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Chapter 1

A general introduction to controlled radical
reactivity and supramolecular cages

In modern society transition metal catalysis takes an important role in a wide variety of
chemical transformations. In the context of sustainable chemistry it is desirable to move
to base metal catalysts, as encountered in natural metallo-enzymes. These complexes
mainly react through one-electron pathways involving (coordinated) radicals. Although
it is difficult to tune the reactivity of free radicals, highly selective reactions can be
performed in close proximity of a transition metal. Especially cobalt porphyrin
complexes have been studied in detail to develop a broad range of radical-type
transformations with exceptional selectivity and activity. Controlled and catalytic
formation of ‘substrate radicals’ is a key feature of these metallo-radical catalysts. The
second coordination sphere of a complex can be used to tune the activity and selectivity
even further. Supramolecular cages have been used to enhance activity, stabilize
intermediates, induce substrate and product selectivity, and perform tandem reactivity
with incompatible catalysts. In this chapter illustrative examples are discussed in which
these concepts are highlighted.
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1.1

Chemistry and Catalysis in society

Chemistry is all around us. Many of the products we use on a day to day basis have
been prepared using chemical processes in at least one of the production steps. Plastics,
fuels, medicines and other bioactive compounds, paints, food additives and batteries are
just a few examples of the many products that are prepared using chemical reactions.
For many of these products catalysts are involved in the preparation to run reactions at
lower temperatures or pressures and to avoid unwanted side-products. A particularly
interesting feature of (homogeneous) catalysis is selectivity enhancement. Combined
with overall lower reaction barriers, this can lead to significant enhancements in the
cost-effectiveness of production processes. This is schematically illustrated by the
different reaction barriers of a catalyzed and a non-catalyzed reaction in Figure 1.

Figure 1: Schematic representation of the function of a catalyst.

In the absence of a catalyst the reaction proceeds to form product A for which the
barrier is lower and therefore easier to cross. However in the presence of a catalyst a
“shortcut” can be taken which lowers the required energy for the reaction to form
product B. By use of an appropriate catalyst both the required energy and the product
distribution can therefore be influenced. Tuning of the selectivity is typically the area of
homogeneous catalysis as a homogeneous catalyst is, with some exceptions, easier to
tune for a specific reaction than a heterogeneous or biocatalyst. Studying the underlying
mechanisms using spectroscopic techniques is usually also more straightforward. For
homogeneous catalysts based on precious metals (palladium, platinum, iridium,
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rhodium etc.) the mechanism of operation is often well understood. Oxidative addition
and reductive elimination are elementary steps in many of the reported catalytic cycles
and compose of 2-electron reductions and oxidations.1 By understanding the
mechanism, many generations of various catalysts have been developed to further
improve synthetic reactions in terms of selectivity, productivity or application under
various conditions. Precious metals are unfortunately scarce, which results in high costs
and uncertainty regarding future availability. Base metals (iron, manganese, cobalt etc.)
are much more abundant and often considered less toxic2 which makes them desirable
for application in catalysis. However, commonly encountered features of base metals
are their poorly understood mechanisms and a tendency to react through one-electron
pathways creating unpaired electrons, or radicals, during the catalytic reactions.

1.2

Controlled radical reactivity

Radical reactions are commonly considered to show poor selectivity due to the intrinsic
high reactivity of the radical intermediates.3,4 Indeed, free radicals tend to react with any
organic molecules it encounters, including solvents. Several approaches have been
developed to avoid radicals in base metal catalysis (Figure 2).5 Some base metals, i.e.
Fe(0), Co(I), Ni(II), still allow oxidative addition reactions to occur via two-electron
oxidation (Figure 2A). In order to perform the reaction the metal often adopts an
unusual oxidation state to facilitate the 2-electron process at the cost of its stability,
resulting in faster deactivation of the catalyst. 6 To circumvent this problem, redoxactive ligands can be used that act as an electron reservoir (Figure 2B). The ligand is
oxidized or reduced rather than the metal center, which remains in a favorable oxidation
state throughout the reaction. Examples have even been reported in which oxidative
addition occurs even on metals lacking d-electrons, with both electrons required for
bond activation stemming from the redox-active ligand(s).7,8
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Figure 2: Metal and ligand reactivity in base metal catalysis

Instead of circumventing the formation of radicals during catalysis, their high reactivity
can also be used as an advantage to enable a wide variety of challenging reactions.9 Free
radicals can be unstable and lead to rapid unselective reactions. However, when the
organic radical is stabilized by a transition metal it is possible to control the reactivity
and selectivity to a much greater extend. Examples are known where a ligand-centered
radical actively participates in bond activation processes (Figure 2C), as well as
examples where discrete reactive substrate radicals participate in bond breaking/bond
formation processes in a catalytic reaction (Figure 2D). In nature several
transformations occur with radical intermediates that are still extremely selective.
Galactose oxidase, a copper metalloenzyme, is capable of oxidizing alcohols to the
corresponding aldehydes.10 In the active site the copper metal center is oxidized or
reduced by a single electron as well as a nearby tyrosine derivative.11,12 The proposed
mechanism therefore involves formation of a reactive ligand radical and one-electron
oxidation of the metal center from Cu(I) to Cu(II) (Figure 3).13 The Tyrosine272 has a
radical on the oxygen in the active complex 1 which is antiferomagnetically coupled to
the unpaired electron spin on the copper ion. The related copper-free apoprotein is
readily oxidized to form a stable free radical, which is detectable by electron
paramagnetic resonance spectroscopy (EPR).
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Figure 3: Proposed mechanism of galactose oxidase

The enzyme uses the concept shown in Figure 2C for activation of the alcohol substrate.
Initial coordination of the alcohol substrate is followed by proton transfer from the
alcohol to the tyrosine 495 of the enzyme to form complex 3. The radical on the
tyrosine 272 is then used in a proton coupled electron transfer (PCET) to yield a
substrate radical (complex 4, Figure 3). One-electron transfer from the substrate radical
to the copper metal center results in formation of complex 5 with a product bound to
copper(I). The active catalyst 1 is subsequently regenerated by reduction of dioxygen to
hydrogen peroxide.
Another important class of enzymes capable of performing radical reactivity is the
Cytochrome P450 family of enzymes, all containing a heme-type porphyrin ligand in
their active site. Cytochrome P450 enzymes are responsible for the oxidation of a large
variety of substrates in living cells. The active site consists of an iron porphyrin
complex, which is attached to the protein through a cysteine linker (Figure 4, left).
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Figure 4: Active site of the Cytochrome P450 enzyme (left)14
and porphyrin nomenclature (right)

In order to mimic this important class of proteins many synthetic porphyrin complexes
have been prepared. The porphyrin scaffold can easily be tuned by changing the
substituents

on

the

porphyrin

ring

at

the

β

(Figure

4,

right,

positions

2,3,7,8,12,13,17,18) and meso position (Figure 4, right, positions 5,10,15,20). The
reactivity can further be influenced by the choice of the metal and incorporation of an
additional ligand at the axial position. Particular interest has been devoted to manganese
and iron complexes due to their resemblance to the active site of P450 enzymes, both in
structure and reactivity. Several mechanisms have been proposed for the oxidation of
substrates by cytochrome P450 enzymes. 15 C–H hydroxylation reactions are generally
proposed to proceed through a radical rebound mechanism, as derived from
experimental kinetic isotope labeling studies and stereochemical scrambling (Figure 5).
As such, the C–H activation mechanism of P450 enzymes resembles the approach
shown in Figure 2D for substrate activation. The active complex is proposed to be the
high valent iron-oxo complex 7 (Figure 5), although an alternative ferric-hydroperoxide
complex has been proposed as the active species in some reactions. Radical clock
experiments confirmed the presence of radical intermediates in these reactions.16 Recent
contradictory experimental evidence, however, indicates that for specific substrates the
rebound times are so fast that no clear intermediate radical species is detectable and as
such the process can perhaps also be described as a concerted reaction.17
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Figure 5: Radical rebound mechanism proposed for C–H hydroxylation by P450 enzymes.

Direct concerted oxo insertion into the C–H bond cannot be excluded and may well
depend on the specific substrate and catalyst used. 18 In epoxidation reactions by
synthetic iron porphyrin complexes, experimental evidence mainly favors a concerted
mechanism, however, for terminal alkene epoxidation some observed side-products can
only be explained by a radical mechanism (Figure 6).19,20 Again, the mechanism
resembles the approach shown in Figure 2D.

Figure 6: Proposed radical mechanism for cytochrome P450 enzymes in alkene epoxidation.
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Initial activation of dioxygen results in formation of the active hydroxylation complex
7. Complex 7 can react with an olefin either through a concerted mechanism or a stepwise radical mechanism.21 In epoxidation of terminal olefins several side products are
observed, which strongly suggest that the radical 2-step pathway is operational. In this
radical mechanism the alkene reacts with the active oxidant 7 to form the γ-radical
complex 8. Subsequent C–O bond formation results in the epoxide adduct 9, which
releases the product. In complex 8 there is a competition between the desired C–O bond
formation, C–N bond formation and 1,2-hydrogen atom shift. Upon reaction with one of
the porphyrin nitrogens the N-alkylated porphyrin 10 is formed. Formation of the C–N
bond is accompanied by homolytic cleavage of the Fe-N bond to reduce the metal center
to iron(III). The second side product observed in the epoxidation of terminal olefins are
terminal aldehydes. A possible explanation is that 1,2-hydrogen atom shift from γradical complex 8 to yield the β-radical complex 11. Subsequent C–O bond formation
then yields the aldehyde coordinated to the metal (complex 12), which upon release of
the side product regenerates the catalyst.
Despite their radical-type mechanisms, the previously discussed examples as well as
many other natural metallo-enzymes show remarkable high selectivities, much higher
than observed for typical free radical reactions. Not only chemo-, regio- and
diastereoselective reactions, but these radical-type reactions also allow enantioselective
C–H functionalization and olefin epoxidation. Furthermore, they allow the challenging
activation of triplet oxygen. Besides the examples in nature, some recently developed
synthetic catalysts also operate by radical mechanisms utilizing the high reactivity of
intermediate radicals. In these cases, radicals are generated in low concentrations in
close proximity to the transition metal which are directly involved in the catalytic cycle.
As such controlled radical reactivity can be achieved, and unwanted radical
recombination pathways can be prevented to a large extend.
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1.3

Metallo-radical reactivity of cobalt porphyrins

Cobalt porphyrin complexes have recently gained much attention in controlled radical
chemistry due to their versatile reactivity in the activation of C–C and C–H bonds. The
major intermediates are carbene or nitrene radicals, which are stabilized by the cobalt
porphyrin. Cobalt carbenes (or nitrenes) are best described as carbene (or nitrene)
radicals formed by transfer of an electron from the metallo-radical cobalt(II) center to
the substrate, thus forming a discrete carbon (or nitrogen) centered radical (see also
Figure 2D).22 The interaction between the carbene and the cobalt metal center increases
the energy level of the dz2 orbital. The energy of the antibonding combination between
the cobalt dπ orbital and the carbon (or nitrogen) py orbital is therefore lower in energy,
thus resulting in metal-to-ligand electron transfer (Figure 7).

Figure 7: Binding scheme for metal-to-ligand electron transfer
upon carbene ligand coordination.

The formed carbene (Section 1.3.1) or nitrene (section 1.3.2) radicals can subsequently
be used for a broad range of chemical transformations. Examples include
cyclopropanation,23-30
33

2H-chromene
34

synthesis,31

1H-indene

35

synthesis,32

furan

synthesis, cyclopropenation, C–H activation, ketene formation, C–H amidation,37
aziridination,38 C–H amination,39-45 dihydrobenzoxazine synthesis
synthesis.

46

36

46

and azabenzene

A general overview of the various reported reactions is shown in Figure 8.
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Figure 8: General overview of cobalt porphyrin catalyzed
carbene and nitrene radical reactivity.

1.3.1

Carbene radical reactivity

In order to avoid radical recombination and other deactivation pathways it is desirable
to generate the required carbene radical in a low concentration. A convenient approach
to access the carbene radical intermediates is through dinitrogen loss from the
corresponding diazo precursor. A general scheme for the cobalt-catalyzed reactivity of
carbene radicals is depicted in Figure 9. Initial coordination of the diazo precursor to the
cobalt(II) metal center is followed by dinitrogen loss to obtain the carbon centered
radical complex 15. Experimental evidence supports the formation of the cobalt(III)
carbene radical intermediates.47
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Figure 9: Proposed general mechanism for cobalt(II) porphyrin
catalyzed carbene radical reactivity.

When ethylstyryldiazoacetate was used as the carbene precursor both the α-radical and
γ-radical resonance structures contribute to the electronic structure of the reactive
intermediate (Figure 12, complex 18 and 19 respectively). The stronger contribution of
the γ-radical results in rapid and clean dimerization (90% isolated yield) in absence of a
suitable hydrogen atom donor to form the bridged homodimer 20. The γ-radical could
also be trapped efficiently using TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl) to
obtain the heterodimer 21 (Figure 10).

Figure 10: Experimental evidence for formation of carbene radical intermediates.
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In C–H bond activation reactions a hydrogen atom abstraction occurs followed by fast
radical rebound to release the product and regenerate the active catalyst (Figure 9, 13,
middle pathway). For cyclopropanation and cyclopropenation the intermediate carbon
centered radical (Figure 9, 15) undergoes radical addition to the alkene or alkyne
multiple bond to yield the corresponding γ-radical (Figure 9, 17, left pathway). Finally a
ring closing reaction forms the cyclopropane or cyclopropene product and regenerates
the catalyst 13.23
The main limitation of this type of reactivity is the accessibility of the diazo substrates.
Due to their reactive nature only a small range of substituents R and R1 are safe to be
handled and stored. Recent efforts, however, enabled the safe in situ preparation and use
of highly explosive or toxic compounds such as diazomethane, formed from Nnitrososulfonamide without the need to isolate the diazo compounds.48 Alternatively,
tosylhydrazones49 and a mixture of sodium nitrate and ammonium salts50 can be used to
generate the corresponding diazo compounds in situ when applied in presence of a base.
These methods substantially expand the scope of cobalt porphyrin catalyzed radicaltype reactions. Furthermore, the development of a modular synthesis protocol for chiral
porphyrins enabled the investigation of enantioselective radical reactivity.51 As a result,
cobalt

porphyrins

have

recently

been

applied

in

enantioselective

cyclopropanation25,26,29,52-55 and C–H bond activation reactions.35 Hydrogen bonding
interactions between the amide bond and the carbonyl from the diazo substrate are
proposed to be responsible for the obtained high enantioselectivities (Figure 11).24

Figure 11: Enantioselective cyclopropanation with cobalt porphyrin catalysts.
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1.3.2

Nitrene radical reactivity

For the activation of azides, a similar general mechanism as reported for carbene radical
reactivity (Figure 9) has been proposed, involving the corresponding nitrene radicals 23
as key intermediates in these radical-type transformations (Figure 12). The highly
reactive nitrene radical can subsequently undergo radical addition to form aziridines 56
(Figure 12, left pathway) or hydrogen atom abstraction in C–H bond activation
reactions (Figure 12, middle pathway).

37,57

High enantioselecitivities (up to 99% ee)

have been observed for a variety of azides to yield the corresponding aziridines in high
yields.58-61 To the best of our knowledge, enantioselective C–H amination with cobalt
porphyrin complexes is thus far unreported. Furthermore, the use of aliphatic azides in
nitrene transfer in general is unreported for cobalt porphyrin catalysts.

Figure 12: Proposed general mechanism for cobalt(II) porphyrin
catalyzed nitrene radical reactivity.

Spectroscopic evidence (EPR, XAS, IR, UV-Vis, mass) has been obtained for the
formation of both mono-nitrene radicals and bis-nitrene radicals, depending on the
nitrene source.62 Reaction of cobalt(II) porphyrin complexes with organic azides was
shown to result in the formation of mono-nitrene radicals, whereas more oxidizing
iminoiodane precursors generated bis-nitrene radicals (Figure 13). EPR spectroscopy
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further indicated a one-electron oxidation of the porphyrin ligand in the bis-nitrene
radical species 26.

Figure 13: Formation of bis-nitrene radicals upon reaction of cobalt(II) porphyrins with
iminoiodanes as nitrene precursor, in contrast to formation of mono-nitrenes when using
organic azides as substrates.

The decomposition rates of the bis-nitrene radicals are much faster than those of the
mono-nitrene analogs, leading to rapid unwanted side reactions for bis-nitrene species
26. The less sensitive mono-nitrenes 27 are therefore more likely intermediates under
catalytic conditions. This observation is in agreement with experimental observations in
catalytic reactions where the use of azides gives better results than iminoiodanes.

1.4

Second coordination sphere effects in catalysis.

In addition to the effect of ligands directly coordinating to the metal center and the
metal itself, also the protein surrounding in the second coordination sphere plays a
significant role in controlling the selectivity of radical-type reactions catalyzed by
metallo-enzymes.63 Due to the steric confinement of the hydrophobic cavity around the
active site, metallo-enzymes convert only substrates of a specific size or shape that are
typically able to reach the metal center and therefore react.64 The protein environment
further isolates and shields the metal center from its environment to avoid radicalradical coupling and radical disproportionation reactions, which are commonly
encountered deactivation pathways in radical chemistry. Over the past decades
researchers have become increasingly interested in mimicking the functions of the
protein environment. Therefore, molecular organic frameworks (MOFs),65 zeolites66 and
molecular cages67 have all been reported as suitable hosts to tune the reactivity of a
metal complex through second coordination sphere effects. The close proximity of
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functional groups or steric bulk allows only specific transition states and substrates to
react in the confined space of the host molecule. Encapsulation of a catalyst in a host
also enables tandem reactivity between incompatible catalysts. 68 Furthermore, building
a protective cage around a catalyst prevents binuclear catalyst deactivation processes,
which are particularly relevant for the metallo-radical reactivity of cobalt complexes
discussed in section 1.3.
In this section the effect of several supramolecular cages on the catalyst embedded in
these cages is discussed. This section is not intended as an exhaustive review, but rather
to highlight the potential of catalysis in supramolecular cages on the basis of selected
examples. The preparation of host-guest structures (1.4.1) and the effects of local
catalyst concentration (1.4.2), substrate pre-organization (1.4.3), size- and shape
selectivity (1.4.4), product selectivity (1.4.5) and tandem reactivity (1.4.6) in catalysis
are discussed in the following sections.

1.4.1

Preparation of host-guest structures

To obtain encapsulated complexes, an appropriate host structure is required. Early
examples of host-guest complexes focused on the incorporation of a guest in
macrocycles such as cyclodextrins,69 calixarene,70 and more recently pillarenes71 and
cucurbiturils72 (Figure 14).

Figure 14: Macrocycles used for preparation of host-guest complexes.

Unfortunately, these macrocycles offer a limited structural diversity of the host, which
can be difficult to modify. The more recently introduced supramolecular approaches,
where the host is formed by self-assembly of functional building blocks has
substantially simplified and accelerated the preparation of host-guest assemblies. By
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selecting the appropriate conditions and building blocks, capsules varying in size, shape
and function can be obtained in high yields as the thermodynamic or trapped kinetic
products.73 The obtained supramolecular cages are formed through bonds that can be
reversibly made and broken, such as imine bonds, metal-ligand coordination or
hydrogen bonding interactions.74 Upon changing the metal, or one of the other building
blocks a large variety of supramolecular complexes can be obtained (Figure 15).75,76

Figure 15: Various supramolecular cages obtained from different metal complexes.75

By changing the host structure, through variation of the separate building blocks,
efficient encapsulation of a wide variety of guests can be achieved.77-81 Host-quest
complexes have a large potential in creating a specific local environment around the
guest, different from the bulk solution, which can be influenced further using external
stimuli.82,83 Therefore the use of these types of supramolecular complexes is attractive
for catalysis research, as control over the second coordination sphere can have a
tremendous impact on the outcome of a catalytic reaction.84-86 An additional advantage
of supramolecular assemblies is their solubility in common reaction media, which
enables the analysis of the complexes through analysis methods such as mass analysis,
NMR, EPR, IR and UV-Vis spectroscopy.87 This is in sharp contrast to metal-organic
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frameworks (MOFs), which also offer discrete cavities to host and stabilize catalysts,
but are by definition insoluble and hence much more difficult to study with
spectroscopic techniques. Diffusion ordered NMR spectroscopy (DOSY) is another
important technique to study soluble supramolecular cage-catalyst assemblies, and
allows discrimination between different species in solution based on their respective
size. DOSY is therefore frequently used to verify whether guests or catalysts are
efficiently encapsulated and to estimate the size of supramolecular assemblies.
Catalysts can be encapsulated in a host molecule through covalent anchoring of the
ligand to a supramolecular host.88 Alternatively the catalyst can be introduced through
supramolecular interactions such as metal-ligand coordination.89,90 The interaction
between pyridine functionalized ligands and zinc porphyrin 91,92 or salphen93 complexes
is extensively used in this context. The relatively strong binding of pyridines to metal
porphyrins results in tight encapsulation of the catalyst.94 The binding is, however,
sufficiently weak to allow the supramolecular assembly to adopt its most favorable
geometry in thermodynamically controlled synthesis. Other supramolecular interactions
can also be used to bind the catalyst inside a supramolecular cage, such as hydrophobic
or electrostatic interactions, although these are typically weaker interactions, hence
leading to reversibly encapsulated catalysts that easily dissociate from and re-enter the
cage.95 This is not always a favorable feature in catalysis research, as it is often
necessary to keep the catalyst embedded in the host throughout the entire catalytic
reaction to see second coordination sphere or cage-effects on the outcome of a catalytic
reaction. Stronger interactions may thus be preferred to keep the catalyst in place. In the
following sections (1.4.2 to 1.4.6) the different influences supramolecular cages can
impose on a catalyst are discussed.

1.4.2

Catalyst isolation and local concentration

The second coordination sphere of a supramolecular cage can have several effects on
the properties and reactivity of an encapsulated catalyst. Hupp and co-workers showed
the advantage of isolating a single manganese porphyrin complex in a supramolecular
capsule through four pyridine-zinc coordinations (Figure 16).96 Because only one
complex can fit inside the supramolecular capsule, bimolecular deactivation pathways
are suppressed.
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Figure 16: Encapsulation of a manganese catalyst through metal-ligand coordination.

In manganese epoxidation reactions the catalyst generally deactivates quickly through
binuclear deactivation pathways, which typically results in decomposition of the free
catalyst in approximately 10 minutes. After encapsulation the catalyst lifetime was
increased to 3 hours. The catalyst rate was, however, also somewhat slower due to
hindered substrate transport towards the encapsulated active site. The longer catalyst
lifetimes led to an overall increase in the turnover number (TON) for the epoxidation of
styrene from 65 for the free catalyst to 1500 for the encapsulated catalyst.
Besides catalyst isolation, TONs and yields of catalytic reactions can also be enhanced
by cages having a high local concentration of the catalyst, therefore imposing a higher
activity (turnover frequency, TOF). Reek and co-workers showed that cages hosting a
large number of gold catalysts, hence leading to a high local catalyst concentrations (up
to 1.1 M) have a quite remarkable reactivity in gold catalyzed hydroalkoxylation
reactions.97 To obtain such extreme local catalyst concentrations, the spherical M12L24
host structure developed by the group of Fujita was used (Figure 17).98 Upon binding
the guests covalently to the host building blocks up to 24 molecules of various sizes can
be introduced inside the supramolecular cage. Alkyl99 and glycol chains,100 peptides,101
azobenzenes102 and even coronenes103 can be introduced by this method.104
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Figure 17: Preparation of an internally functionalized supramolecular host.

Because the guests are covalently attached to the host precursor it is possible to vary the
amount of functionalization by combining multiple precursors. As such the local
catalyst concentration can be varied by mixing functionalized precursors with nonfunctionalized precursors, thus influencing the amount of catalyst in the cage after selfassembly (Figure 18).

Figure 18: Increased activity of a gold complex upon increasing the local concentration.
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This local concentration effect (0.05‒1.1 M) leads to quite unusual reactivity in gold
catalyzed hydroalkoxylation reactions (Figure 19). Product formation was only
observed when the local gold concentration was at least 0.27 M. Most remarkably, this
catalyst is therefore only active when multiple gold complexes are in close proximity.
The overall catalyst concentration was kept constant in all experiments but the turnover
frequency (TOF) increases with an increase in local catalyst concentration. The most
active catalyst was obtained when only the gold-functionalized building block was used
to obtain the desired product in 90% yield (TON = 1.9, TOF = 1.34 h-1). The activity
could be improved by optimization of the reaction conditions (TON = 67 and initial
TOF = 55 h-1).

Figure 19: Gold catalyzed hydroalkoxylation reaction.

The examples discussed in this section show that supramolecular cages can be used to
isolate a catalyst to avoid decomposition pathways or to enhance the activity by
imposing a high local concentration of the catalyst.

1.4.3

Substrate pre-organization

In metallo-enzymes both the metal complex and the substrate are pre-organized in the
active site leading to highly selective and active catalysts.105 To mimic such preorganization effects the catalyst and substrate should be brought in close proximity in a
supramolecular cage. The catalyst should also bind stronger than the substrate to
prevent catalyst displacement by the substrate under catalytic conditions with a large
excess of substrate present. Furthermore the product should be bound sufficiently weak
to be released allowing catalytic turnover. Reek and co-workers exploited the difference
in binding strength of sulfonates and carboxylates to guanidinium functionalities to
achieve substrate and catalyst pre-organization in a supramolecular cage. The
previously discussed M12L24 capsule (Figure 17) was functionalized with 24
guanidinium functionalities that strongly bind the sulfonated ligand of the gold complex
through cooperative binding (Figure 20).106
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Figure 20: Supramolecular substrate and catalyst pre-organization.

In the presence of a base the carboxylic acid substrate 28 was subsequently
deprotonated to coordinate to the remaining guanidinium functionalities in close
proximity to the sulfonated catalyst (Figure 20). The product 29 lacks the free
carboxylic acid to coordinate to the guanidinium functionalities, which facilitates the
release of the product enabling and accelerating catalytic turnover. The initial turnover
frequency was increased 10-fold in the presence of the host resulting in full conversion
of the substrate 28. Control experiments confirmed the requirement to coordinate both
the catalyst and the substrate in the catalyst to achieve the highest activity.
Another intriguing example of the influence of supramolecular cages on catalysis has
recently been reported in which the enantioselectivity of a catalyst can be increased
upon encapsulation.107

By encapsulation of a BINOL-rhodium complex 30 in a

supramolecular cage (Figure 21) the chiral information from the ligand is transferred to
the reaction much more efficiently. Without the cage only poor enantioselectivities (up
to 16%) are achieved in styrene hydroformylation with catalyst 30. In the presence of
the supramolecular cage this increases to 74% due to the limited accessible substrate
coordination modes inside the cage.
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Figure 21: Encapsulation of a BINOL-rhodium complex in a supramolecular cage.

The examples in this section clearly indicate how a supramolecular cage can influence
both the activity and the (enantio)selectivity of a specific reaction through substrate preorganization.

1.4.4

Substrate size and shape selectivity

Besides the advantageous cage effects described in the previous sections (1.4.2 and
1.4.3), where the reactivity of only one substrate is considered, supramolecular cages
can also be employed to selectively convert a single substrate from a complex mixture
of various substrates. Due to the limited size of the cage windows, elegant examples
have been reported in which electronically similar substrates can be converted
selectively based on their respective shape and size. Raymond and co-workers
developed a gallium cage with an overall charge of -12.108 Small rhodium complexes
could be encapsulated inside the cavity with relatively high binding constants (up to 5.7
x 102 M-1). The free rhodium catalyst is very active and showed full conversion for the
isomerization of both linear and branched alcohols (95% yield). However, the
encapsulated complex converts only linear allylic alcohols (Figure 22).109 Due to their
size and shape, branched substrates are unable to enter the cage cavity to react at the
rhodium catalyst.
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Figure 22: Substrate selective isomerization with an encapsulated rhodium complex.

Hupp and co-workers used their previously discussed porphyrin capsule (Section 1.4.2,
Figure 16) to differentiate between stilbene 31 and tetra-tert-butylstilbene 32 (Figure 23,
left).96 The encapsulated manganese porphyrin showed a modest size-selectivity for the
epoxidation of the smaller stilbene 31 to form epoxide 33. To further exploit the size
selectivity with supramolecular assemblies, the cavity size was modified by pyridine
functionalized additives (Figure 23).

Figure 23: Modified interior cavity in a supramolecular assembly
for substrate selective epoxidation.
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Due to coordination of the pyridines to two of the planes in the capsule the selectivity
could be increased to yield the small epoxide 33 and sterically more demanding product
34 in a 7:1 ratio. The same principle of cavity modification was also exploited in larger
supramolecular assemblies.110,111
The examples described in this section elegantly illustrate that supramolecular
assemblies can be used to selectively convert substrates based on their size or shape.
The selectivity can be induced using the size of the cage cavity (which can even be
modified) as a substrate selecting factor or through diffusion limitations of substrates
entering the supramolecular cage.

1.4.5

Product selectivity

The product distribution can be influenced by variations in the interactions of different
substrates with the supramolecular capsule (see section 1.4.4). Alternatively, the product
distribution can also be influenced by creating a local environment in which a specific
catalytic pathway is inaccessible. As a result the product distribution can change
drastically upon encapsulation of a catalyst. 112 This was demonstrated by Reek and coworkers using a gold catalyst encapsulated by a hexameric capsule. The capsule is built
from six calix[4]resorcinarenes equipped with hydrogen bond acceptor functionalities
and eight water molecules, which self-assembles into a spherical molecular capsule
through hydrogen bonding interactions. 113 The obtained capsule can be used to
encapsulate a gold carbene complex, which is an active catalyst for the hydration of
alkynes (Figure 24).
In absence of the supramolecular capsule the expected ketone product 36 was mainly
observed with some traces of the corresponding aldehyde 37. However, when the
encapsulated catalyst was used the product distribution changed significantly and
formation of 1,2-dihydronaphthalene 38 was observed under otherwise identical
conditions.112 The 1,2-dihyrdronaphthalene product 38 is commonly only encountered
under anhydrous conditions. The observed reactivity is attributed either to preorganisation of the substrate inside the host to favor intramolecular reactivity or by
providing a barrier for the entrance of water inside the capsule.
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Figure 24: Encapsulation of a gold catalyst in a hexameric capsule
to achieve product selectivity.

The reported high affinity of the hexameric capsule for cationic gold complexes was
subsequently exploited for the development of a switchable catalytic system. The
dimeric hydroxyl bridged complex 39 is capable of dual gold activation through
formation of both σ- and π-activated alkyne complexes. Because the dimeric catalyst is
too large to fit inside the cavity of the resorcinarene capsule the dimer is split up in its
monomeric components and only the cationic complex is encapsulated in the hexameric
capsule (Figure 25).114

Figure 25: Hydroxyl bridged dimeric complex can be split in its
mononuclear gold complexes upon encapsulation.
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As a result, upon addition of the capsule only σ-activation of the alkyne substrate is
possible. In the hydrophenoxylation of diphenylacetylene both σ- and π-activation are
required to obtain the desired product. The reaction can therefore be “turned off” upon
addition of the resorcinarene capsule. The reactivity could be restored by subsequent
addition of a competing guest, which liberates the cationic gold complex, which leads to
re-assembly of the active binuclear catalyst.
The discussed examples in this section clearly illustrate how catalysts can adopt
remarkably different reactivities upon encapsulation in supramolecular cages. Due to
the local environment some reaction pathways become inaccessible whereas new
pathways become available under the applied reaction conditions. As a result, the
product distribution can change drastically after encapsulation of a catalyst.

1.4.6

Tandem catalysis with incompatible catalysts

In the previous sections (section 1.4.2 to 1.4.5) encapsulation was shown to improve the
reaction of a specific substrate to the desired product in a single catalytic step.
Alternatively multi-catalytic reaction steps can be performed in a single reaction
mixture to reduce waste and avoid separation costs. The main challenge in realizing
multi-catalytic reactions is finding solutions for incompatibility problems. These
problems are associated with the necessity of different catalysts to be compatible with
both each other and the reaction conditions required for each reaction step.
Supramolecular cages can be used to physically separate incompatible catalysts to
achieve new reactivity, thus providing a solution to at least one of these challenges. An
elegant example has been shown by Raymond and Toste in which an enzyme and a gold
catalyst were combined in a single reaction mixture (Figure 26).115

Figure 26: Catalyst encapsulation to avoid deactivation in a tandem reaction.
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Esterase catalyzed hydrolysis of acetate substrate 40 was followed by a gold catalyzed
cyclization to yield the substituted tetrahydrofuran 42. Neither the enzyme nor the gold
catalyst is able to catalyze both reaction steps. Simply mixing the enzyme and the
unprotected gold catalyst is sub-optimal for achieving the overall reaction of 40 to 42 in
one-pot. The free gold catalyst partly inhibits the enzyme, thus reducing the yield of the
ester hydrolysis reaction (65% conversion). When the encapsulated gold catalyst is used
instead, the activity of the enzyme (97% conversion) is comparable to the activity in
absence of the gold catalyst (98% conversion). Furthermore, the encapsulated catalyst is
more efficient than the free catalyst in the gold-catalyzed cyclization step (67% and
96% conversion of 41 respectively). The supramolecular cage thus effectively separates
the gold catalyst from the enzyme so the activity of both steps is retained.

1.5

Aim and outline of the thesis

To sustain our demand for the various products obtained through catalysis, it is
desirable to move from precious metals (such as palladium, platinum, iridium, etc.) to
base metals (cobalt, iron, manganese, etc.). The efficient use of base-metals is, however,
associated with new challenges due to their preferred one-electron reactivity. Metalloenzymes are well known for performing effective radical reactions, which has inspired
several scientists to also develop efficient and selective synthetic catalysts that operate
via radical-type mechanisms. Cobalt porphyrin catalysts, for example, have been used to
achieve a wide variety of selective radical transformations including challenging C–H
and C=C bond activations.
In addition to the ligands directly connected to the metal center, the second coordination
sphere plays a significant role in tuning the reactivity of metallo-enzymes. In order to
functionally mimic this second coordination sphere supramolecular cages have been
developed. Examples have been shown in which bimolecular decomposition pathways,
frequently encountered in metallo-radical catalysis, are already suppressed by partial
encapsulation. In this Thesis full encapsulation of catalysts in a cubic supramolecular
cage is investigated to completely avoid bimetallic decomposition pathway.
Furthermore, supramolecular cages enable pre-organization of the substrate and induce
selectivity for specific substrates and products in competitive reactions. In addition, the
development of a protocol for cobalt catalyzed formation of N-heterocycles from
aliphatic azides, and a detailed mechanistic study regarding this reaction, are also
described in this thesis.
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To improve the activity of cobalt porphyrin catalysts, a new supramolecular cage was
developed to efficiently encapsulate a cobalt-porphyrin catalyst. The encapsulated
catalyst has been studied with a variety of analysis techniques (NMR, DOSY, MS) and
applied in two radical reactions showing increased activities and catalyst lifetimes
compared to the free catalyst. The results of these investigations are described in
chapter 2.
In chapter 3, the synthesis of an analogous cage is described which, in contrast to
chapter 2, is soluble in aqueous solutions. The encapsulated cobalt porphyrin catalyst
was employed in the cyclopropanation of alkenes with diazoacetates. After investigation
of the substrate scope the encapsulated cobalt catalyst was used in direct competition
experiments with styrene derivatives of various sizes to investigate the size-selectivity
of the cyclopropanation reactions.
In chapter 4 the encapsulation of a manganese-porphyrin in the supramolecular cage is
described. As for the cobalt porphyrin catalyzed radical reactions, manganese catalyzed
epoxidation catalysts also commonly suffer from bimetallic deactivation pathways, and
as such a beneficial effect of protecting the catalyst in our new cage was expected also
in these reactions. The encapsulated cage indeed has an increased lifetime when
compared to the free catalyst. Furthermore, size-selective epoxidation reactions could be
demonstrated in direct competition experiments.
In chapter 5, the development of a new, efficient intramolecular catalytic C–H bond
amination protocol is described. These reactions were not performed in a cage because
for these intramolecular ring-closing reactions involving more stable nitrene-radical
intermediates, bimolecular catalyst deactivation is considered to be less of an issue. The
catalyst outperforms all reported catalysts for the formation of N-heterocycles from
organic azides, both in terms of activity and stability. Extensive experimental and
computational studies for the reaction are described in Chapter 6 to reveal a radical
mechanism. Mechanistic information gathered was used to improve the yield and TON.
Furthermore, the first example of an enantioselective, intramolecular C–H bond
amination reaction from aliphatic azides was demonstrated.
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