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CONSPECTUS: Binding of molecules in molecular cages based on self-
assembled concave building blocks has been of great interest to scientists for
decades. The binding of static molecular fragments inside cage-like molecular
structures is generally based on complementarity of host and guest in terms of
shape and interactions. The encapsulation of homogeneous catalysts in
molecular cages is of interest as activity, selectivity, and stability can be
controlled by the cage as second coordination sphere, reminiscent of how
enzymes control chemical reactivity. Homogeneous catalysts, however, are not
static guest molecules as catalysts change in shape, charge, and polarity during
the catalytic cycle, representing the challenges involved in cage controlled
catalysis. To address these issues, we developed a new strategy that we coined
the “ligand template approach for catalyst encapsulation”. This strategy relies
on ligand building blocks that contain multiple orthogonal binding sites: the
central ligand (mostly phosphorus) is bound to the transition metal required for catalysis, while other binding sites are used to
construct a cage structure around the transition metal atom through self-assembly. By design, the catalyst is inside the capsule
during the catalytic cycle, as the central ligand is coordinated to the catalyst. As the approach is based on a self-assembly process
of building blocks, the catalyst properties can be easily modulated by modi�cation of building blocks involved.
In this Account, we elaborate on template ligand strategies for single catalyst encapsulation, based on divergent ligand templates
and the extension to nanospheres with multiple metal complexes, which are formed by assembly of convergent ligand templates.
Using the mononuclear approach, a variety of encapsulated catalysts can be generated, which have led to highly
(enantio)selective hydroformylation reactions for encapsulated rhodium atoms. Besides the successes of encapsulated rhodium
catalysts in hydroformylation, mononuclear ligand template capsules have been applied in asymmetric hydrogenation, the Heck
reaction, copolymerization, gold catalyzed cyclization reactions, and hydrosilylation reactions. By changing the capsule building
blocks the electronic and steric properties around the transition metal atom have successfully been modi�ed, which translates to
changes in catalyst properties. Using the convergent ligand templates, nanospheres have been generated with up to 24
complexes inside the sphere, leading to very high local concentrations of the transition metal. The e�ect of local concentrations
was explored in gold catalyzed cyclization reactions and ruthenium catalyzed water oxidation, and for both reactions, spectacular
reaction rate enhancements have been observed. This Account shows that the template ligand approach to provide catalyst in
well-de�ned speci�c environments is very versatile and leads to catalyst properties that are not achievable with traditional
approaches.

� INTRODUCTION
For decades chemists have been fascinated by the properties of
molecules, and the ever increasing knowledge of synthetic
methodologies facilitates the exploration of a diverse set of
molecules with di�erent sizes and shapes. The generation of
concave 3-D shaped molecules provided the �rst opportunities
to study the binding of guest molecules in the cavities and cages
of such structures, and this initiated a new scienti�c �eld that is
now well-known as supramolecular chemistry.1�3 Active
research by many scientists in the �eld has resulted in many
spectacular examples of molecular constructs, often based on
self-assembly of smaller components, that speci�cally bind guest
molecules that are complementary in shape. The interactions
and entropic contributions relevant for these binding events are

well-understood.4,5 A variety of applications for these new
molecular materials have been proposed, including their use in
the �eld of catalysis. Molecular cages have been used as catalysts
to promote several organic transformations mostly through
preorganization of the substrates and stabilizing the crucial
transition state by interactions with the cage environment,
leading to rate acceleration.6�11

Transition metal catalysis can also be carried out in molecular
cages.11�16 Traditionally, the key properties of transition metal
catalysts are controlled by ligand e�ects. Electronic properties,
steric environment, and coordination mode can all be �ne-tuned
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by ligand modi�cations, and in turn this has large in�uence on
the catalytic properties of the metal complex. Placing such
catalytically active complexes in con�ned spaces provides
additional tools to control the crucial parameters of the catalytic
system. Compared to using cages themselves as catalysts, this
strategy is more challenging. First of all, the metal complex and
the substrate need to be in the cage at the same time, even
though excess of substrate is present in solution, as otherwise the
number of catalytic cycles the catalyst can perform will remain
low. Second, the transition metal complex generally changes
during a catalytic cycle along the di�erent steps such as oxidative
addition, reductive elimination, ligand dissociation, or substrate
insertion. This means that the complex will change in shape, size,
and electronic properties throughout the catalytic cycle, and yet
it should stay in the molecular cage, coencapsulated with
di�erent substrates at di�erent stages of the reaction. This
sketches the complication when transition metal catalysis is
attempted in molecular cages.

Despite the challenge, several examples have been reported in
which metal complexes are encapsulated with catalyst properties
that are substantially di�erent from the unencapsulated
analogue.12 Encapsulation strategies include covalent attach-
ment of ligands to the cage or binding of metal complexes in
cages via ionic interaction, which so far is limited to cationic
metal complexes.5�16 The capsule size is often found

detrimental for encapsulation of metal complexes, and
optimization may involve painstaking synthesis for systems
with the catalyst covalently attached to the capsule.

We have developed a novel strategy that we coined “ligand
template strategy for catalyst encapsulation”.17 In this strategy,
we prepare relatively simple building blocks that by a self-
assembly process lead to transition metal catalysts in cage
structures (Figure 1). A ligand is utilized with functional groups,
to which other building blocks can bind, and as such this ligand
functions as a template for encapsulation. This Account
highlights the progress in template ligand strategies for catalyst
encapsulation. We will show that crucial catalyst parameters,
such as activity and selectivity, can be controlled by second
coordination sphere e�ects. Changing the catalyst is relative
simple, as it involves just mixing of di�erent building blocks. A
diverse set of reactions have been explored and shown to be
compatible with the approach. Recently, we have extended the
approach from mononuclear complexes in cages, to template
ligand strategies that lead to multinuclear complexes in
nanospheres. This will be discussed in the second part of this
Account.

Figure 1. Schematic representation of the two distinct ligand template approaches for encapsulation of catalysts: for the mononuclear approach, a
divergent ligand template is encapsulated by capsule building blocks, forming a con�ned space around a single transition metal atom. For the
multinuclear approach, multiple convergent ligand template molecules self-assemble into a nanosphere with multiple metal complexes in con�ned
space, leading to very high local concentration of transition metal atoms.
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� TEMPLATE LIGAND STRATEGIES FOR
ENCAPSULATION OF SINGLE CATALYSTS

We started our template ligand approach with trispyridylphos-
phine ligand 1, in combination with simple zinc(II)-
tetraphenylporphyrin (Zn(II)TPP) building blocks. Mixing 3
equiv of Zn(II)TPP with 1 leads to the self-assembled structure

2 with the phosphorus ligand located in the middle of the cage
structure, as established by titration studies in solution18,19 and
later by X-ray analysis (Figure 2).20

From the X-ray structure, it is clear that the structure is based
on pyridyl�zinc coordination, as well as CH�� interactions
between adjacent Zn(II)TPP building blocks. The latter also

Figure 2. Encapsulation of ligand 1 with Zn(II)TPP leads to self-assembled structure 2. The crystal structure of 2 is displayed with CH�� interactions
highlighted in green. Catalyst 3 is formed under syngas pressure in the presence of a rhodium precursor (DFT optimized structure depicted; for the
chemdraw structure, see Figure 5).

Figure 3. Unique selectivity achieved in 1-octene and trans-2-octene hydroformylation with encapsulated catalyst 3 (for the chemdraw structure of 3,
see Figure 5).
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