was performed by size exclusion chromatography followed by
precipitation in pentane twice. Yield: 10.7 mg (99 %) green solid. MALDI-ToF MS: calculated for
C216H176Cl4Mn4N16O8 3481; found 3448, 3413, 3378, 3343 ([M – n Cl-], n = 1,2,3,4). TLC
(CHCl3:CH3OH:C6H5N 95:4:1 v/v/v): Rf = 0.25.
Catalysis

A solution of substrate, axial ligand (if desired), porphyrin box host (if desired) and catalyst was
stirred at room temperature in dichloromethane under a dry argon atmosphere at the conditions
mentioned in the captions of figure 7.4 – 7.6. Upon addition of iodosylbenzene, the mixture
generally turned brown. Samples were taken periodically and analyzed by NMR to determine the
epoxide content (cis and trans) by integration of the relevant peaks.
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Nature has developed fascinating enzymatic machinery to maintain,
degrade and duplicate the genetic information that is stored in DNA. Many of
these enzymes are topologically linked to their substrate while performing their
designated function. In what is called a processive mechanism, they can be
thought of as sliding along DNA while sequentially creating or breaking bonds.
This thesis describes our efforts to develop mimics of these enzymes by the
preparation of catalytically active porphyrin assemblies with cavities large
enough to accommodate a range of polymers. Each assembly contains four
porphyrins.
We chose two complementary supramolecular synthetic techniques to
prepare cyclic porphyrin architectures: (i) metal-directed self-assembly
(MDSA) and (ii) an exponent of dynamic combinatorial chemistry (DCC), i.e.
templated olefin metathesis. In the former, trans-dipyridine-functionalized
porphyrins are reacted with an appropriate metal complex to obtain rigid
assemblies, while in the latter the covalent aliphatic chains interlinking the
porphyrins render them considerably flexible. Although we made interesting
synthetic contributions to both techniques, we found only the covalent
macrocycles to be worthwhile for exploring their physical and catalytic
properties.
In the MDSA approach, we used palladium and platinum triflates
functionalized with bis(diphenylphosphino)propane (dppp) spectator ligands.
Using these metal complexes, we envisioned that the resulting porphyrin
macrocycles would be able to thread onto single stranded DNA on account of
their high charge.
It appears that we successfully synthesized macrocycles from both
metal complexes, although in the absence of a mass spectrometric
characterization, we could not ascertain their cyclic nature. In addition, we
found that the assemblies were poorly soluble in water. And finally, we found
that the geometry of the assemblies posed a fundamental problem. Since the
porphyrin planes in the palladium and platinum architectures have a tendency
to adopt a co-planar orientation, a cavity for harboring a substrate is essentially
absent. Only in polar solvents or at elevated temperatures, this restriction can
be relieved. Unfortunately, this also labilizes the coordination bond.
We found the palladium-pyridine bond in water to be insufficiently
strong even at room temperature. When brought into contact with single
stranded DNA, pyridine competes with nucleobases for coordination, resulting
in the precipitation of a DNA-Pd(dppp) complex. The platinum-pyridine bond
proved strong enough at room temperature, but this did not result in the
identification of a topologically linked macrocycle-DNA complex. Heating to
overcome the restricted rotation around the metal-pyridine bond, resulted in a
precipitate as well.
As
an
alternative
MDSA
approach,
we
also
used
rheniumpentacarbonyl chloride centers as metal 'corners'. We reasoned that
because of the relatively strong rhenium-pyridine bond and the perpendicular
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orientation of the neighboring porphyrin planes in the assemblies, the rhenium
building block would be ideal for creating neutral, cavity-containing
macrocycles that are soluble in organic solvents. Hence, in an effort to create
processive enzyme mimics, we intended to use them to thread over both
flexible and rigid synthetic polymers.
The synthesis of free base and zinc porphyrin rhenium boxes was
successful. We could establish their cyclic nature by a combination of mass
spectrometry, analytical size exclusion chromatography and UV-VIS and NMR
spectroscopy. The characterization of manganese porphyrin boxes, however,
was not successful. The manganese boxes also appeared to be unstable. And
finally, the host-guest chemistry of the zinc porphyrin boxes, functioning as
analogs of manganese boxes, proved puzzling. In view of this, we did not
attempt to explore the catalytic and physical properties of the rhenium
assemblies.
We explored the preparation of cyclic covalent porphyrin assemblies
by treating 5,15-diphenylalkenyloxy-10,20-diaryl zinc porphyrins with Grubbs'
second generation metathesis catalyst in the presence of a tetrapyridyl
porphyrin template. This methodology proved to be inefficient, as less than 10
% yield of cyclic tetramer was obtained even when 0.5 equivalent of catalyst
(with respect to the zinc porphyrins) was employed. We tentatively ascribe this
observation to coordination of template-appended pyridine moieties to the
vacant site on the catalyst.
Modifying our approach to a two-step strategy, however, proved
successful. In the first (kinetically controlled) step, the diolefin functionalized
porphyrins are treated with 0.1 equivalent of Grubbs' catalyst to obtain a
'library' of cyclic and linear oligomers. Since these oligomers are able to bind
multitopically to the template, their association to it is stronger with respect to
the binding of the corresponding monomer. Hence, coordination of pyridinemoieties to vacant catalytic sites is less prevalent. When treated with 0.1
equivalent of catalyst in the presence of template, the constituents of this
library underwent cross-metathesis under thermodynamic control to yield the
cyclic tetramer (~ 60 %) and cyclic dimer (~ 18 %) as the main products.
The nature of the library proved to have an effect on the final yield of
cyclic tetramer, probably indicating that local minima in the free energy
landscape can prevent reaching the 'true' thermodynamic equilibrium.
Nonetheless, there is little doubt that an element of thermodynamically
controlled amplification is present and that the two-step method is much more
efficient than its one-step counterpart.
By means of UV-VIS and fluorescence titration experiments, we
established that the covalent tetramer (with zinc porphyrins) binds di- and
tetrapyridyl porphyrins with association constants Ka of ~ 105 – 106 and ~ 109
M-1, respectively. We also prepared more elaborate trans-dipyridine-porphyrin
guests, functionalized with bulky 'stoppers' or with polystyrene tails on the
meso-positions not occupied by pyridine moieties. We prepared the latter guest
by means of a novel Atom Transfer Radical Polymerization involving polymer
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growth from initiator-functionalized porphyrins. By monitoring the quenching
of the zinc porphyrin emission immediately after mixing in these guests, we
hoped to observe threading behavior. That is, we hoped to monitor the binding
event, which involves the cyclic tetramer traversing over the 'stoppers' or
polymers, in time. Unfortunately, we could not establish threading since the
cyclic tetramers are flexible enough to 'wrap' themselves around the guest. This
process cannot be easily distinguished from 'threaded' supramolecular
complexation.
We performed two types of catalytic experiments with the cyclic
tetramers. In the first, we attempted to perform epoxidation catalysis on
polybutadiene in a pseudorotaxane fashion. As expected, the manganese
porphyrin tetramer bleached quickly under the catalytic conditions because of
efficient formation of intramolecular μ-oxo dimers and subsequent
decomposition. Introduction of a tetrapyridylporphyrinato manganese(III)
guest, which binds strongly inside the cavity of the tetramer, prevents this
decomposition. The insertion results in an interesting catalyst with five
catalytic sites, but this complex is obviously not capable of performing
catalysis in a pseudorotaxane fashion. As an alternative approach, we used the
supramolecular complex of 5,15-dipyridyl-10,20-ditoluyl-porphyrinato
manganese(III) and the cyclic tetramer as a catalyst. We expected that this
complex would have a cavity large enough to thread over polybutadiene. Since
no effect on the stereochemistry of the product and no dependence on the
length of the polymeric substrates on the catalytic rate was observed, we could
not establish whether this threading actually happened during catalysis.
In the second type of experiment, we intended the cyclic tetramer to
function as a protective capsule for the catalyst. This strategy is reminiscent of
another type of enzyme, i.e. cytochrome P450. Exposing the supramolecular
complex of tetrapyridylporphyrinato manganese (III) and the cyclic tetramer to
catalytic conditions, however, did not indicate that the cavity provided a
shielded environment. That is, the lifetime of the encapsulated catalyst was not
significantly altered when compared to that of the free catalyst. Hence, the
binding mode of the pyridylporphyrinato manganese guest seems to leave the
catalyst exposed, rendering it prone to common deactivation pathways
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De natuur heeft een fascinerende collectie enzymen tot zijn
beschikking om DNA te onderhouden, af te breken of te kopiëren. De meeste
van deze enzymen zijn processief: ze zijn topologisch gebonden aan hun
substraat tijdens het uitvoeren van de functie waarvoor ze in het leven zijn
geroepen. Zij kunnen het beste worden voorgesteld als torussen die over het
DNA glijden, terwijl ze sequentieel bindingen maken of verbreken. Dit
proefschrift beschrijft onze inspanningen om deze enzymen na te bootsen door
ringvormige, katalytisch actieve porfyrine-assemblages te maken. Deze
nabootsers van processieve enzymen moeten holtes hebben die groot genoeg
zijn om verscheidene polymeren te kunnen herbergen. Elke assemblage bevat
vier porfyrines.
We hebben gebruik gemaakt van twee complementaire
supramolekulaire synthetische technieken om de cyclische porfyrinestructuren
te maken: (i) metaal-gestuurde zelf-assemblage en (ii) mal-gestuurde metathese
van olefines, een variant van dynamische combinatoriële chemie. De eerste
techniek behelst de reactie van trans-dipyridylporfyrines met een geschikt
overgangsmetaalcomplex om samen starre assemblages te vormen. De tweede
techniek levert juist flexibele assemblages op dankzij de aanwezigheid van
covalente koolwaterstofketens die de porfyrines onderling verbinden. Hoewel
we interessante bijdragen hebben kunnen leveren aan beide synthetische
technieken, bleken alleen de covalente assemblages geschikt voor verdere
verkenning van hun fysische en katalytische eigenschappen.
Voor de metaal-gestuurde aanpak gebruikten we palladium(II) en
platina(II) triflaten gefunctionaliseerd met bis(difenylfosfino)propaan (dppp)
'toekijk' liganden. Omdat deze complexen porfyrine-assemblages met een hoge
lading opleveren, wilden we ze over enkelstrengs DNA laten rijgen.
Naar het zich laat aanzien, hebben we met succes de assemblages van
zowel de palladium- als de platinacomplexen gesynthetiseerd. Helaas kunnen
we daar geen definitieve uitspraken over doen, omdat karakterisatie met behulp
van massaspectometrie niet lukte. Alleen met deze techniek kan namelijk
onomstotelijk worden vastgesteld of de assemblages daadwerkelijk ringvormig
zijn. Daarnaast bleken de assemblages niet erg oplosbaar in water. En tenslotte
bleken de vier porfyrines in de assemblage een enigszins vlakke conformatie
aan te nemen. Dat is een fundamenteel probleem omdat er dus geen holte
aanwezig is. Bij verhoogde temperatuur of polaire oplosmiddelen zijn de
porfyrines weliswaar vrij om te draaien - en kunnen ze dus een holte te vormen,
hetgeen rijgen mogelijk maakt – maar onder die omstandigheden wordt helaas
ook de metaal-pyridine binding gelabiliseerd.
Zelfs bij kamertemperatuur in water was de palladium-pyridine
binding niet sterk genoeg. In aanwezigheid van enkelstrengs DNA bleek er
competitie op te treden tussen de pyridinegroepen en de nucleobasen om te
coördineren aan het metaal. Dit resulteerde in een onoplosbaar DNA-Pd(dppp)
complex, dat neersloeg. De platina-pyridine binding bleek wel sterk genoeg bij
kamertemperatuur, maar dit resulteerde niet in de identificatie van een
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topologisch verbonden DNA-ringassemblage complex. Omdat dit het resultaat
kan zijn van de enigszins vlakke geometrie van de platina-assemblage, is de
mix van DNA en porfyrine-assemblages ook verwarmd. Toen werd eveneens
een precipitaat gevormd.
Bij wijze van alternatief zijn ook rheniumpentacarbonyl chlorides
gebruikt als 'hoekpunten'. Het is bekend uit de literatuur dat rhenium-pyridine
bindingen relatief sterk zijn en dat naburige pyridine liganden loodrecht op
elkaar staan. De rheniumcomplexen leken daarom ideale bouwstenen om
ongeladen porfyrine-assemblages te maken die oplosbaar zijn in organische
oplosmiddelen. We wilden ze daarom gebruiken om over flexible en starre
polymeren te rijgen.
We hebben de tetramere rheniumcomplexen van de vrije base en
zinkporfyrines met succes weten te maken. Door middel van een combinatie
van massaspectometrie, gelpermeatiechromatografie en UV-VIS en NMR
spectroscopie is hun identiteit geverifieerd. De karakterisatie van de
mangaanporfyrine derivaten lukte echter niet en bovendien bleken ze niet
stabiel. Nadat ook nog het gast-gastheer gedrag van de rhenium-zinkboxen ons
voor raadselen bleek te stellen, werd besloten deze niet nader te onderzoeken
als kandidaten voor enzym-nabootsers.
Vervolgens is de synthese van cyclische porfyrine-assemblages met
covalente bindingen verkend. Zo hebben we, bijvoorbeeld, een mengsel van
5,15-difenylalkenyloxy-10,20-diaryl zinkporfyrines behandeld met de tweede
generatie Grubbs' katalysator in aanwezigheid van een tetrapyridylporfyrine
mal. Deze methode bleek niet erg effectief: de opbrengst was minder dan 10 %,
zelfs als 0,5 equivalent katalysator (ten opzichte van de zinkporfyrines) werd
gebruikt. Vermoedelijk wordt dit veroorzaakt door coördinatie van de
pyridinegroepen aan het vrije metaalcentrum van de katalysator.
Toen we deze methode aanpasten tot een twee-staps synthese, bleek
wel een efficiënte procedure verkregen te worden. Tijdens de eerste stap
werden de olefine-porfyrines behandeld met 0,1 equivalent Grubbs' katalystor;
een mal was in deze stap niet aanwezig. Dit resulteerde in een 'bibliotheek' van
cyclische en lineaire oligomeren, die sterker aan de mal binden dan de analoge
monomeren dat doen. Zodoende is er minder competitie tussen pyridinegroepen
die aan zinkporfyrines en aan de katalytische centra coördineren. Wanneer de
bibliotheek werd behandeld met nogmaals 0,1 equivalent katalysator in
aanwezigheid van tetrapyridylporfyrine, ondergingen de bestanddelen ervan
kruismetathese en werden het cyclisch tetramer (~ 60 %) en het cyclisch dimer
(~ 18 %) als hoofdproducten gevormd.
De samenstelling van de bibliotheek bleek de opbrengst cyclisch
tetrameer te beïnvloeden, hetgeen waarschijnlijk aangeeft dat er lokale minima
in het vrije energieprofiel zijn die het bereiken van het 'echte' thermodynamisch
evenwicht kunnen dwarsbomen. Zonder twijfel is er echter sprake van selectie
onder thermodynamische controle volgens de principes van dynamische
combinatoriële chemie.
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Met behulp van UV-VIS en fluorescentie titraties, hebben we
vastgesteld dat de cyclische tetrameren van zinkporfyrines di- en
tetrapyridylporfyrines in hun holte binden met een bindingsconstante van
respectievelijk 105 – 106 en ~ 109 M-1. We hebben ook complexere gasten
gesynthetiseerd. Die werden gefunctionaliseerd met grote blokgroepen of met
polystyreen polymeren op de meso-posities die niet door pyridines bezet zijn.
Voor de synthese van de polymeer-gefunctionaliseerde dipyridylporfyrine
hebben we een nieuwe methode toegepast, waarbij de polymeren vanaf
initiator-gefunctionaliseerde porfyrines groeien.
We hoopten dat we de uitdoving van de emissie van de zinkporfyrineassemblage als een functie van de tijd konden meten, als we die met de
gefunctionaliseerde gasten mengden. Op die manier dachten we het rijgen van
de gast waar te kunnen nemen. Immers, het tetrameer zou over de blokgroepen
dan wel de polymeren moeten bewegen voordat het uiteindelijk aan
dipyridylporfyrinegast kan binden. Helaas namen we dit gedrag niet waar,
waarschijnlijk omdat het tetrameer flexibel genoeg is om zich om de gast heen
te 'vouwen'. De 'gevouwen' en 'geregen' bindingsmodus zijn experimenteel niet
gemakkelijk van elkaar te onderscheiden.
We hebben twee soorten katalytische experimenten met het cyclisch
tetrameer uitgevoerd. Ten eerste wilden we epoxidatiekatalyse op een
polybutadieen-substaat uitvoeren in een pseudorotaxaan topologie. Het
mangaanporfyrine tetrameer ontleedde, zoals verwacht, vrij snel onder
katalytische omstandigheden omdat het gemakkelijk μ-oxo dimeren vormt, die
leiden tot afbraakreacties.
Echter, een tetrapyridylporfyrinato mangaan(III) gast, die in de holte
bindt, bleek de ontleding te voorkomen. Dit levert een interessante katalysator
op, met maar liefst vijf katalytische centra. Dit complex is echter niet in staat
tot katalyse in een pseudorotaxaan-topologie. Daarom hebben we ook het
supramolekulaire complex van 5,15-dipyridyl-10,20-ditoluylporfyrinato
mangaan(III) en het cyclisch zinktetrameer als katalysator gebruikt. Dit
complex heeft, naar onze verwachting, een holte die groot genoeg is om
polybutadieen te kunnen herbergen. De stereochemie van de producten die het
supramolekulaire complex oplevert na katalyse was echter niet significant
anders vergeleken met de stereochemie van de producten gevormd door de
vrije katalysator. Bovendien bleek de lengte van de polymeren geen invloed te
hebben op de snelheid van de katalyse. We kunnen daarom geen uitspraken
doen over de topologie van de katalyse.
In het tweede type experiment wilden we het cyclisch tetrameer van
zink
porfyrines
als
een
beschermende
capsule
voor
een
tetrapyridylporphyrinato mangaan(III) katalysator gebruiken. Het enzym
cytochroom P450 vormt ook zo'n capsule rondom een katalytisch actieve
porfyrine. We moesten echter constateren dat van een beschermende werking
geen sprake was. Dat wil zeggen, de levensduur van tetrapyridylporfyrinato
mangaan(III) ging er niet op vooruit in aanwezigheid van de capsule.
Waarschijnlijk is de bindingsmodus van de katalysator in de 'capsule' dusdanig,
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dat hij uit de capsule steekt en dus nagenoeg even gevoelig is voor deactivatie
als de vrije katalysator.
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Promoveren doe je niet alleen. Tijdens mijn jaren als AIO, later als
junior onderzoeker, heb ik veel hulp gehad. Zonder woorden van
aanmoediging, assistentie bij het gebruik van apparaten en een kritische noot
hier en daar, zou dit boekwerkje nooit tot stand zijn gekomen. Enkele
dankbetuigingen zijn dan ook op zijn plaats.
Natuurlijk heeft mijn promotor, Roeland Nolte, een hele belangrijke
rol gespeeld. Beste Roeland, ik ben blij dat ik onder jouw leiding mocht
promoveren. Ik kan me nog goed herinneren hoe je me, vlak nadat je me had
aangenomen, op het hart drukte om toch vooral in Nijmegen te komen wonen.
Het duurde niet lang voordat ik erachter kwam waarom je dat zo belangrijk
vond. Je weet namelijk dat de sociale omgang in de vakgroep van essentieel
belang is om goed onderzoek te doen. Een promovendus die na de borrel altijd
de (laatste) trein moet nemen, mist toch wat. Binnen een maand woonde ik in
Nijmegen en kwam in een warm bedje terecht. Mede dankzij jou is de sfeer in
de groep Supramolekulaire Chemie ontzettend vriendschappelijk – collegiaal
doet de typering echt tekort. En natuurlijk waardeer ik ook je enthousiasme en
aansporingen, die je bij voorkeur schijnt te kanaliseren met een paar stompjes
op de bovenarm.
Ook mijn tweede promotor Alan Rowan ben ik veel dank
verschuldigd. Beste Alan, we hebben menig uurtje in jouw zweethok in het UL
doorgebracht. Als het onderzoek maar moeizaam wilde vlotten, kwam ik altijd
optimistisch weer naar buiten. Misschien ben je verbaasd om dat te horen – ik
weet dat ik wel eens een sceptische indruk op je kon maken. Ik denk dat onze
interactie, dat wil zeggen jouw tomeloze energie en mijn conservatisme, voor
de juiste balans heeft gezorgd. Ik vond het ook fijn dat je altijd liet blijken dat
je vertrouwen in me had.
En dan is er natuurlijk ook nog mijn copromotor, Hans 'Überbuber'
Elemans. Beste Hans, je hebt de verdiende reputatie als middelpunt van de de
clip- en porfyrinechemie in de Nolte-groep. Jouw ervaring en oog voor leuk
onderzoek zijn van onschatbare waarde gebleken. Je hebt bovendien concrete
bijdragen geleverd aan de inhoud van dit proefschrift, dat wil zeggen de
titraties en natuurlijk de STM-metingen, die wat meer substantie geven aan het
verder sterk op synthese gerichte werk.
Een aantal mensen hebben me ook met raad en daad terzijde gestaan.
Ik doel dan in min of meer chronologische volgorde op Palli Thordarson, who
taught me the synthesis – and column chromatography! – of porphyrins. De
massaspectrometrie en element analyses kwamen voor rekening van Peter van
Galen en Helene Amatdjais-Groenen; Ad Swolfs was ook altijd heel
behulpzaam
bij
NMR-spectroscopische
experimenten.
Voor
de
organisatorische zaken buiten het lab kon ik altijd terecht bij Peter van Dijk en
het secretariaat, bemand door Désirée van der Wey en Jacky Versteeg. Ook
Hans Adams en Joris Meijer waren nooit te beroerd om advies te geven over
koppelreagentia, een apparaat uit te leggen of een experimenteel handigheidje
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met me te delen. Ik zal niet snel vergeten dat je mol sieves met je tong moet
testen, om maar een voorbeeld te noemen. Dr. Huub op den Camp heeft me
menig maal geassisteerd bij het doen van MALDI-ToF metingen. Cyrille
Monnereau embraced my molecules and expertly performed many of the
catalytic experiments described in chapter 7. Hartelijk dank, allen/Many thanks,
all!
Traditioneel worden van de collega's degenen bij wie je het dichtst in
de buurt hebt gewerkt, als eerste bedankt. In mijn geval lijkt me dat ook niet
meer dan terecht. Die arme collega's - Mark Damen, Paul Thomassen, Pili
Hidalgo Ramos en later Alexander Deutman - hebben dankzij mijn...
bijzondere omgangsvormen... heel wat te voortduren gehad. Mark, een diepe
(knie)buiging! Paul, altijd lachen als jij je ongenoegen over een onwelriekend
stofje liet blijken. Alexander, je offerde je op door zoveel rotzooi te maken dat
ik er goed bij afstak. Pili, thanks for our farmanimal 'competition'.
En dan zijn er nog zoveel meer mensen die samen 'mijn' Nolte-groep
hebben gevormd. In willekeurige volgorde maak ik van deze gelegenheid
gebruik om hun bijnamen te vereeuwigen: Ruud 'humpf' Coumans, Johan 'ik
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eigenlijk wil ze een gedicht, maar mijn enige student Marieke van der Eerden,
die zich moedig op de rheniumboxen heeft gestort, moet het met deze zin-vandank doen (want dichten is echt niet mijn ding).
Voor reflectie, zingeving en de roerselen van de ziel, moet je bij
vrouwen zijn. En ook daar wist de Nolte-groep in te voorzien. Ik kon daarvoor
altijd beschikken over de wijsheid van twee bijzondere vrouwen: Marta
Comellas Aragonès en Femke de Loos. Beste Marta, we zijn ooit op dezelfde
dag begonnen en dat was het begin een vriendschap die wij letterlijk
consumeerden in een reeks etentjes. Traditioneel verschoven we die zeker twee
maal voordat ze plaatsvonden maar dat mocht de pret niet drukken. Beste
Femke, ook wij hebben wat afgegeten. De meest memorabele maaltijd was, dat
zal je met me eens zijn, de BBQ bij mij in de tuin. Het is half zes voordat je het
weet! Dames, ik vind het heel leuk dat jullie mijn paranimf willen zijn. And of
course there was, and is, a third special woman in my life: Irene Gonzales
Valls. Dear Irene, thank you for our wonderful times and conversations. I am
sure there are many more to come!
Tenslotte wil ik nog een woord tot de 'buitenwacht' richten. Femke,
Jurriaan, Charles en Silvester hebben van de zijlijn heel wat meegekregen van
het curieuze fenomeen dat promoveren heet. Ze hebben aan mijn promotie
meer bijgedragen dan ze kunnen vermoeden. Mijn fijne zus Marleen, haar man
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Jurg en hun schattige kindjes waren ook altijd heel gastvrij en een flinke steun.
Mijn ouders Henk en Carla hebben hun trots ook nooit onder stoelen en banken
gestoken. Mam en pap, bedankt voor het begrip en de steun.
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