UvA-DARE (Digital Academic Repository)

Transition metals enclosed in supramolecular capsules: assembly,
characterization and application in catalysis
Koblenz, T.S.
Publication date
2010
Document Version
Final published version

Link to publication
Citation for published version (APA):
Koblenz, T. S. (2010). Transition metals enclosed in supramolecular capsules: assembly,
characterization and application in catalysis. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:07 Jan 2023

Transition Metals Enclosed in Supramolecular Capsules
Assembly, Characterization and Application in Catalysis

Tehila Shira Koblenz

Front Cover: Arnoud de Jong
Printed by:

Ipskamp Drukkers B.V., The Netherlands

ISBN:

978-90-9025285-8

Transition Metals Enclosed in Supramolecular Capsules
Assembly, Characterization and Application in Catalysis

ACADEMISCH PROEFSCHRIFT
ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
Prof. dr. D. C. van den Boom
ten overstaan van een door het college voor promoties ingestelde commissie,
in het openbaar te verdedigen in de Aula der Universiteit
op woensdag 28 april 2010, te 14:00 uur

door

Tehila Shira Koblenz
geboren te Amsterdam

Promotiecommissie
Promotores:

Prof. dr. J. N. H. Reek
Prof. dr. P. W. N. M. van Leeuwen

Overige leden:

Prof. dr. W. Nau
Prof. dr. A. E. Rowan
Prof. dr. ir. J. Huskens
Prof. dr. C. J. Elsevier
Dr. C. Müller
Dr. B. de Bruin

Faculteit der Natuurwetenschappen, Wiskunde en Informatica

The research described in this thesis was financially supported by the Netherlands Organization
for Scientific Research - Division for Chemical Sciences (NWO-CW).

“Alleen met het hart kun je goed zien.
Het wezenlijke is voor de ogen onzichtbaar.”
Antoine de Saint-Exupéry (De Kleine Prins)

Opgedragen aan mijn moeder Asnat
en aan mijn man Arnoud,

CONTENTS

Chapter 1

Reactivity Within a Confined Self-Assembled Nanospace:
A Review

1

Chapter 2

Diphosphine Based Capsules for the Encapsulation of
Transition Metals

31

Chapter 3

Design of Metallo Diphosphine Capsules

59

Chapter 4

Control of the Coordination Geometry Around Platinum
by a Supramolecular Capsule

97

Chapter 5

Bismetallo Capsules Based on Two Ionic Diphosphines

115

Chapter 6

Encapsulation of a Rhodium Hydroformylation Catalyst in
a Diphosphine Based Capsule

137

Chapter 7

Hydrogen Bond Functionalized Diphosphines: Synthesis
and Aggregation Behaviour

167

Summary

181

Samenvatting

185

Dankwoord

189

Chapter 1
Reactivity Within a Confined
Self-Assembled Nanospace: A Review

Abstract
Confined nanospaces in which reactions can take place, have been created by various
approaches such as molecular capsules, zeolites and micelles. In this tutorial review we focus on
the application of self-assembled nanocapsules with well-defined cavities as nanoreactors for
organic and metal catalysed transformations. The self-assembly of nanocapsules based on
noncovalent bonds such as hydrogen bonds and metal-ligand interactions is discussed to
introduce the properties of the building blocks and capsules thereof. We will elaborate on the
encapsulation effects that can be expected when reactions are carried out in a capsule-protected
environment. Subsequently, literature examples will be described in which self-assembled
nanocapsules are applied as nanoreactors, for various types of organic and metal catalysed
reactions.

This chapter has been published in: Tehila S. Koblenz, Jeroen Wassenaar and Joost N. H. Reek,
Chem. Soc. Rev., 2008, 37, 247-262.

Chapter 1

1.1

Introduction

The worldwide increase in population and the ever increasing standard of living puts
enormous demands on the resources of the planet and in order to keep (or get) the human
population in balance with the environment we should completely turn to sustainable processes.
This implies that many synthesis routes currently used for bulk chemicals, pharmaceutical and
chemical intermediates should be replaced by more efficient methods starting from renewable
resources. Looking at the current state of affairs, we can conclude that there is still a long way to
go. Evidently catalysts, substances that promote, accelerate and control chemical reactions, are
indispensable to arrive at sustainable processes and a tremendous progress in transition metal
catalysis, organocatalysis and enzyme catalysis has been made in the past decades.1–3 From the
progress made in synthesis and catalysis so far we also learn that there is an urgent need for more
tools and deeper understanding.
Enzymes, nature’s creation of catalysts, encapsulate multiple functionalities within their
cavity where the catalytic conversion takes place, and can be extremely active and selective for a
range of chemical conversions. Therefore, enzymes have served as the major source of
inspiration for supramolecular catalysis, but at the same time the working principles of enzymes
are still subject to debate. Already in 1948 Pauling proposed that enzymes stabilize transition
states to a larger extent than reagents in their (vibrational) ground state by means of noncovalent
interactions between the functional groups in the enzyme cavity and the compounds inside the
cavity.4 These initial ideas, that are still valid to a large extent, have inspired many scientist from
various fields to explore similar approaches for synthetic systems. The main focus in the area of
supramolecular catalysis has been on host-guest catalysis in which a substrate is bound in a
cavity next to the catalytically active centre. The general approach applied was combining
known catalysts and functional groups near the catalytic centre that function as the binding site
by recognizing the substrate by noncovalent interactions. This approach has resulted in numerous
interesting examples of supramolecular catalysts.5 However, these catalysts do not even come
close to the catalyst efficiency and selectivity displayed by enzymes.
Enzymes are much more than just a combination of a substrate binding site and a
catalytically active-site. Indeed it has been demonstrated that many other effects play an
important role, including substrate preorganization, restricted substrate motion, protein
dynamics, covalent binding of the transition state and desolvation of the substrate.6 The special
microenvironment within the enzyme cavity induces most of these effects. Generally, the
reaction medium is known to greatly affect chemical reactions. If a reaction takes place in the
enzyme cavity, the reactants and the transition state are stripped from solvent molecules which
are replaced by the microenvironment created around the substrates. This implies some precisely
placed interactions and a different dielectric constant. Interestingly, these cavity effects are
difficult to study and have been mainly proposed on the basis of computational studies. A tool to
create nanosized reaction chambers, i.e. nanoreactors, is therefore very interesting, since it
enables these effects to be studied experimentally with synthetic analogues. In addition, the
2
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ability to control the reaction environment by creating a confined and well-defined nanospace
around the substrates can provide new tools to develop future sustainable catalytic processes.
Molecular capsules have hollow structures and encapsulate smaller guest molecules
within their cavities. Since the nineties of the last century, research groups around the world have
investigated the application of nanocapsules as nanoreactors, i.e. reaction vessels for chemical
transformations, and have used the nanocapsules for studying the different cavity effects.7,8
Besides molecular capsules also other assemblies such as micelles and vesicles have been
applied as nanoreactors, but these systems are beyond the current scope of the review.7 In this
review we will focus on the application of self-assembled nanocapsules as nanoreactors. In
Section 1.2 different types of nanocapsules are discussed: capsules based on hydrogen bonds,
metal-ligand interactions and hydrophobic effects. In Section 1.3 nanocapsules that encapsulate
an active-site are discussed. Section 1.4 discusses the effects that can be expected if reactions are
carried out in nanocapsules, and in Section 1.5 we will provide examples that support these
views.

1.2

Self-assembled nanocapsules

Supramolecular chemistry, defined by Jean-Marie Lehn as the ‘chemistry beyond the
molecule’, is the application of programmed molecules that assemble into larger molecular
architectures via intermolecular noncovalent bonds.9,10 An important class of supramolecular
structures are the host-guest assemblies, where the host is a receptor that selectively binds
(generally smaller) guest molecules.11–13 Initial focus in the area of supramolecular chemistry
was strongly on development of host-guest systems such as cyclodextrins, calixarenes, clefts,
and clip shaped receptors. This was important to gain fundamental knowledge on noncovalent
interactions between molecules and it also formed the basis for sensor applications and further
development of larger systems. Host molecules can have open or closed cavities to accommodate
the guest molecule and the guest is at least partly stripped from the solvent. Cyclodextrins and
cucurbiturils are important examples of host molecules with open cavities.
Molecular capsules are a special class of host molecules with an important threedimensional structure. Binding within molecular capsules occurs by complete encapsulation of
the guest within the enclosed internal space, i.e. the cavity.14 Two types of these nanometer sized
molecular capsules can be distinguished; the capsules based on covalent bonds and those based
on noncovalent interactions, i.e. self-assembled or supramolecular capsules.I Initial research in
this area was on covalent capsules such as hemicarcerands, and calixarenesand CTV
(cyclotriveratrylene) based capsules. Guest exchange in-and-out of noncovalent capsules can, in
addition to the gating mechanism, proceed via (partial) dissociation of the capsule (vide infra).
I

In the early days of this research field capsules based on covalent bonds were also assigned as ‘supramolecular
capsules’ because of their encapsulation properties. However, because of the developments of the last decade we
designate here only capsules based on covalent interactions as ‘supramolecular capsules’.
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Consequently, guest exchange is often, but not always, more facile for noncovalent capsules
compared to their covalent counterparts. Another advantage of noncovalent capsules can be the
circumvention of tedious multistep synthesis which is necessary for the formation of covalent
capsules. In this review we will focus on the chemistry taking place inside self-assembled
capsules with closed cavities. However, one should keep in mind that the boundaries between
capsules with open and closed cavities are not always very clear.
Self-assembled capsules are composed of two or more, not necessarily identical, building
blocks programmed to self-assemble in solution into the desired supramolecular capsule. The
self-assembly process is primarily driven by the formation of multiple intermolecular
noncovalent bonds such as hydrogen-bonds, metal-ligand- and ionic interactions between the
building blocks. Therefore the capsule’s building blocks are functionalized with complementary
binding motifs. The reversible and directional nature of the noncovalent bonds facilitate selfcontrol and self-correction, which results in the formation of a discrete thermodynamically stable
capsule.II Complementarity of size and shape between the building blocks is necessary for a
successful self-assembly and the formation of a proper capsular structure. The correct capsular
structure (especially of H-bonded capsules) is often achieved by employing curvature containing
building blocks such as the concave calix[4]arene. In most examples the presence of appropriate
guest molecules during the assembly process are necessary for templating the assembly of a
specific capsule.
Selective guest recognition and reversible encapsulation form the essential properties of
self-assembled capsules. The guests can be organic- or organometallic compounds. Guest
encapsulation can be thermodynamically or entropically driven. The latter is generally observed
when more (solvent) molecules are released upon guest encapsulation. Molecular recognition
and guest encapsulation depend on size, shape and chemical-surface complementarities between
the guest molecule(s) and the capsule’s cavity. In addition, noncompetitive solvents that do not
(or poorly) fit inside the capsule’s cavity, favour the encapsulation of external guests. Guest
encapsulation is generally reversible and the guest(s) can enter and exit the host via different
pathways, depending on the capsule’s properties (vide infra). Guest orientation and motion
within the capsule’s cavity are restricted and depend on shape complementarity, steric hindrance
and noncovalent interactions such as CH–π interactions and π–π stacking between the guest and
host. The hydrophobic environment inside the capsule can assist guest encapsulation or
orientation. The aromatic rings of the nanocapsules cause anisotropic shielding of the guest,
enabling guest detection by proton NMR techniques. Upon encapsulation the guest molecules are
temporarily isolated from the bulk and experience a novel finite microenvironment, which can
change reaction pathways. Encapsulation of a single guest or simultaneously encapsulation of
two or more guests have promoted uni- and bimolecular reactions within the capsules as is
discussed in Sections 1.4 and 1.5.
II

It is also possible to isolate kinetically formed capsules, however the practical value of these structures remains to
be seen since they probably rearrange or decompose upon use.
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1.2.1 Capsules based on hydrogen bonds
The weak, highly directional, and dynamic nature of hydrogen bonds makes them very
suitable as a noncovalent interaction for the formation of supramolecular capsules. Hydrogen
bonded capsules are formed instantly upon solvation of their building blocks and their
dissociation and recombination is generally more dynamic than that of the metal-ligand based
capsules. The lifetime of the different H-bonded capsules range from microseconds to hours,
depending for example on the number of hydrogen bonds formed upon capsule formation.15–17
Capsule assembly is induced by guest encapsulation which can be solvent molecules or specific
guests. Rebek and co-workers have shown that optimal guest occupation is ca. 55% of the
available volume of the cavity. However, stable self-assembled capsules with guests that occupy
much more or less than 55% also exist. Most H-bonded capsules do not have sizeable apertures
for guest exchange and consequently guest exchange occurs via partial or complete rupture of
the capsule, depending on the properties of the host, guest and solvent. The residence time of the
guest within the capsule is in the order of milliseconds to hours. H-bonded capsules are stable in
apolar organic solvents such as dichloromethane and mesitylene while competitive solvents like
DMSO and water cause capsule dissociation.
Rebek and co-workers have developed the cylinder-shaped capsule A.15–17 This capsule
consists of two self-complementary vase-shaped cavitands, i.e. resorcinarenes, substituted with
four imide-functionalities on their upper rim (Figure 1a). The cavitands dimerize in solution into
the cylindrical capsule A upon the formation of a seam of eight bifurcated hydrogen bonds (i.e.
sixteen H-bonds). Capsule A has a cylindrical cavity with an internal volume of ca. 425 Å3. The
cavity contains a gradient of polarity and shape along its length and accommodates elongated
guests. The capsule can simultaneously encapsulate two different guests, i.e. selective pairwise
recognition, such as one molecule of benzene together with one p-xylene molecule, which can be
of interest for coupling reactions. During guest exchange two flaps of the capsule open, allowing
guest exchange without capsule dissociation.

Figure 1 a) Cylindrical capsule A. b) “Softball” capsule B. In the modeled structures some
substituents, hydrogen atoms and hydrogen bonds have been omitted for clarity.
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The “softball” capsule B, also developed by Rebek and coworkers, is composed of two
multiring structures having a bridged bicyclic centrepiece and two glycoluril units on both ends
of the multiring, providing the proper rigidity, curvature and functional groups necessary for
capsule assembly (Figure 1b).15–17 The self-complementary glycoluril-based building blocks
dimerize in solution into capsule B upon the formation of a seam of sixteen hydrogen bonds.
“Softball” B is a closed-shell capsule of roughly spherical shape with an internal volume of ca.
400 Å3. The “softball” can simultaneously encapsulate two different guests such as one molecule
of deuterated benzene together with one molecule of deuterated monofluorobenezene. Guests
encapsulation occurs by opening of two separate flaps of the “softball” and subsequently
departure of the guest as the incoming guest approaches, i.e. gating mechanism.

1.2.2 Capsules based on metal-ligand interactions
Metal-ligand interactions are strong and highly directional and lead to the self-assembly
of robust stable coordination cages.18 Kinetically labile metal-ligand (M–L) interactions are
essential for converting initially formed kinetic products to the more stable thermodynamic
product. Therefore appropriate conditions should be applied for the assembly of M–L based
capsules in high yields. The metal coordination geometry in combination with multidentate
organic ligands are used as codons for curvature. The preorganized and rigid nature of the
ligands results in stable and well defined capsules with cage-like architectures. Unlike H-bonded
capsules, guest exchange in and out of the coordination cages occurs by expansion of the cage
apertures without M–L bond rupture.19 Consequently, the size and shape of the cage apertures
function as a gate keeper as they dictate the permitted size and shape of the guests.
Raymond and co-workers have developed the chiral tetrahedral [M4L6]12– coordination
cage C consisting of four metal ions with an octahedral coordination geometry, e.g. Ga3+, and six
naphthalene-based bis-bidentate catechol amide ligands (Figure 2a).20 The metal ions are situated
at the corners of the tetrahedron and the ligands span the edges of the tetrahedron. The trisbidentate chelation of the metal atoms renders them chiral (Δ or Λ), and the mechanical coupling
between the metals through the rigid ligands results in the exclusive formation of the homochiral
assemblies Δ,Δ,Δ,Δ and Λ,Λ,Λ,Λ. The desired M4L6 stoichiometry with a tetrahedral shaped
cage is achieved by the presence of an appropriate guest template during the assembly process
such as NR4+ (R = Me, Et, Pr). The negatively charged tetrahedral cage is soluble in water and
other polar solvents and contains a hydrophobic cavity of 300–500 Å3. The highly anionic
character of the cage allows for exclusive encapsulation of monocationic guests such as
alkylammonium ions and cationic organometallic complexes such as [CpRu(C6H6)]+ (Cp = η5C5H5).
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Figure 2 a) Tetrahedral M4L6 coordination cage C. b) Octahedral M6L4 coordination cage D.
Fujita and co-workers have designed the octahedral [M6L4]12+ coordination cage D
composed of six cis-protected square planar Pd2+ or Pt2+ complexes, e.g. [Pd(en)]2+, and four
panel-like ligands, i.e. the triangular tridentate 2,4,6-tris(4-pyridyl)-1,3,5-triazine ligand (Figure
2b).21,22 The metal complexes are situated at the corners of the octahedron and the ligands
alternatively occupy the eight faces of the octahedron. The positively charged octahedral cage is
soluble in water and contains a hydrophobic environment. Consequently, this cage can strongly
bind a variety of anionic and neutral guest molecules such as adamantine and ferrocene. Guest
exchange can take place via the relatively large pores of the host. The large inner cavity has a
diameter of ca. 2.2 nm and allows encapsulation of one to four guest molecules per cage,
depending on the guest size. The coordination cage D can pairwise selectively recognize two
different guests such as one anthracene-type molecule and one maleimide-type molecule.
Remarkably, no external guests are needed in order to selectively form the Pd-based octahedral
cage and the cage can be prepared at large scale (up to 50 g). This indicates that also polar
solvents such as water can be in the cage. The Fujita group has reported many other cage type
structures, but cage D has been mostly used as reaction vessel.

1.2.3 Capsules based on hydrophobic effects
Gibb and co-workers have explored water-soluble cavitands that self-assemble into
capsule E. The assembly process is based on hydrophobic effects (and possibly on nondirectional π–π stacking between the two building blocks) and the capsule formation occurs only
in the presence of hydrophobic guests that function as template.23 The template plays an
important role in the formation of capsule E because no directional noncovalent bonds such as
H-bonding and M–L interactions are involved in the self-assembly process. In addition, an
external hydrophobic template is necessary because the aqueous solvent does not template the
formation of E. However, one should not forget that the presence of an appropriate template
(other than solvent) is necessary for the formation of most self-assembled capsules. Capsule E
consists of two octa-acid, deep-cavity cavitands with a pseudo-conical hydrophobic cavity
7
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(Figure 3a). The eight carboxylic acid groups are located at the periphery of the cavitand and
engender water-solubility under basic conditions. The cavitands dimerize upon encapsulation of
complementary hydrophobic templates such as a rigid steroid or two smaller alkanes (Figure 3b).
As is mentioned above, the capsule is also held together by non-directional π–π stacking between
the aromatic rings on the wide hydrophobic rim of the two cavitands and therefore the structural
integrity of these capsules is not fixed. Capsule E has a capsular form with an internal cavity of
ca. 500 Å3.

Figure 3 a) Deep-cavity cavitand. b) Self-assembly of capsule E.

1.3

Active-site encapsulation

Most reactions do not occur spontaneously and require the presence of a catalyst, which
can be a Lewis acid site or a transition metal to activate certain bonds (for example C–Br or C–H
bonds). Besides the encapsulation of substrate molecules to facilitate certain conversions, also
the active centre can be encapsulated. Indeed sufficient space should be available to allow the
transformation of encapsulated substrates at the active-site.
Raymond and co-workers have encapsulated cationic transition metal complexes such as
[Cp*(PMe3)Ir(Me)(C2H4)]+ and [(PMe3)2Rh(COD)]+ within their tetrahedral coordination cage C
via non-directional noncovalent bonds (Figure 4). These encapsulated active-sites were
successfully used for C–H bond activation and isomerization reactions (vide infra).24,25 Activesite encapsulation can also be achieved by directional noncovalent bonds such as metal-ligand
interactions. Hupp and co-workers have described the assembly of an open box structure F
encapsulating a MnIII-porphyrin via metal-ligand interactions.26 The open box F is based on four
ZnII-porphyrins coordinated to four [Re(CO)3Cl] complexes via their pyridyl ligands. The
encapsulated MnIII-porphyrin appeared to be a stable and selective epoxidation catalyst.
8
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Although the open box type assemblies are beyond the scope of this review, it is important to
realize that these more open assemblies can also provide interesting catalysts.

Figure 4 Cationic Ir-complex encapsulated within C, i.e. [C  Ir+-complex] (this notation
denotes that C encapsulates an Ir+-complex).
Reek and co-workers have introduced the ligand–template approach as a new strategy for
the encapsulation of transition metal catalysts.27–31 The template ligands have a bifunctional
character in that they contain functional groups for capsule assembly as well as a donor-atom site
for metal coordination. This results in the encapsulation of the metal within the ligand-template
capsule. Pyridylphosphines, P(Py)3, are successful template ligands as the imines of the pyridyl
groups selectively coordinate to ZnII-porphyrins or ZnII-salphens, [Zn], resulting in the ligandtemplate capsule G, i.e. P(Py)3·[Zn]3 (Figure 5a). The zinc building blocks create a
hemispherical capsule around the pyridylphosphines. The phosphine atoms of the
pyridylphosphines can coordinate to a transition metal such as Rh or Pd which result in their
encapsulation, i.e. [G  Rh or Pd] (this notation denotes that G encapsulates Rh or Pd). Addition
of the zinc building blocks to the rhodium-bis-tris(meta-pyridyl)phosphinecomplex, Rh(P(mPy)3)2(CO)(acac), creates sterical hindrance around the encapsulated metal and results in the
decoordination of one of the two pyridylphosphine ligands to give [P(m-Py)3·[Zn]3 
Rh(CO)(acac)] i.e. [G  Rh(CO)(acac)] (Figure 5b). The encapsulated rhodium catalysts were
shown to have unusual reactivity and regioselectivity in the hydroformylation reaction (vide
infra).
Reek and co-workers have also reported a ligand-template approach for metal
encapsulation in which the ligand-template is an integrated part of the capsule (see Chapter 2 of
this Thesis).32 This example involves a concave shaped bifunctional diphosphine ligand which
can complex a transition metal and also contains functional groups for capsule formation. Selfassembly of the tetracationic diphosphine ligand with a tetraanionic calix[4]arene leads to the
formation of a reversible heterocapsule based on ionic interactions (H). Coordination of
palladium to the template-ligand results in metal encapsulation [H  Pd–Ar] (Figure 6).
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Figure 5 a) Self-assembly of ligand-template capsule G. b) Encapsulation of a Rh-species within
capsule G, i.e. [G  Rh(CO)(acac)] (modeling picture on the right).

Figure 6 Disphosphine based heterocapsule H encapsulating a transition metal, [H  Pd-Ar],
(modeling picture on the right). In the modeled structure, some substituents and hydrogen atoms
have been omitted for clarity.
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1.4

Encapsulation effects in catalysis

The field of supramolecular catalysis has a long history and in many papers the
analogy with enzymes is made. On the one hand this connection makes sense as enzymes
have been a source of inspiration, on the other hand these comparisons are too general to be
of scientific relevance. There are many different classes of enzymes that work with different
mechanisms and principles, and also there are very active and rather slow enzymes and very
selective and nonselective enzymes. In addition, the working principles of enzymes are still
under debate. We therefore focus on a few principles that are found to be rather general for
enzymes and can be expected to be also of relevance for reactions carried out in molecular
capsules, i.e. nanoreactors. Enzymes recognize and bind substrates within their cavity near
the catalytic centre. This results in substrate preorganization before the actual reaction takes
place. The enzyme binds and stabilizes the transition state of the reaction better than the
substrate by additional binding interactions (covalent or noncovalent interactions such as Hbonding and ionic interactions) and by having a complementary shape to the transition state.
This decreases the energy barrier, which accounts for at least a part of the rate enhancement
observed by enzymes. All other effects that are involved are either not general or hard to
quantify.
In the next paragraph we will have a closer look at the reaction rates of processes that
take place inside and outside capsules. At this point it is important to realize that the
selectivity of a reaction is a matter of relative reaction rates between competitive pathways.
Also the isolation (or trapping) of otherwise instable reaction intermediates by encapsulation
and issues such as product inhibition can be explained in terms of reaction rates as this is a
matter of changing the relative rate of a sequence of reaction steps. It is of great relevance to
understand how the rate-equation of a reaction changes when the process takes place inside
the capsule.
Encapsulation effects in terms of rate-equation
In order to understand encapsulation effects of chemical processes one should analyze the
corresponding rate-equation rather than comparing nanoreactors to enzymes. For a simple
bimolecular reaction where substrates A and B are giving product C (eqn 1) the general rateequation can be used (eqn 2). If reactions take place inside a capsule one needs to take the
substrate encapsulation and product release in-and-out of the nanoreactor (NR) into account,
resulting in a more complex rate-equation as all three events have to be considered (eqn 3). In an
ideal case where the reaction between A and B inside the nanoreactor (NR) is the rate
determining step, the rate-equation simplifies analogously to Michaelis-Menten kinetics and
depends solely on the rate-constant of this step, i.e. kb, and on the capsule concentration with the

11
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encapsulated substrates (NR  A·B) (eqn 4).III In terms of energy profiles these equations can be
translated to the energy diagrams depicted in Figure 7a.
A+B

ka

C

(1)

v = d[C]/dt = ka[A][B]
NR+A+B

(NR  A·B)

(2)
kb

v = d[C]/dt = kb[(NR  A·B)]

(NRC)

NR+C

(3)
(4)

The rate-constant k is a function of the thermodynamic activation parameters i.e. the Gibbs
free energy of activation (ΔG#) and hence to the activation enthalpy (ΔH#) and the activation
entropy (ΔS#) via the Eyring and Arrhenius equations: ΔG# = ΔH# – T·ΔS# = –RT(lnk) + c. (T
= temperature, R = gas constant, c = a constant).

Figure 7 a) Simplified reaction profiles of a reaction in the bulk solution (dashed line) and of a
reaction within a nanoreactor (solid line). b) Simplified reaction profiles of a reaction leading to
product D which is destabilized by the nanoreactor (solid line) compared to the bulk solution
(dashed line), and of a reaction leading to product E which is stabilized by the nanoreactor (solid
line) compared to the bulk solution (dashed line).

Two extreme scenario’s can be distinguished when reactions take place inside a
capsule (in practice this might be a combination of the two):
1) The nanoreactor does not change the activation parameters (i.e. ΔG#NR = ΔG#bulk) and the
only effect to be expected is the preorganization effect of bringing the substrates together. In
essence, the reaction goes from a bimolecular to an intramolecular reaction pathway. Since
the activation parameters in equations (2) and (4) are the same, the rate constant remains the
III

An important difference between enzymes and nanoreactors is product release from the cavity. The MichaelisMenten kinetics assumes that product release occurs rapidly (this assumption is also done in equation 4). However,
this assumption does not always counts for nanoreactors because they can display product inhibition, vide infra.
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same, ka = kb, and the difference in the rate is due to the fact that: [(NR  A·B)] > [A][B]. In
this paper we will refer to this as effective concentration.33 For a reaction that is carried out
at a millimolar concentration, the increase in reaction rate will be a factor 1000 (using a
millimolar capsule), whereas the increase in reaction rate at higher concentrations is much
smaller. At extremely high substrate concentrations (above 1 molar) other issues will
become important and the current simplification will no longer hold.
2) The nanoreactor does change the activation parameters (i.e. ΔG#NR ≠ ΔG#bulk). Like
enzymes, nanoreactors can stabilize transition states (ΔG#) of the reactions taking place in
the capsule, which lowers the reaction activation energy barrier (i.e. ΔG#NR < ΔG#bulk) as is
depicted in Figure 7a.34 Besides the obvious enthalpic stabilization (ΔH#) via noncovalent
interactions between the transition state and the surrounding, entropy (ΔS#) can also play a
key role in this stabilization. The specific size, shape and chemical environment of the
confined nanospace preorganizes encapsulated substrates towards the transition state by
restricting their translational and rotational degrees of freedom and directing their orientation
within the enclosed cavity. Generally, a precise fit between the cavity and the substrates
results in a more effective preorganization, reducing the potential negative entropy of a
reaction. The cavity can also activate substrates by forcing them to adopt the most reactive
conformation of those populated in the bulk, i.e. statistic effect.34
New reactivities and selectivities
The specific size, shape and hydrophobic environment of the cavity as well as partial
desolvation and isolation of the substrates from the bulk solvent can induce new activities
and selectivities.35 The new microenvironment within the nanoreactor can for example
enforce the substrates to adopt conformations which are not or less populated in the bulk or
stabilize certain reactive intermediates. In bimolecular reactions the cavity can direct the
relative spatial orientation of the two substrates, facilitating selective reactions by e.g.
blocking bulk solution pathways that require an orientation which is not possible within the
cavity.36 Indeed, manipulation of reaction energetics and environment through encapsulation
might provide access to reaction pathways which where otherwise inaccessible because of
their high energy i.e. the energy landscape within the nanoreactor might be different from the
one outside. The former can be illustrated by considering a kinetic controlled reaction
between A and B which can give two products: D and E. The specific interactions between
the nanoreactor and the encapsulated substrates can alter the reaction activation energy
barrier ΔG# of products D and E compared to the bulk. The transition state leading to product
E can be stabilized upon encapsulation and thereby favouring its formation. In contrast, the
transition state leading to product D can be destabilized upon encapsulation and thereby
favouring the formation of the other product E (Figure 7b). The former example describes a
situation where the activity and selectivity of a reaction can be reversed upon replacing the
bulk solvent with a nanoreactor.
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Substrate size and shape selective reactions can also be explained in terms of effective
concentration and transition state stabilization. 1) In a mixture of substrates a higher
concentration can be achieved for those having a complementary size and shape to the
nanoreactor portals and cavity (and thus can enter the nanoreactor) compared to the others
that can not easily enter or do not fit within the cavity. In some cases, when the substrate
encapsulation is a slow process (slow diffusion), substrate encapsulation can become the rate
determining step. 2) One can also imagine that substrates of identical size and shape can both
enter the cavity, but the transition state of one of the reaction pathways is stabilized to a
greater extent than the other. Importantly, for all encapsulated reactions one should keep in
mind that the substrate residence time within the nanoreactor and the kinetic rates of the
encapsulated reaction should at least have a comparable magnitude.37
Product stabilization
Nanoreactors might give rise to product inhibition when the nanoreactor has a higher
affinity for the product compared to the substrate(s). Inhibiting product release prevents a
catalytic turnover or at least lower the reaction rate. In the case of product inhibition, the
encapsulated product, i.e. (NR  C), is very low in energy and the barrier for product release
from the nanoreactor cannot be overcome (Figure 7a). This higher preference for the product
can be enthalpic, the product has multiple attractive interactions with the host. Entropic
disadvantages in bimolecular reactions arise from the need to replace a single product by two
substrates, which can also contribute to product inhibition effects. In some cases, product
inhibition can be skirt around, for example by having a subsequent reaction with the product
to a second product that has lower affinity for the nanoreactor.34 Product inhibition is
occasionally observed in metallo-cages when the product is too large to leave the nanoreactor
through its portals. This steric barrier can be overcome by using a more open shaped
nanoreactor or by aiming for products that are too small to cause product inhibition.36 The
reverse has been shown for H-bonded capsules where a too large product enforced the
capsule to (partly) open for guest exchange.38 Interestingly, product inhibition can also be
used for the stabilization reactive intermediates, or labile products that are otherwise difficult
to isolate and analyse.39 The stabilization of reactive intermediates can provide new
information on mechanism of the particular chemical reaction.
Nanoreactors with an active-site
For nanoreactors with an active-site such as transition metal species, similar effects as
described above can be expected.20,26,27 The rate-equation (eq. 4) is of course different and it
might include the catalyst concentration. However, the principles remain the same: capsules
can bring reactant and catalyst together or the activation parameters can be modified.
Transition metal-catalysed reactions consist of several steps, i.e. the catalytic cycle, with one
of these steps being the rate determining step. The rate determining step of the catalytic cycle
14
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can change in the capsule compared to the bulk phase as a consequence of the change in
activation parameters, resulting in new selectivities.29 Also, the cavity can change the
structure of the encapsulated active-site giving rise to inherently different properties.30,31
Similar to above, the second-coordination-sphere around the active-site can induce substrate
size-, shape-, and regio-selectivities. Active-site encapsulation can also result in stabilization
of the active-site preventing catalyst decomposition. For transition metal catalysis this
stabilization effect might be one of the driving forces towards future application.

1.5

Nanoreactors at work

Self-assembled capsules have been successfully applied as nanoreactors for various
uni- and bimolecular reactions. The novel finite microenvironment within the nanocapsules
and their reversible encapsulation properties have stimulated their application as
nanoreactors. As is described below nanoreactors are used for thermal, photochemical and
transition-metal catalysed reactions and induce novel properties such as substrate size and
shape selectivities, and product chemo-, regio- and stereoselectivities. In some examples the
nanoreactors served as catalysts, whereas in others the encapsulated reaction appeared to be
stoichiometric. In this section literature examples are given of chemical conversions within
these nanoreactors. In the first part the stoichiometric reactions are discussed, next we will
elaborate on catalytic events and in the final section catalysis with encapsulated active-sites
will be discussed.

1.5.1 Stoichiometric reactions within nanoreactors
1,3-Dipolar cycloaddition. Rebek and co-workers have applied the cylindrical capsule A as a
nanoreactor for the 1,3-dipolar cycloaddition between phenylazide 1 and phenylacetylene 2
(Scheme 1).40 Nanoreactor A simultaneously encapsulates reagents 1 and 2 to give [A  1·2]
(this notation denotes that A encapsulates 1 and 2) next to the homo combinations [A  12] and
[A  22] which are present slightly less than the statistical distribution would predict. It was
shown that the cylindrical cavity of A constrains the guests orientation edge-to-edge so that their
substituents make contact. The cycloaddition within nanoreactor A results exclusively in 1,4triazole 3 after several days at millimolar concentrations. In contrast, the reaction in the absence
of A produces a 1:1 mixture of regioisomeric products of 1,4- and 1,5-triazoles and has a halflife of several years. The observed rate enhancement is explained by an effective concentration
of 3.7 M within A. The high regioselectivity results from preorganized substrates orientation
within A, imposed by the nanoreactor boundaries. Nanoreactor A has also shown to be substrate
size selective; the encapsulated cycloaddition between the larger azides 1-naphthyl azide or 4biphenyl azide and phenylacetylene was not accelerated. The system suffers from product
15
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inhibition and therefore stoichiometric amounts of A have to be used. The product could be
liberated upon addition of DMF resulting in denaturation of the capsule.

Scheme 1 1,3-Dipolar cycloaddition between phenylazide 1 and phenylacetylene 2 within
nanoreactor A.

Diels-Alder reaction. The octahedral coordination cage D described by Fujita and coworkers has been applied as a nanoreactor for the bimolecular Diels-Alder reaction in
water.36 Nanoreactor D can selectively pairwise recognize two different substrates.
Suspending 9-(hydroxymethyl)anthracene 4 and N-cyclohexylmaleimide 5a in an aqueous
solution of near-stoichiometric quantities of D has resulted in the selective formation of [D 
4·5a] (Scheme 2a). Upon warming the reaction mixture, the Diels-Alder product 6a is
formed in >98% and could be isolated by extraction with chloroform. The nanoreactor has
induced a unusual regioselectivity by promoting a reaction at the terminal anthracene ring to
give the syn-1,4-Diels-Alder adduct 6a, while free solution reaction yields the product
bridging at the central anthracene ring, the 1,9-Diels-Alder adduct, in 44%. The unusual
stereo- and regioselectivity in the encapsulated Diels-Alder reaction is explained by the fixed
orientation of the two substrates within D, preventing interaction at the 9,10 position of the
anthracene 4. This is an example where preorganization within the nanoreactor prevents the
most energetically favoured product. However, product inhibition by strong complexation of
6a within D prevents a catalytic turnover.
Interestingly, the Diels-Alder reaction of the anthracene 4 and N-phenylmaleimide 5b
could be catalysed with a turnover using 10 mol% of a square-pyramidal bowl I. In this
reaction the conventional regiochemistry of the 1,9-Diels-Alder adduct 6b (Scheme 2b) was
obtained. Bowl I does not suffer from product inhibition because its open structure allows
facile guest exchange (no kinetic traps), and the affinity for the substrate and product is
based on aromatic stacking, which is more pronounced for the substrate than product 6b. It is
unknown if the rate acceleration is caused by effective concentration and/or transition state
stabilization.
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Remarkably, nanoreactor D can also efficiently promote the Diels-Alder reaction of
highly stable and relative inert aromatic molecules such as triphenylene and perylene with 5a
to give the corresponding endo Diels-Alder adduct with the syn stereochemistry in high
yields.42 The steric demand of the N-cyclohexyl group on 5a is important as it directs the
orientation of the substrate within the cavity of D.

Scheme 2 a) Diels-Alder reaction between the anthracene 4 and N-cyclohexylmaleimide 5a
within nanoreactor D. b) Catalytic Diels-Alder reaction between the anthracene 4 and Nphenylmaleimide 5b within nanoreactor I. On the right: square-pyramidal bowl I (M6L4).
Olefin photodimerization. The octahedral coordination cage D has been used by Fujita and
co-workers as a nanoreactor for the bimolecular [2+2] photodimerization of olefins.43
Suspending bulky olefins such as acenaphthylenes 7a or 7b in an aqueous solution of D
resulted in complexes [D  (7a)2] and [D  (7b)2], respectively (Scheme 3a). Isolation and
irradiation of these complexes yielded the encapsulated syn-dimers [D  8a] and [D  8b] in
>98%. The products were isolated by extraction with chloroform. Compared to the solution
phase photodimerization of 7a in benzene, the nanoreactor has accelerated the reaction and
improved the stereoselectivity for the syn-dimer 8a from 53% to 100%. In addition, the
nanoreactor protects the encapsulated product 8a against photodissociation.
Photodimerization of the nonsymmetrically substituted 1-methylacenaphthylene 7b can
result in four different isomers. Under standard conditions, however, no dimerization occurs
due to the steric hindrance of the methyl group, but photodimerization of 7b within
nanoreactor D does occur with a high stereo- and regioselectivity as is demonstrated by the
exclusive formation of the head-to-tail syn-dimer 8b.
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The cross-photodimerization reaction represents a great challenge because it requires
D to selectively pairwise recognize two different olefins prior to irradiation when the crosscoupling reaction under standard conditions has no preference above the homo-coupling. The
cross-photodimerization of acenaphthylene with substituted naphthoquinones within D
resulted in exclusive formation of the cross syn-dimer only for 5-ethoxynaphthoquinone,
while the less steric olefins having a 5-methoxy or no substituent also gave homodimers
besides heterodimers (Scheme 3b).44 In addition, even relatively inert polycyclic aromatic
compounds such as pyrene, phenanthrene and fluoranthene were selectively [2 + 2] crossphotodimerized with N-cyclohexylmaleimide within D, resulting in high stereo- and
regioselectivity.42 Again, the steric demand of the N-cyclohexyl group of the maleimide is
essential, as less sterically demanding groups were not reactive in the photodimerization with
pyrene.

Scheme 3 a) Photodimerization of acenaphthylenes 7a or 7b within nanoreactor D. b) Crossphotodimerization between acenaphthylene and substituted 1,4-naphthoquinone within
nanoreactor D (product distribution).
Substrates desolvation and the hydrophobic environment within the cavity creates a
new inner phase for new applications. Indeed, the water-soluble nanoreactor D with a
hydrophobic cavity has been used as phase-transfer catalysts for Wacker oxidation of styrene
in an aqueous phase.45 Another interesting feature of nanoreactors is their molecular frame
that can play an active role in the encapsulated reaction. The triazine ligands of Fujita
octahedral cage D for example can be photochemical excited and subsequently electron
transfer from the encapsulated alkane to the cage induces substrate oxidation.46 As
mentioned previously, nanoreactors can also stabilize in-situ generated reactive intermediates

18

Reactivity Within a Confined Self-Assembled Nanospace: A Review

and labile products like in the oligomerization of trialkoxysilanes within D, which could not
be isolated without being stabilized within the nanoreactor.39
Photo-oxidation. The cavitand-based capsule E has been applied by Ramamurthy and coworkers as a nanoreactor for the oxidation of methyl cycloalkenes by singlet oxygen to give
allylic hydroperoxides.47,48 Addition of one equivalent of 1-methyl cyclohexene 9 to one
equivalent of the deep-cavity cavitand in a basic aqueous solution (which is necessary for
capsule formation) resulted in the formation of nanoreactor E encapsulating two substrate
molecules, i.e. [E  92] (Scheme 4a). In the photo-oxidation reaction a singlet oxygen (1O2)
is added to the alkene bond and simultaneously one of the allylic hydrogens is abstracted,
which can result in three different allylic hydroperoxides 10a, 10b and 10c (Scheme 4a).
Two different photosensitizers were used to generate singlet oxygen, namely the water
soluble Rose Bengal (RB) or the water insoluble dimethyl benzil (DMB). In the later case,
DMB was itself encapsulated within nanoreactor E [E  DMB], vide infra. Irradiation of [E
 92] in the presence of photosensitizer RB or [E  DMB] yielded the allylic hydroperoxides
10a and 10c in 60−70% with 90−95% selectivity towards the regioisomer 10c. The products
were isolated by extraction with chloroform. As can be seen in Scheme 4a, in the absence of
nanoreactor E (in acetonitrile with photosensitizer RB) three hydroperoxides are formed, 10a
(44%), 10b (20%) and 10c (36%). The unusual high preference of the nanoreactor towards
product 10c points out the high regioselectivity induced by the nanoreactor in this oxidation
reaction. The authors have concluded from NMR studies that the methyl groups of the
encapsulated substrates are anchored at the narrowest parts of the nanoreactor (Scheme 4a).
Hence, the encapsulated substrate is oriented as such that singlet oxygen is prevented from
approaching the methyl group. It is important to note that it is very difficult to control
selectivity in reactions with singlet oxygen. In addition, the NMR studies also support the
observations that the allylic hydrogen H3 of 9 is the most accessible of the three allylic
hydrogen sets (H3, H6 and H7). Interestingly, nanoreactor E also stabilizes the product
because the encapsulated hydroperoxides [E  102] remained stable for weeks.
A very interesting aspect of this study is the use of the photosensitizer dimethyl benzil
(DMB). This photosensitizer does not dissolve in water, unless it is encapsulated within
nanoreactor E, [E  DMB] (Scheme 4b). It is important to notice that when [E  DMB] and
[E  92] were mixed no guest exchange was observed and the capsules remained
independent. The oxidation reaction of 9 involving [E  DMB] starts with the generation of
excited DMB, i.e. [E  *DMB]. Next, the former nanoreactor opens and allows contact
between oxygen and *DMB, resulting in the formation of singlet oxygen (1O2). In a
subsequent step, the singlet oxygen exits [E  DMB] and enters [E  92] which results in
regioselective oxidation of 9. This system has properties related to those important for
biological signaling.48
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Scheme 4 a) Photo-oxidation of 1-methyl cyclohexene 9 within nanoreactor E. b) 1. Excitation
of an encapsulated photosensitizer [E  DMB]. 2. Excitation of triplet oxygen by an
encapsulated photosensitizer [E  *DMB]. 3. Photo-oxidation of encapsulated 9 [E  92] by
singlet oxygen.

1.5.2 Catalysis by nanoreactors
Diels-Alder reaction. Rebek and co-workers have used “softball” B as a nanoreactor for
bimolecular Diels-Alder reactions.38 The Diels-Alder reaction between p-benzoquinone 11
and cyclohexadiene 12a within nanoreactor B, present in stoichiometric amounts, has been
accelerated 170-fold compared to the bulk and resulted in the encapsulated adduct [B  13a]
(Scheme 5a). Even though nanoreactor B enhances the rate of the encapsulated reaction, no
true catalytic behaviour was observed because of product inhibition by 13a. Product
inhibition is partly suppressed if thiophene dioxide derivative 12b is used as the diene
(Scheme 5b). This is because the Diels-Alder product of the thiophene dioxide derivative
13b has a lower affinity for nanoreactor B than two equivalents of the p-benzoquinone 11,
i.e. [B  (11)2] have. After encapsulating two quinones 11 within B one of them is
occasionally replaced by a thiophene dioxide 12b, which leads to the encapsulated DielsAlder product 13b. After each turnover the encapsulated product is released and replaced by
two quinone reactants and true catalysis can take place. When using catalytic amounts of B
(10 mol%) a tenfold rate enhancement (at 10 mM substrate concentration) compared to the
background reaction was observed, which is still lower than can be expected on the basis of
the effective concentration.
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Scheme 5 a) Diels-Alder reaction between p-benzoquinone 11 and cyclohexadiene 12a within
nanoreactor B. b) Catalytic Diels-Alder reaction between p-benzoquinone 11 and the thiophene
dioxide derivative 12b within nanoreactor B.
Hydrolysis. The tetrahedral coordination cage C has been used by Raymond, Bergman and
co-workers as a catalyst for the acidic hydrolysis of orthoformates in basic solutions.49 This
is an example where the new inner phase facilitates reactions which are not possible in the
exterior environment. Nanoreactor C has a much higher affinity for monocationic guests
over neutral guests. Addition of neutral and even weakly basic compounds such as amines,
phosphines and orthoformates, HC(OR)3, to aqueous solutions of C resulted in encapsulation
of their protonated form. The protonation is thermodynamically driven by stabilization of the
protonated species. Hydrolysis of orthoformates involves a protonated intermediate. Indeed
catalytic amounts of C (1 mol%) in basic solution (pH 11) gave rapid hydrolysis of
orthoformates to the corresponding formate esters, HC(O)(OR), which is subsequently
hydrolyzed by OH− to formate, HCO2− (Scheme 6a). Product inhibition is not taking place
and the empty nanoreactor C can re-enter the catalytic cycle like a true catalyst. Rate
accelerations of up to 890-fold were observed for triisopropyl orthoformate. As expected,
nanoreactor C exhibits substrate size selectivity and only orthoformates smaller than
tripentyl orthoformate are readily hydrolyzed.
A mechanistic study of the catalytic reaction has revealed a catalytic cycle in which
the neutral orthoformate is first encapsulated within nanoreactor C (Scheme 6b). Protonation
of the encapsulated substrate, presumably by deprotonation of water, results in the stabilized
monoprotonated orthoformate. Subsequently, two successive hydrolysis steps within C
liberate two equivalents of the corresponding alcohol. Finally, the protonated formate ester is
ejected from C and is further hydrolyzed by OH− in solution. The shift in the effective
basicity of the encapsulated guests compared to the free analogue is four orders of
magnitude, typically also found for enzymes that modify basic properties of the encapsulated
substrates. This example is clearly based on stabilization of the transition state by
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interactions between the capsule and the encapsulated transition state. The mechanism of the
encapsulated reaction involves an initial pre-equilibrium step followed by a first-order ratelimiting step. This Michaelis-Menten kinetics is parallel to enzymatic pathways. An
inhibition study with NPr4+, a strongly and reversible guest for C, has revealed that the
encapsulated hydrolysis reaction exhibits competitive inhibition.

Scheme 6 a) Catalytic hydrolysis of orthoformates within nanoreactor C. b) Mechanism for
catalytic orthoformate hydrolysis within C.
The unimolecular Aza-Cope rearrangement of allyl enammonium cations within
nanoreactor C was also investigated by Raymond, Bergman and co-workers.20,34 The reaction
was catalysed by 13 mol% of C and a rate acceleration of up to 850-fold was observed. The
nanoreactor induced substrate size and shape selectivities. The nanoreactor acted as a true
catalyst, since release and hydrolysis of the iminium product has circumvented product
inhibition. Since this is an intramolecular reaction, this is a clear-cut example in which the
capsule preorganizes the substrate to reduce the entropic contributions to the activation
energy.

1.5.3 Nanoreactors with encapsulated active-sites
Allylic alcohol isomerization. Raymond, Bergman and co-workers have used a cationic
rhodium complex encapsulated within the tetrahedral coordination cage C as an
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isomerization catalyst for allylic alcohols (Table 1).25 The size selection by nanoreactor C
only allowed the encapsulation of the catalyst precursor [(PMe3)2Rh(COD)]+ and not the
PEt3-equivalent. The encapsulated precursor was hydrogenated to give the encapsulated
active catalyst [C  (PMe3)2Rh(OD2)2+], i.e. [C  14], which remained encapsulated for 12
h. [C  14] is not the thermodynamic product as longer reaction times results in release of 14
from the capsule. Therefore, the application of [C  14] is restricted to fast reactions such as
allylic alcohol isomerization where substrate entrance and product release are rapid and
occur prior to active-site release. In contrast to the non-encapsulated catalyst 14, the
encapsulated catalyst [C  14] only isomerized small allyl alcohols (Table 1, entry’s 1b-3b).
Encapsulation within nanoreactor C impose substrate size and shape selectivities to the
active-site. The origin of these selectivities lies in the apertures of the cage, which inhibit
inclusion of larger branched substrates. It was known that the terminal substituted crotyl
alcohol inhibits the catalyst (Table 1, entry 4a). Indeed, addition of both allyl alcohol and
crotyl alcohol to the free catalyst 14 did not result in isomerization of either substrates.
However, addition of both allyl alcohol and crotyl alcohol to [C  14] resulted in the
selective isomerization of the allyl alcohol. Hence, nanoreactor C protects the encapsulated
catalyst 14 against decomposition by preventing the catalyst poison to interact with the
catalyst.
Raymond, Bergman and co-workers have also studied the thermal C−H bond
activation of aldehydes and ethers by an Ir(III)-complex encapsulated within nanoreactor C.
This encapsulated iridium complex [C  Ir-complex] induced a highly specific substrate size
and shape selectivities. However, product inhibition has prevented a catalytic turnover.20,24
Table 1 Catalytic isomerization of allylic alcohols by 14, [(PMe3)2Rh(OD2)2+], in bulksolution or within nanoreactor C: [C  14].
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Hydroformylation. Transition metal catalysts encapsulated within the ligand-template
nanoreactor G, P(Py)3·[Zn]3, have been applied by Reek and co-workers to catalyse
industrially relevant processes such as hydroformylation and Heck reaction (for G see
Scheme 7a or Figure 5a).29-31 Nanoreactor [G  Rh(CO)(acac)] encapsulates a Rh-species
that contains only one tris(meta-pyridyl)phosphine ligand, P(m-Py)3, surrounded by three Znporphyrins or Zn-salphens, as explained in Section 1.3. Under syngas pressure (H2/CO)
rhodium species like Rh(CO)(acac)P(Py)3 transform in HRh(CO)3P(Py)3 species, which is
the active species for the hydroformylation reaction. In this reaction terminal alkenes are
converted into linear or branched aldehydes, and the ratio of these products strongly depends
on the catalyst applied. Hydroformylation of 1-octene by encapsulated rhodium, [G 
HRh(CO)3], results in a 10-fold rate enhancement compared to the non-encapsulated rhodium
catalyst (Scheme 7a).30,31 In addition, the selectivity for the product has reversed;
nanoreactor [G  HRh(CO)3] containing ZnII-porphyrins provides 63% of the branched
aldehyde compared to 26% observed for the non-encapsulated species. The unusual
selectivity and increased rate can only partly be explained by modification of the
catalytically active species upon encapsulation. Indeed, upon encapsulation the rhodium
complex goes from bisphosphine to monophosphine, which generally produce more branched
aldehydes along with higher rates compared to the bisphosphine species. In addition, a part
of the effect was ascribed to completely encapsulating the catalyst, as open cage analogues
containing only two porphyrins instead of three, also have only one phosphine coordinated to
the rhodium, but they are less active and produce much less branched aldehyde.
An advantage of the ligand-template approach for capsule assembly is the possibility
to modify the capsule’s shape by only minor changes of the template-ligand. This is
demonstrated by meta- and para-trispyridylphosphines which were used as template-ligands.
Addition of ZnII-salphens to the meta- and para-trispyridylphosphines results in nanoreactors
G respectively J (Scheme 7).30 Hydroformylation of 1-octene by the tris(metapyridyl)phosphine based nanoreactor [G  Rh] gave a preference for the branched aldehyde
(Scheme 7a), whereas the tris(para-pyridyl)phosphine based nanoreactor [J  Rh]
predominantly gave the linear aldehyde like the non-encapsulated bisphosphine-Rh-complex
(Scheme 7b). These selectivities imply that nanoreactor [G  Rh] corresponds to a
monophosphine-Rh-complex whereas nanoreactor [J  Rh] corresponds to bisphosphine-Rhcomplex. The more open structure of nanoreactor J allows the formation of bisphosphine
complexes while nanoreactor G forms a more enclosed cavity preventing bisphosphine
species to form.
More recently, nanoreactor [G  Rh] has operated as a high-precision catalyst for the
regioselective hydroformylation of internal alkenes.29 The non-encapsulated HRh(P(mPy)3)2(CO)2 complex converts 2-octene to a near statistical mixture of the two expected
internal aldehydes 2-methyloctanal and 2-ethylheptanal. However, nanoreactor [G  Rh],
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encapsulating the Rh-catalyst, has a strong preference to form 2-ethylheptanal in 88%
(Scheme 8). This outstanding selectivity is unprecedented in the hydroformylation of internal
alkenes. A similar selectivity was found in the hydroformylation of 3-octene. Experiments
using various partial H2 and CO pressures resulted to the proposition that the hydride
migration is the selectivity-determining step. This step requires a rotation of the coordinated
alkene which is hampered by the steric restrictions imposed by the innerside of the capsule.
Apparently, rotation of the intermediate olefin complex leading to the 2-ethylheptanal
product is more facile explaining the observed regioselectivity. Therefore it can be concluded
that the nanoreactor determines the regiochemical outcome of the reaction by imposing its
sterical restrictions during a specific step in the catalytic sequence. It is interesting to note
that there are no other reactions that can distinguish between the two carbon atoms of 3octene, demonstrating that reactions carried out in nanoreactors can results in unprecedented
selective reactions.

Scheme 7 Hydroformylation of 1-octene a) within nanoreactor [G  Rh] and b) within
nanoreactor [J  Rh]. Product distribution of the aldehyde products.

Scheme 8 Hydroformylation of trans-2-octene by nanoreactor [G  Rh]. Product distribution of
the aldehyde products.
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1.6

Conclusions and outlook

A wide array of self-assembled molecular capsules based on various building blocks
and noncovalent interactions has been developed in the last decade. The nanospace within
these supramolecular capsules is generally in the range of 300−500 Å3, which is sufficient
for the selective encapsulation of one large or a number of smaller molecules. The structure
of the different capsules varies significantly, and as a result guest shielding and guest
exchange rates strongly depend on the capsule applied. A diversity of chemical processes
have been carried out within molecular capsules and the effects observed so far are, although
academic, very interesting. Reactions can be accelerated and the selectivity of a chemical
process can be changed completely. These observations can be explained by stabilization of
the reaction transition state by the capsule (based on enthalpic and entropic contributions) or
by concentration effects in the case of bimolecular reactions, such as Diels-Alder reactions.
More important are the unique reaction selectivities induced by the novel finite
microenvironment within the capsule. The size and shape of the nanoreactor’s cavity and that
of the nanoreactor’s gates can control the substrate selectivity by controlling the access to the
cavity. In a same manner it can protect an active-site located in the cavity that otherwise
would be poisoned by chemicals present in solution. The regio and chemo selectivities can
also be changed by the capsule by changing the ratio of reaction rates of competing
pathways. This was for example observed for encapsulated rhodium complexes that were
used as hydroformylation catalysts. In addition to these effects, reaction intermediates have
been observed in nanoreactors that otherwise have too short lifetimes for identification. In
these occasions the reaction rate of the subsequent step after the formation of the
intermediate is slowed down by the nanocapsule. Product inhibition, which is a frequently
encountered problem in bimolecular coupling reactions carried out within enclosed cavities,
is fundamentally related to the former. The coupling product might have a higher affinity for
the capsule than the substrates, and consequently product release from the nanoreactor
becomes the slowest step in the reaction. Product inhibition can prohibit the utility of
nanoreactors as true catalysts.
In addition to the nanoreactors discussed in this review, which are formed by
assembly of at least two building blocks, capsules based on covalent bonds have also been
applied as nanoreactors. These covalent nanoreactors are beyond the scope of the current
review, but similar effects in catalysis are observed. However, self-assembled capsules also
have guest exchange mechanisms via partly disassembly of the capsule, whereas exchange
for the covalent analogues is restricted to portal slippage. It is this unique property that
enables the combination of complete encapsulation with sufficiently fast in-out exchange,
which might proof to be the advantage in the catalysis application. Future research should
demonstrate these potential advantages.
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Although the research field is still in its infancy, several examples of reactions carried
out within self-assembled nanoreactors appeared and demonstrate the power of the concept.
Detailed studies are required to fully understand the mechanisms behind the effects observed
when carrying out reactions in nanoreactors. The results obtained so far sketch a bright
prospective as reactions have been observed that are unique to those carried out in capsules.
In this review we have focused on reactions that take place inside the capsules. However,
molecular capsules have also been used to control reactions that take place outside the
capsule for example by controlling the release of reagents, making the nanoreactor
applications virtually unlimited.41

1.7

Aim and outline of this thesis

Implementing supramolecular strategies in transition metal complexes has resulted in
new concepts for homogeneous catalysis. One of these new concepts involves the encapsulation
of an active-site in a well defined nano-environment obtained by self-assembly. The aim of the
work described in this thesis is to develop such approaches in which transition metal catalysts are
encapsulated inside self-assembled capsules, and to influence the catalyst’s performance. The
capsules developed in this thesis are based on one functionalized traditional ligand (or the metal
complex thereof) and one calix[4]arene. The capsule’s building blocks associate with one
another by the formation of noncovalent bonds.
In Chapters 2 and 3 we describe the encapsulation of a palladium metal inside a novel
diphosphine capsule formed by ionic interactions. This hetero-dimeric capsule is composed of a
tetracationic diphosphine ligand and a tetraanionic calix[4]arene. We report the synthesis of
tetracationic diphosphine ligands with different backbones (xantphos-, DPEphos- and dppe-type
ligands) and different cationic binding motifs, and the synthesis of their corresponding palladium
complexes. We investigate the relation between the flexibilities and shapes of the tetracationic
ligand, or its palladium complex, and the properties of the corresponding capsule.
In Chapter 4 we demonstrate that a diphosphine capsule composed of a tetracationic
xantphos-type ligand and a tetraanionic calix[4]arene, can control the coordination geometry
around a platinum metal by stabilizing the kinetic product. We compare the reaction between the
diphosphine capsule and a platinum precursor with that between the analogous diphosphine
ligand and the same platinum precursor.
In Chapter 5 we describe that the approach for metal encapsulation inside ionic-based
diphosphine capsules can easily be extended to give bismetallo-capsules. We report the
encapsulation of a rhodium metal inside a diphosphine capsule composed of a novel tetraanionic
diphosphine ligand and a tetracationic calix[4]arene. In addition, we report bis-diphosphine
capsules composed of two oppositely charged diphosphine ligands. These bis-diphosphine
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capsules allow the simultaneous encapsulation of two (different) transition metals in one cavity.
These bismetallo-capsules are potentially useful as bimetallic catalysts.
In Chapter 6 we describe the encapsulation of a rhodium catalyst within a diphosphine
capsule composed of a tetracationic xantphos-type ligand and a tetraanionic calix[4]arene, and its
application as a homogeneous catalyst for the hydroformylation reaction. We compare the
performance of the encapsulated catalyst with that of the non-encapsulated analogue, and discuss
the mechanism of the encapsulated hydroformylation catalyst. Encapsulation of the catalyst
influences its stability, activity, substrate selectivity, product regioselectivity and product
chemoselectivity in the hydroformylation reaction.
In Chapter 7 we report the synthesis of novel xantphos-type ligands functionalized with
four identical hydrogen bonding motifs, i.e. tetraglycoluril-xantphos and tetraurea-xantphos. We
describe the aggregation behaviour of these hydrogen bonded ligands in solution.
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Chapter 2

2.1

Introduction

Supramolecular capsules present an important class of architectures that can reversibly
accommodate smaller molecules in their cavities. These capsules consist of two or more building
blocks that have a similar size, complementary functional groups and associate via multiple
reversible non-covalent interactions such as hydrogen bonds, metal-ligand and ionic
interactions.2-5 A wide variety of homo- and hetero-capsules based on functionalized calixarenes,
resorcinarenes (cavitands) and other building blocks have been reported. The encapsulation
properties of these hosts enable their utilization as nanosized reactor vessels (nanoreactors) and
so far their use has been explored for the stabilization of reactive intermediates, for organic
transformations and for catalysis.1a,2i,3h,6
The cyclic tetramer calix[4]arene in the cone conformation and the resorcinarene
(cavitand) have a concave vase-like structure with an open cavity that can be used to
accommodate smaller guest molecules.7 Functionalization of the ‘upper rim’ of calix[4]arene and
resorcinarene with non-covalent binding motifs preorganizes them towards capsules assembly.
Examples of supramolecular capsules based on the calix[4]arene and resorcinarene scaffolds are
given in Figure 1. Timmerman, Crego-Calama and co-workers reported ionic based capsules
constituted of one tetrasulfonated calix[4]arene and one tetracationic calix[4]arene or
tetracationic porphyrin that can encapsulate reversibly cationic guests such as acetylcholine
(Figure 1a).4b-c Dalcanale and co-workers have studied a molecular capsule based on metalligand interactions composed of two tetrapyridyl-substituted resorcin[4]arene cavitands coupled
through four square-planar palladium complexes (Figure 1b).3d This coordination cage can
encapsulate reversibly one methanol[60]fullerene derivative. Rebek and co-workers have
reported homo- and hetero-dimeric capsules based on hydrogen bonds (Figure 1c).2c-d These
capsules consist for example of tetraurea-substituted calix[4]arenes, and can reversible
encapsulate small molecules such as (1R)-(+)-camphor.
a.

b.

c.

Figure 1 Supramolecular capsules composed of functionalized resorcinarenes and calixarenes,
based on non-covalent interactions such as ionic (a), metal-ligand (b) and hydrogen bonds (c).
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Many reactions of interest require well-defined transition metal complexes as catalyst,
and the activity and selectivity of these catalysts are determined to a large extent by the ligand
associated with the metal. So far only a few supramolecular complexes have been reported in
which the catalytic potential of an encapsulated transition metal has been explored. Raymond,
Bergman and co-workers have encapsulated cationic iridium and rhodium complexes inside the
chiral tetrahedral coordination cage [M4L6]12– via non-directional non-covalent bonds (Figure
2a). Encapsulation of the catalyst resulted in substrate selectivity on the basis of size and shape
in the C–H bond activation of aldehydes and the isomerization of allylic alcohols.3j,8 Reek and
co-workers have introduced a templated approach for the encapsulation of ligands and their
metal-complexes, in which the template-ligands have a bifunctional character in that they
coordinate to the active metal center and function as a template for the capsule formation.9
Pyridylphosphines are successful template ligands as the nitrogen atoms of the pyridyl groups
selectively coordinate to ZnII-porphyrins or ZnII-salphens, resulting in a hemispherical ligand–
template capsule around the transition metal (Figure 2b). Such encapsulated rhodium complexes
were shown to have unusual reactivity and selectivity in the hydroformylation of terminal and
internal alkenes.
a.

b.

Figure 2 Encapsulated transition metal catalysts within a tetrahedral coordination cage [M4L6]12–
(a) and a hemispherical ligand-template capsule (b).
Diphosphine based metal complexes represent an important class of catalysts and we
anticipated that hetero-capsules based on functionalized diphosphine ligands and well-known
building blocks such as calix[4]arene would provide a new class of easily accessible
supramolecular complexes.9a,10 In this strategy a well-defined transition metal complex is an
integral part of the capsule with the transition metal located inside the capsule. More
importantly, the metal is not involved in the assembly process and it is available for the catalytic
process. Since the crucial building block, i.e. the diphosphine ligand, contains a donor-atom site
for metal complexation as well as functional groups for capsule formation, the present strategy
comprises a templated approach to metal encapsulation (Scheme 1).9f Encapsulation of a
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transition metal within a hetero-capsule results in an extra coordination sphere around the metal,
which may also influence its catalytic performance. In this Chapter we report the formation and
characterization of supramolecular hetero-capsules 1·2 that consist of a tetracationic diphosphine
ligand 1a, or a palladium complex thereof (1b, 1c), and a tetraanionic calix[4]arene 2.
Metal complexation site

+
Capsule assembly site
ligand template: diphosphine

2nd half sphere: calix[4]arene

metallo hetero capsule

Scheme 1 Templated encapsulation of transition metals within supramolecular capsules.

2.2

Self-assembly of diphosphine capsules based on ionic interactions

Diphosphine ligands with a rigid backbone such as the xantphos-type ligands, generally
have a concave structure defined by the xanthene backbone and the four phosphorus phenylgroups. We realized that simple functionalization of these four phenyl groups would provide a
building block of a size similar to that of a functionalized calix[4]arene and the two molecules
should form a supramolecular capsule provided that the functional groups are complementary.
The novel capsules developed in this Chapter are based on ionic interactions and consist of a
tetracationic diphosphine ligand and a tetraanionic calix[4]arene.

2.2.1 Ionic building blocks
The tetracationic diphosphine ligand is synthesized from tetrakis(p-diethylbenzylamine)
xantphos 1 as is depicted in Scheme 2. The amphiphilic ligand 1 was previously reported by van
Leeuwen and co-workers and was used in the rhodium-catalyzed hydroformylation reaction in
which the rhodium complex of 1 was recycled by extraction into an acidic aqueous phase.11 We
have developed an improved synthesis route towards 1, which involves only two steps instead of
five starting from xanthene and p-bromobenzyldiethylamine, with an overall yield of 50%
(Scheme 2a). The diphosphonite is prepared by lithiation of the xanthene backbone and a
subsequent reaction with ClP(OEt)2.12 Reaction of the diphosphonite with the lithiated product of
p-bromobenzyldiethylamine yields the tetrakis(p-diethylbenzylamine) xantphos 1.13 Selective Nprotonation of the tetraamine ligand 1 by HCl in diethyl ether yields the corresponding
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tetrakis(p-diethylbenzylammonium) xantphos 1a (Scheme 2b). The electronic effect of the
ammonium groups of 1a on the phosphorus atoms is negligible because of the presence of
benzylic methylene spacer. Indeed, 31P{1H} NMR data confirm that the phosphines are barely
affected by the electron-withdrawing ammonium groups (Scheme 2b). All new compounds
described in this Chapter have been characterized by NMR, IR and mass spectroscopy
techniques (see Experimental section).

Scheme 2 Synthesis of tetrakis(p-diethylbenzylamine) xantphos 1 (a) and tetrakis(pdiethylbenzylammonium) xantphos 1a (b).
The tetraanionic calix[4]arene building block is the tetrasulfonatocalix[4]arene 2 which
was synthesized in four steps following literature procedures (Scheme 3). In the first step p-tertbutylcalix[4]arene was obtained by the base-catalyzed condensation of p-tert-butylphenol and
formaldehyde, with the tert-butyl groups functioning as positional protective groups.14a-b The
tert-butyl groups on the ‘upper rim’ of p-tert-butylcalix[4]arene were removed by an AlCl3catalyzed retro-Friedel-Crafts alkylation.14a,14c Subsequently, the ‘lower rim’ of
tetrahydroxycalix[4]arene was alkylated with ethoxyethyl groups.14d-e This alkylation step was
done prior to sulfonation to ensure the locking of the tetrasulfonatocalix[4]arene into the cone
conformation.14f The obtained cone conformation and hence the C4v symmetry of the
calix[4]arene was confirmed in the 1H NMR spectra by the presence of only one typical AB
system for the ArCH2Ar protons. Finally, sulfonation of the ‘upper rim’ of the alkylated
calix[4]arene by concentrated sulfuric acid and neutralization by NaOH afforded the water
soluble tetrasulfonatocalix[4]arene tetrasodium salt 2.4b,14f
H
O

+
H
OH

NaH,
BrC2H4OC2H5

AlCl3, Phenol

NaOH

Toluene, RT

H
56%

OH

4

85%

SO3Na

H

1. H2SO4
2. NaOH
RT, 3h

DMF
OH

4

67%

O
O

4

55%

O

4

O
2

Scheme 3 Synthesis of tetrasulfonatocalix[4]arene 2.
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2.2.2 Capsule self-assembly
Self-assembly of the ionic-based hetero-capsules 1a·2 is simply achieved by mixing
solutions of their building blocks in polar (protic) solvents. The hetero-capsules 1a·2 are in
equilibrium in solution with the monomeric building blocks. Mixing solutions of the tetracationic
diphosphine 1a and the tetraanionic calix[4]arene 2 in water resulted in the precipitation of
capsule 1a·2 as a white solid, which was isolated by filtration and appeared to be soluble in
methanol and dmso (Scheme 4a). By precipitating the capsule in water, the four equivalents of
sodium chloride formed could be separated from the capsule as was shown by a chloride test (see
Experimental section). Unlike the building blocks, the capsule is not soluble in water because the
charges are now less available for interaction with the polar solvent. The capsule can also be
prepared in situ by just mixing methanol or dmso solutions of 1a and 2 in the proper ratio.
Capsules that are prepared in situ contain four equivalents of the NaCl corresponding salt.
Molecular modeling calculations performed at the PM3 level show that diphosphine 1a and
calix[4]arene 2 are similar in size and complementary in function and should form capsule 1a·2
via multiple ionic interactions (Scheme 4b). According to the modeled structure of 1a·2, in
which only one of the possible conformations is displayed, the opposite charges are not situated
on top of one another but are arranged in an array around the capsule equator.4a

Scheme 4 Self-assembly of capsule 1a·2 (a) and modeled structure of 1a·2 (b).
1

H NMR Spectroscopy. 1H NMR spectroscopy is an important tool for characterization of
supramolecular capsules. The 1H NMR spectra of capsule 1a·2 in CD3OD and in dmso-d6 show
sharp resonances and significant upfield shifts for the diethylammoniummethyl substituents,
CH2NH+(CH2CH3)2, with respect to those of 1a (in CD3OD: Δδ(CH2CH3) = 0.43, Δδ(CH2CH3)
= 0.33, Δδ(CH2N) = 0.25 ppm) whereas the chemical shifts of the other protons remain relatively
unaffected (Δδ less than 0.15 ppm) (Figure 3). The upfield shifts are similar to those reported by
Crego-Calama, Corbellini and co-workers and point to partial inclusion of the
diethylammoniummethyl substituents inside the hydrophobic cavity of the capsule.4c A higher
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degree of encapsulation of these substituents was observed when the solvent polarity was
increased by the addition of D2O, as was evident from the larger upfield shifts.
A single set of proton resonances for the free and associated building blocks was
observed in a temperature range of –40 to +50 °C (in CD3OD). This indicates that a fast
exchange process exists on the NMR time scale between the building blocks that are in the
monomeric form (free) and those in the capsular form (bound). Due to the fast exchange process
the lower symmetry of the capsule compared to calix[4]arene 2 (C4v) is not apparent in the 1H
NMR spectra.4b 1H NMR titrations were carried out in CD3OD (298 K) providing a stability
constant of K1a·2 = 6·104 M–1 for capsule 1a·2 (Figure 4). The high association constant confirms
that the diphosphine 1a and the tetrasulfonatocalix[4]arene 2 indeed fit well to form a stable
capsule. The titration curve fitted to a 1:1 binding model is in line with the 1:1 stoichiometry of
the capsule. A Job plot analysis of a titration experiment carried out in CD3OD shows a
maximum at a mol fraction of 0.5, proving indubitably the 1:1 stoichiometry of capsule 1a·2 in
solution (Figure 4).
*

*
NH+(CH2CH3)2

Diphosphine 1a
CH2NH+

NH+(CH2CH3)2

*

*

Capsule 1a·2

*

*
Calix 2

5.00
ppm (t1)

4.50

4.00

3.50

3.00

2.50

2.00

1.50

1.00

0.50

Figure 3 1H NMR spectra in CD3OD of capsule 1a·2. Top: diphosphine 1a; Middle: capsule 1a·2
(1a/2 = 2/3); Bottom: calix[4]arene 2. Asterisks indicate solvent signals.
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Figure 4 1H NMR titration data fitted with a 1:1 binding model for diphosphine 1a with
calix[4]arene 2 (left) and Job plot for 1a with 2 (right) (Y = (Δδ1a)*(mol fraction 1a) in CD3OD
at 298 K. Data points represent the absolute upfield shifts (Δδ1a) of CH2NH+(CH2CH3)2 protons
of 1a·2 relative to the chemical shifts of free 1a, ▲ CH2CH3, ● CH2CH3, ■ CH2N.
NOESY. Nuclear Overhauser Effect (NOE) is a widely used NMR technique for the
characterization of supramolecular structures. Magnetization transfer (spin coupling) throughspace occurs between nuclear spins which are close in space (< 5Å). Small molecules (Mw <
1000) give positive NOE contacts and large molecules (Mw > 2000) give negative NOE contacts
because of different intermolecular relaxation pathways.15a-b The 1D-NOESY spectrum of the
hetero-dimeric capsule 1a·2 in CD3OD displays significant negative intermolecular NOE
contacts between the NH+(CH2CH3)2 protons of 1a and the aromatic protons of 2 upon selective
saturation of the methyl protons NH+(CH2CH3)2 of 1a (Figure 5).15c-d This illustrates that the
aryl-substituents of the diphosphine ligand 1a and the upper rim of the calix[4]arene 2 are facing
one another to form the typical dimeric 1:1 capsular structure. The negative NOE enhancement
confirms the large size of the capsule.

7.0
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6.0

7.60
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HAr of 2

7.50

5.0

7.40

4.0

7.30

7.20

3.0

2.0

1.0
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irradiated:
NH+(CH2CH3)2 of 1a

Capsule 1a·2

Figure 5 1D-NOESY spectrum of capsule 1a·2 in CD3OD (inset: spectrum enlargement).
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ESI mass spectrometry. Additional evidence for the formation of capsule 1a·2 and its stability
in the gas-phase is obtained by electrospray ionization mass spectrometry (ESI-MS). ESI is a soft
ionization technique that can be used to study weakly non-covalently bound supramolecular
structures in their gaseous ionic state.16 The positive-mode ESI-MS spectrum of 1a·2 in CH3OH
shows a prominent monoisotopic ion peak of the capsule at m/z 998.33 corresponding to [1a·2 +
2Na]2+ (Figure 6). All the capsule’s ion peaks correspond to 1:1 complexes and no ion peaks for
higher aggregates were detected. Moreover, comparison of the measured isotope pattern of 1a·2
with the calculated one confirms the elemental composition and charge state. The assignment of
the capsule’s ion peaks is in agreement with ESI-MS/MS collision induced dissociation
experiments, upon which the isolated capsule’s ion peak (partly) disappeared and product ion
peaks appeared that correspond to the capsule’s building blocks. These MS/MS experiments
reveal the gas-phase stability of the capsule. Guest encapsulation is an important property of
supramolecular capsules. The absence of inclusion complexes for capsule 1a·2 in the gas-phase
can be rationalized by entropic considerations.
[1a·2 + 2Na]2+
998.33

100

998.81
100

998.33

%

999.33

[1a - 4Cl - 2H]2+
460.27
[2 + 2Na]2+
583.06

%

999.81

[1a·2 +
673.25

1000.33

3Na]3+
0

998

999

1000

0
400

600

800

1000

1200

1400

m/z

m/z

Figure 6 ESI-MS spectrum of capsule 1a·2 (inset: measured isotope pattern).

2.3

Encapsulation of a transition metal

Encapsulation of a transition metal within capsule 1a·2 is achieved by using the metal
complex of the tetracationic diphosphine ligand 1a for the assembly process. In the metallo
hetero-capsule the transition metal complex is an integral part of the capsule with the transition
metal located inside the capsule and it is not involved in the assembly process. Encapsulation of
a neutral palladium metal inside the supramolecular capsule is achieved by using the neutral
palladium complex [(trans-1a)Pd(p-C6H4CN)(Br)] 1b, containing the tetracationic diphosphine
ligand 1a, as the complementary building block for the tetraanionic calix[4]arene 2 (Scheme 5).17
The neutral palladium complex 1b was synthesized in 80% yield from the reaction of the
palladium dimer {[(o-tolyl)3P]Pd(p-C6H4CN)Br}2 with two equivalents of 1a. Since many
catalytic cycles involve a cationic palladium species as intermediate we were also interested in
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capsules containing the corresponding cationic palladium complex 1c [(trans-1a)Pd(pC6H4CN)]+[CF3SO3]–.18 The cationic palladium complex 1c was prepared in 77% yield by salt
metathesis of 1b with five equivalents of silver triflate (Scheme 5). All counterions in palladium
complex 1c are triflates, which means that the chlorides of 1a have been exchanged.

Scheme 5 Synthesis of the neutral and cationic palladium complexes 1b and 1c.
Self-assembly of the metallo hetero-capsules 1b·2 and 1c·2 is achieved by mixing
solutions of the palladium complexes 1b or 1c, and the calix[4]arene 2 (Scheme 6). The neutral
Pd-complex 1b has a distorted square planar geometry with the oxygen atom of the ligand
backbone in the apical position.18 In spite of the higher rigidity of the palladium complex 1b
compared to the free ligand 1a, molecular modeling calculations of capsule 1b·2 performed at
the PM3 level illustrate that 1b and 2 fit well and can form a capsule with the palladium metal
located inside the capsule and the p-cyanophenyl group of 1b sticking out of the capsule and is
situated above the capsule equator (Figure 7a). Mixing solutions of 1b and 2 in water led to the
precipitation of capsule 1b·2 as a yellow solid. In contrast to capsule 1a·2, capsule 1b·2 is only
sparingly soluble in methanol and dissolves well in methanol/dichloromethane mixtures (9/1,
v/v) and in dmso. The Pd-aryl moiety might disturb the formation of capsule 1b·2. However, the
ESI-MS spectrum of a diluted mixture of 1b and 2 in CH3OH shows the formation of capsule
1b·2 and no peaks for higher aggregates were detected (vide infra). The cationic palladium
complex 1c adopts a square planar geometry with the ligand acting as an η3 terdentate P,O,P
ligand. The modeled structure of capsule 1c·2 illustrates that 1c and 2 fit nicely and that the
palladium metal as well as the p-cyanophenyl group of 1c are located inside the capsule (Figure
7b). Mixing solutions of 1c and 2 in methanol or dmso resulted in clear solutions of capsule 1c·2.

Scheme 6 Self-assembly of metallo hetero-capsules 1b·2 and 1c·2 (schematic picture).
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Figure 7 Molecular and modeled structures of metallo hetero-capsules 1b·2 (a) and 1c·2 (b).
The diethylammoniummethyl protons of capsules 1b·2 and 1c·2 exhibit high upfield
shifts with respect to those of 1b and 1c in their 1H NMR spectra (1b·2 in dmso-d6: Δδ(CH2CH3)
= 0.41, Δδ(CH2CH3) = 0.27, Δδ(NH+) = 1.14 ppm and 1c·2 in CD3OD: Δδ(CH2CH3) = 0.58,
Δδ(CH2CH3) = 0.39, Δδ(CH2N) = 0.17 ppm), see Figure 8. These upfield shifts upon capsule
formation point to partial inclusion of the alkyl tails. 1H NMR titration experiments for capsule
1c·2 in CD3OD (298 K) gave an association constant of K1c·2 = 6·103 M–1 for capsule 1c·2 (1:1
binding model). The association constant for capsule 1c·2 is ten times lower than the association
constant of capsule 1a·2 (K1a·2 = 6·104 M–1). A plausible explanation is the poorer
complementarity between 1c and 2. The more flexible free ligand 1a can adapt to the favoured
geometry to optimize interactions with 2, whereas the Pd–aryl complex 1c is too rigid to do so.
Interestingly, the phosphorus chemical shifts of 1a, 1b and 1c in the capsular form 1·2 did not
exhibit a noteworthy shift compared to the monomeric form (Δδ < 0.6 ppm), indicating that the
geometry around the phosphorus atoms did not change.19 According to the modeling pictures, the
bite angles of 1b and 1c hardly change upon capsule formation (e.g. 1c 167o vs 1c·2 161o).18 The
1D-NOESY spectra of capsules 1b·2 and 1c·2 show significant negative intermolecular NOE
contacts between the NH+(CH2CH3)2 protons of the Pd-complexes 1b and 1c and the aromatic
protons of the calix[4]arene 2. These results indicate that, similar to 1a·2, the upper rim of the
calix[4]arene is associated with 1b and 1c, which confirms the proposed geometry of the dimeric
capsules.
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Figure 8 1H NMR spectra in CD3OD of capsule 1c·2. Top: Pd-complex 1c; Middle: capsule 1c·2
(1c/2 = 2/3); Bottom: calix[4]arene 2. Asterisks indicate solvent signals.
The ESI-MS spectrum of capsule 1b·2 in CH3OH shows a prominent ion peak of the
capsule at m/z 719.55 corresponding to [1b·2 – Br + 2H]3+ (Figure 9). The ESI-MS spectrum of
capsule 1c·2 in CH3OH shows a prominent ion peak of the capsule at m/z 719.70 corresponding
to [1c·2 – CF3SO3 + 2H]3+. Interestingly, capsule 1b·2 remains stable after Br– dissociation from
the palladium, and the corresponding ionic capsule detected by ESI-MS gives the same ion peaks
as the capsule based on the cationic palladium complex 1c. The assignment of the capsule’s ion
peaks is in agreement with the ESI-MS/MS collision induced dissociation experiments, upon
which the isolated capsule’s ion peak (partly) disappeared and product ion peaks appeared that
correspond to the capsule building blocks (Figure 10). These MS/MS experiments reveal the gasphase stability of the capsules.
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Figure 9 ESI-MS spectrum of capsule 1b·2 (inset: measured isotope pattern).
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Figure 10 ESI-MS spectra: isolation of capsule 1b·2 (a) and collision induced dissociation of
capsule 1b·2 (ESI-MS/MS) (b).

Reactivity of the encapsulated metal. Preliminary studies show that the metal center inside the
capsule retains its reactivity. Bubbling carbon monoxide through a methanol solution of 1c·2
resulted in a quantitative insertion of CO in the palladium–aryl bond and yielded capsule 1d·2
(1d = [(trans-1a)Pd(C(O)p-C6H4CN)]+[CF3SO3]–) (Scheme 7).20a-b All counterions in Pdcomplex 1d are CF3SO3– ions, which means that the Cl– ions of 1a have been exchanged. The
insertion of CO was fast and comparable to the insertion reaction in Pd-complex 1c (t1/2 < 1 min)
as expected for cationic palladium complexes.20c-d The proton NMR spectrum of capsule 1d·2
confirms that the capsule remains intact upon insertion of CO. As found for other transcoordinating palladium diphosphine complexes, capsule 1d·2 as well as complex 1d did not
further react with methanol to provide the methanolysis product.20c

Scheme 7 CO-insertion in the Pd-aryl bond of capsule 1c·2 to give capsule 1d·2.
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2.4

Diffusion-ordered NMR spectroscopy (DOSY)

Diffusion-Ordered SpectroscopY (DOSY) is an NMR technique that measures the
mobility rates i.e. the diffusion coefficients of molecules or assemblies and correlate these to the
proton resonances.21a-c Spectra of mixtures of compounds in solution can be separated on
grounds of the difference in diffusion coefficients. Information about the molecular size, shape
and aggregation state of molecules or assemblies in solution can be obtained because the
diffusion coefficients are related to the hydrodynamic radius r through the Stokes-Einstein
equation. The diffusion coefficients of the free building blocks 1a, 1b, 1c and 2 and their
corresponding capsules 1a·2, 1b·2, and 1c·2 were calculated through the Stejskal-Tanner
equation (Figure 11 and Table 1).21a,21d The diffusion coefficients D of the three capsules are
lower than those of the corresponding free building blocks (e.g. D1c·2 = 2.04 and D1c = 3.21 10–6
cm2 s–1) and the hydrodynamic radii r of the capsules are larger than those of the corresponding
free building blocks (e.g. r1c·2 = 20.45 and r1c = 13.00 Å). The hydrodynamic radii of the
capsules obtained by DOSY approximately match those obtained by molecular modeling. The
larger size of the hydrodynamic radii r of the capsules support the capsules formation.
The relatively poor complementarity of 1c and 2 compared to 1a and 2 (vide supra) is
also supported by DOSY. The diffusion coefficient of capsule 1c·2 is lower than that of capsule
1a·2 (D1c·2 = 2.04 and D1a·2 = 2.46 10–6 cm2 s–1), indicating that 1c·2 is larger than 1a·2. These
results imply that the more rigid Pd-complex 1c fits less well on the calix[4]arene 2 than the free
ligand 1a, which results in a longer distance between 1c and 2 and hence a larger capsule.
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Figure 11 Stejskal-Tanner plot: natural logarithm of the normalized signal decay ln(I/I0) as a
function of the b value (b = γ2δ2G2(Δ–δ/3)). The dotted lines represent linear least square fits to
the data (R > 0.998 in CD3OD and R > 0.985 in dmso-d6) and the slope of the line corresponds to
the diffusion coefficient –D. In CD3OD: 1a, 1c, 2, 1a·2, 1c·2 (a) and in dmso-d6: 1b, 2, 1b·2 (b).
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Table 1 Diffusion coefficients D and hydrodynamic radii r of the free building blocks 1a, 1b, 1c
and 2, and of capsules 1a·2, 1b·2 and 1c·2.a-d
a

Solvent

Dc
(10–6 cm2s–1)

rd
(Å)

Entry

Compounds

1
2
3
4

free 1a
free 1c
free 2
capsule 1a·2
capsule 1a·2
capsule 1c·2
capsule 1c·2

CD3OD
CD3OD
CD3OD
CD3OD
CD3OD
CD3OD
CD3OD

3.35
3.21
3.55
2.46
2.44
2.04
2.00

12.45
13.00
11.75
16.96
17.10
20.45
20.86

free 1b
free 2 c
capsule 1b·2
capsule 1b·2

dmso-d6
dmso-d6
dmso-d6
dmso-d6

1.01
1.04
0.74
0.74

8.95
8.69
12.21
12.21

5
6
7
8
a

The protons of the building blocks in Bold were used for the calculation of D. b The free and bound
building blocks exchange fast on the NMR timescale and therefore the observed diffusion coefficients of
the capsules are the weighted average of the diffusion coefficients of the free and bound building
blocks.21a c The difference in solvent viscosity is responsible for the differences in D between methanol
and dmso. d The calculated hydrodynamic radius r is prone to error because the viscosities of the solutions
were not measured.

2.5

N-quaternization attempts of tetraaminodiphosphine

Acidic functionalities such as the four ammonium groups of ligand 1 can interfere with
the performance of the corresponding organometallic catalysts. To extend the applicability of
ligand 1 we have attempted to quaternize its four amino groups with methylating agents (this was
previously attempted by van Leeuwen and Buhling).22a Direct methylation of 1 with methyl
triflate and trimethyloxonium tetrafluoroborate (Me3O+BF4–) resulted in a mixture of ammonium
and phosphonium salts.22b-e The nucleophilic character of both the phosphorus and nitrogen
atoms is responsible for the non-selective N-methylation and therefore the phosphorus atoms had
to be protected.22e-f Phosphorus protection was done by oxidation with bleach (sodium
hypochlorite, NaClO). Protection by borane was considered, but this reagent can complex to the
phosphorus atoms as well as to the nitrogen atoms.22g After N-methylation with methyl iodide,
Buhling tried to deprotect the phosphine oxides by reduction with HSiCl3, Si2Cl6 or PhSiH3
without success.22a,22h The phosphorus atoms of the xantphos-type ligand 1 are sterically
protected, which hinder the reduction of the corresponding phosphine oxides. However, Shioiri
and co-workers have reported the reduction of a dioxidized xantphos-type ligand by applying
titanium tetraisopropoxide and polymethyl hydrosiloxane as the reduction agents.22i
Unfortunately, reduction of the corresponding dioxidized tetrakis(N-methylated) xantphos ligand
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of 1 (OTf– as counterion) by Ti(OiPr)4 was unsuccessful, probably because of the sensitivity of
Ti(OiPr)4 to the ammonium groups.

2.6

Conclusions

In conclusion, we have introduced a simple strategy for the formation of a new type of
metallocapsules, which is based on functionalized diphosphine ligands (and the metal complexes
thereof) and calix[4]arene equipped with complementary binding motifs. In the current example
the assembly process is based on ionic interactions. The tetraammonium functionalized
diphosphine ligand 1a or the metal complexes thereof 1b and 1c readily associate with the
tetraanionic calix[4]arene 2, forming supramolecular capsules as indicated by 1H-NMR, 1DNOESY and DOSY experiments, and ESI-MS. The metal center inside the capsule retains its
reactivity. Encapsulation of these transition metals opens up new opportunities to control the
activity, stability and selectivity of the potential homogeneous catalysts.

2.7

Experimental section

General remarks. All reactions were carried out under a dry, inert atmosphere of purified nitrogen or
argon using standard Schlenk techniques, unless stated otherwise. Solvents were dried and distilled under
nitrogen prior to use. Diethyl ether, tetrahydrofuran (THF) and toluene were distilled from
sodium/benzophenone. Dichloromethane, methanol, acetonitrile and dimethylformaldehyde were distilled
from CaH2. Deuterated solvents were distilled from the appropriate drying agents. 13CO was purchased
from Praxair and all other chemicals were obtained from commercial suppliers and used as received. The
palladium dimer {[(o-tolyl)3P]Pd(p-C6H4CN)Br}2 was synthesized according to a reported procedure.17
NMR spectra were recorded on Varian Inova 500 (1H NMR titrations, 1D-NOESY and DOSY
measurements), Bruker Avance DRX 300 and Varian Mercury 300 NMR spectrometers. Chemical shifts
are given relative to TMS (1H and 13C NMR), 85% H3PO4 (31P NMR) and Cl3CF (19F NMR). Chemical
shifts are given in ppm. Elemental analyses were performed at the H. Kolbe Mikroanalytisches
laboratorium in Mülheim (Germany). High-resolution fast atom bombardment mass spectrometry (HRMS
FAB) measurements were carried out on a JEOL JMS SX/SX 102A at the Department of Mass
Spectrometry at the University of Amsterdam. Low-resolution electrospray-ionization mass spectra (ESIMS) in CH3OH were recorded on a Shimadzu LCMS-2010A via direct injection. Electrospray ionization
mass spectrometry (ESI-MS) measurements were carried out on a Q-TOF (Micromass, Waters,
Whyttenshawe, UK) mass spectrometer equipped with a Z-spray orthogonal nanoelectrospray source,
using Econo Tips (New Objective, Woburn, MA) to create an off-line nanospray, at the Department of
Mass Spectrometry of Biomacromolecules at the University of Amsterdam. The MS spectra were
processed with software tools embedded in Masslynx software (Micromass, Waters, Whyttenshawe, UK)
and additional isotopic pattern analysis was performed with the use of the Bruker Daltonics Isotope
Pattern software program (Bruker Daltonik, Bremen, Germany, version 1.0.125.0). Infrared spectra were
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recorded on a Bruker Vertex 70 FT-IR spectrophotometer. Molecular modeling calculations were
performed using Spartan ’04 V1.0.3 software, on the semi-empirical PM3-level.
Carbon atoms numbering of the xantphos-type diphosphines:

Synthesis
(p-Bromobenzyl)diethylamine
This compound is synthesized according to a reported procedure.13 This reaction was not carried out with
distilled solvents, nor under inert atmosphere. A solution of p-bromobenzyl bromide (25.00 g, 0.10 mol)
in 60 ml diethyl ether was added to an excess of diethylamine (110 ml, 1.07 mol) in 1 h. The reaction is
slightly exothermic. After stirring for 2 h the white precipitate was filtered off and washed with diethyl
ether. After removing the volatiles in vacuo (p-bromobenzyl)diethylamine was obtained as a yellow oil
without the need for further purification (21.58 g, 0.089 mol, 89%). 1H NMR (300 MHz, CDCl3 293 K): δ
= 7.39 (d, J = 8.3 Hz, 2H, HAr), 7.20 (d, J = 8.7 Hz, 2H, HAr), 3.48 (s, 2H, ArCH2), 2.48 (q, J = 7.2 Hz,
4H, CH2CH3), 1.00 (t, J = 7.1 Hz, 6H, CH3); 13C{1H} NMR (76 MHz, CDCl3, 293 K): δ = 139.6 (s, Cq,
CAr), 131.6 (s, CH, CAr), 130.9 (s, CH, CAr), 120.8 (s, Cq, CAr), 57.3 (s, CH2N), 47.1 (s, CH2CH3), 12.2 (s,
CH3); GC-MS (m/z): 241/243 [M]+, 226/228 [M – CH3]+, 169/171 [M – NEt2]+, 90 [M – NEt2 – Br]+.
4,5-Bis(diethoxyphosphonito)-9,9-dimethylxanthene
This compound is synthesized according to a reported procedure.12 A yellow
solution of 9,9-dimethylxanthene (10.17 g, 48.36 mmol) and
tetramethylethylenediamine TMEDA (21.89 ml, 145.08 mmol) in 120 ml
diethyl ether was cooled to 0 °C. Next, n-butyllithium (2.5 M in hexanes, 46.43 ml, 116.06 mmol) was
added dropwise and the reaction mixture was stirred overnight. The resulting dark red solution was
cooled to –78 °C, and a solution of diethyl chlorophosphite (18.07 ml, 125.74 mmol) in 120 ml diethyl
ether was added dropwise. The reaction mixture was allowed to warm to room temperature and was
stirred overnight. The solvent was evaporated in vacuo giving a yellow oil. The salts were extracted by
adding 100 ml dichloromethane and 100 ml degassed water to the crude product. After vigorous stirring,
the organic layer was washed twice with degassed water and dried over MgSO4. Evaporation of the
solvent resulted in 4,5-bis(diethoxyphosphino)-9,9-dimethylxanthene as a yellow sticky oil (21.13 g,
46.91 mmol, 97%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 7.60 (d, J = 7.4 Hz, 2H, H3), 7.43 (d, J = 7.6
Hz, 2H, H1), 7.11 (t, J = 7.4 Hz, 2H, H2), 3.94 (dm, 8H, OCH2CH3), 1.59 (s, 6H, C(CH3)2), 1.25 (t, J = 7.1
Hz, 12H, OCH2CH3); 31P{1H} NMR (122 MHz, CDCl3, 293 K): δ = 149.5 (s); 13C{1H} NMR (76 MHz,
CDCl3, 293 K): δ = 152.4 (br t, C4a), 130.1 (s, Cq, CAr), 129.1 (s, CH, CAr), 128.7 (s, Cq, CAr), 128.2 (s,
CH, CAr), 123.4 (s, CH, CAr), 63.3 (s, CH2CH3), 34.4 (s, C(CH3)2), 32.6 (s, C(CH3)2), 17.7 (s, CH2CH3).
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4,5-Bis[bis(p-((diethylamino)methyl)phenyl)phosphino]-9,9-dimethylxanthene: 1
n-Butyllithium (2.5 M in hexanes, 12.88 ml, 32.20 mmol) was added
to 100 ml THF at 0 °C, and the solution was further cooled to –65
°C. A yellow solution of (p-bromobenzyl)diethylamine (7.80 g,
32.20 mmol) in 35 ml THF was added to the n-butyllithium solution
in 1 h. The resulted pink reaction mixture was stirred for another 30 min at –45 °C. After cooling the
resulting orange reaction mixture to –65 °C, a solution of 4,5-bis(diethoxyphosphino)-9,9dimethylxanthene (2.90 g, 6.44 mmol) in 25 ml THF was added in 30 min. The resulted green reaction
mixture was allowed to warm to room temperature overnight. The pale orange reaction mixture was
hydrolyzed with 3 ml degassed water, and the solvent was removed in vacuo. Subsequently, the yellow
viscous oil was dissolved in diethyl ether and washed with degassed water. The organic layer was
separated, and the aqueous layer was extracted with diethyl ether. The combined organic layers were
dried with MgSO4, and the solvent was removed in vacuo. The resulting dark-orange viscous oil was
purified by column chromatography (silica gel: hexanes, 0-30% EtOAc, 3% NEt3). The product 1 was
obtained as a white solid (3.02 g, 3.25 mmol, 51%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 7.34 (d, J =
7.8 Hz, 2H, H3), 7.17 (d, J = 7.8 Hz, 8H, PC6H4), 7.12 (m, 8H, PC6H4), 6.90 (t, J = 7.6 Hz, 2H, H2), 6.52
(d, J = 7.6 Hz, 2H, H1), 3.51 (s, 8H, CH2N), 2.49 (q, J = 7.1 Hz, 16H, CH2CH3), 1.61 (s, 6H, C(CH3)2),
1.01 (t, J = 7.1 Hz, 24H, CH2CH3); 31P{1H} NMR (122 MHz, CDCl3, 293 K): δ = –18.3 (s); 13C{1H}
NMR (76 MHz, CDCl3, 293 K): δ = 152.6 (br t, C4a), 140.3 (s, Cq, CAr), 136.1 (s, Cq, CAr), 134.3 (s, CH,
PC6H4), 132.4 (s, C1), 130.1 (s, Cq, CAr), 129.1 (s, CH, PC6H4), 126.6 (s, C3), 123.5 (s, C2), 57.7 (s,
CH2N), 47.1 (s, CH2CH3), 34.8 (s, C(CH3)2), 32.5 (s, C(CH3)2), 12.1 (s, CH2CH3); Anal. calcd. for
C59H76N4OP2: C 77.09, H 8.33, N 6.10; found: C 76.88, H 8.39, N 5.96; HRMS (FAB+): found 919.5574;
calcd. for [C59H76ON4P2Cl4 + H]+ 919.5573.
4,5-Bis[bis(p-((diethylammoniumchloride)methyl)phenyl)phosphino]-9,9-dimethylxanthene: 1a
A 1 M solution of HCl in diethyl ether (3.10 ml, 3.10 mmol) was
added
dropwise
to
a
solution
of
4,5-bis[bis(p((diethylamino)methyl)phenyl)phosphino]-9,9-dimethylxanthene
1 (0.57 g, 0.62 mmol) in 20 ml diethyl ether and a light yellow
precipitation appeared immediate. After stirring for 45 min. the volatiles were removed in vacuo and 1a
was obtained as a light yellow powder in quantitative yield. 1H NMR (500 MHz, CD3OD, 293 K): δ =
7.59 (d, J = 8.1 Hz, 10H, H3 + PC6H4), 7.33-7.30 (m, 8H, PC6H4), 7.03 (t, J = 7.7 Hz, 2H, H2), 6.48 (d, J
= 7.6 Hz, 2H, H1), 4.40 (s, 8H, CH2N), 3.29-3.19 (m, 16H, CH2CH3), 1.68 (s, 6H, CCH3), 1.38 (dt, J = 3.0
and 7.5 Hz, 24H, CH2CH3); 1H NMR (500 MHz, CDCl3, 293 K): δ = 12.12 (s, 4H, NH+); 31P{1H} NMR
(202 MHz, CD3OD, 293 K): δ = –16.8 (s); 31P{1H} NMR (202 MHz, dmso-d6, 293 K): δ = –17.8 (s);
13
C{1H} NMR (126 MHz, CD3OD, 293 K): δ = 153.2 (t, J = 9.6 Hz, CO), 140.6 (t, J = 7.2 Hz), 136.0 (t, J
= 10.9 Hz), 132.8 (s, C1), 132.4 (t, J = 3.2 Hz), 131.9 (s), 131.6 (s), 129.0 (s), 125.4 (t, J = 8.9 Hz), 125.2
(s, C2), 57.0 (s, CH2N), 48.3 (s, CH2CH3), 48.2 (s, CH2CH3), 35.7 (s, CCH3), 32.7 (s, CCH3), 9.3 (s,
CH2CH3), 9.2 (s, CH2CH3); HRMS (FAB+): found 919.5573; calcd. for [C59H80ON4P2Cl4 – 4Cl – 3H]+
919.5573; ESI-MS (CH3OH): m/z = 307.05 [1a – 4Cl – 1H]3+, 460.15 [1a – 4Cl – 2H]2+, 919.25 [1a – 4Cl
– 3H]1+.
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[(1a)Pd(p-C6H4CN)(Br)]: 1b
A yellow solution of {[(o-tolyl)3P]Pd(p-C6H4CN)Br}2 (148 mg,
0.125 mmol) and 1a (266 mg, 0.250 mmol) in 10 ml of methanoldichloromethane (1:10, v/v) was stirred overnight at room
temperature. The orange solution was concentrated in vacuo to ca. 3
ml. Next, 10 ml of diethyl ether was added which resulted in the
precipitation of a yellow powder. The suspension was filtered and the remaining powder was dried in
vacuo to give 1b as a yellow powder (271 mg, 80%). 1H NMR (500 MHz, CD3OD, 293 K): δ = 7.90 (d, J
= 7.0 Hz, 2H, H1,3), 7.52-7.43 (m, 16H, PC6H4), 7.33 (t, J = 7.7 Hz, 2H, H2), 7.22-7.19 (m, 2H, H1,3), 6.99
(d, J = 7.5 Hz, 2H, C6H4CN), 6.55 (d, J = 7.2 Hz, 2H, C6H4CN), 4.36 (d, J = 11.7 Hz, 4H, CH2N), 4.32 (d,
J = 12.1 Hz, 4H, CH2N), 3.28-3.10 (m, 16H, CH2CH3), 1.84 (s, 6H, CCH3), 1.38 (t, J = 7.0 Hz, 12H,
CH2CH3), 1.37 (t, J = 7.0 Hz, 12H, CH2CH3); 1H NMR (500 MHz, CDCl3/CD3CN 2/3, 293 K): δ = 11.98
(s, 4H, NH+); 31P{1H} NMR (202 MHz, CD3OD, 293 K): δ = 9.4 (s); 31P{1H} NMR (202 MHz, dmso-d6,
293 K): δ = 8.9 (s); 13C{1H} NMR (126 MHz, CD3OD, 293 K): δ = 168.1 (br s), 155.5 (t, J = 5.9 Hz),
136.2 (br s), 135.7 (br s), 135.3 (t, J = 6.6 Hz), 132.6 (t, J = 22.6 Hz), 132.3 (s), 130.8 (t, J = 5.0 Hz),
129.3 (s), 128.9 (s), 125.0 (s), 119.8 (s), 119.5 (t, J = 22.9 Hz), 104.3 (s), 55.1 (s, CH2N), 47.4 (s,
CH2CH3), 46.7 (s, CH2CH3), 36.4 (s, CCH3), 27.9 (s, CCH3), 8.0 (s, CH2CH3), 7.8 (s, CH2CH3); HRMS
(FAB+): found 1126.4987; calcd. for [C66H84ON5P2Cl4BrPd – 4Cl – Br – 4H]+ 1126.4895; ESI-MS
(CH3OH): m/z = 376.25 [1b – 4Cl – Br – 2H]3+, 563.20 [1b – 4Cl – Br – 3H]2+, 1126.20 [1b – 4Cl – Br –
4H]1+.
[(1a)Pd(p-C6H4CN)]+[OTf]–: 1c (1a contains four triflate counterions instead of chlorides)
+
A solution of 1b (160 mg, 0.118 mmol) and silver triflate (152
[OTf ]mg, 0.590 mmol) in 10 ml of dichloromethane-acetonitrile (5:1,
O
P
P
v/v) was stirred in the dark for 1 h. Next, Norit was added and
Pd
Et2+HN
NH+Et2
OTf OTf - 2
2
the reaction mixture was stirred for another hour. The
suspension was filtered through Celite filter aid and the filtrate
CN
was evaporated to dryness in vacuo yielding 1c as a brown
microcrystalline (170 mg , 77%). Compound 1c is not soluble in water. 1H NMR (500 MHz, CD3OD, 293
K): δ = 8.06 (d, J = 8.0 Hz, 2H, H1,3), 7.70 (d, J = 8.5, 8H, PC6H4), 7.67-7.63 (m, 10H, H1,3 and PC6H4),
7.52 (t, J = 7.7 Hz, 2H, H2), 7.24 (d, J = 8.5 Hz, 2H, C6H4CN), 7.16 (d, J = 8.5 Hz, 2H, C6H4CN), 4.43 (s,
8H, CH2N), 3.31-3.21 (m, 16H, CH2CH3), 1.86 (s, 6H, CCH3), 1.37 (t, J = 7.2 Hz, 24H, CH2CH3); 1H
NMR (500 MHz, CDCl3/CD3CN 2/3, 293 K): δ = 8.18 (br s, 4H, NH+); 31P{1H} NMR (202 MHz,
CD3OD, 293 K): δ = 18.9 (s); 31P{1H} NMR (202 MHz, dmso-d6, 293 K): δ = 18.7 (s); 13C{1H} NMR
(126 MHz, CD3OD, 293 K): δ = 154.9 (t, J = 8.1 Hz), 152.6 (m), 136.3 (s), 136.1 (br s), 135.8 (t, J = 7.2
Hz), 135.3 (s), 134.8 (s), 133.8 (br s), 133.4 (t, J = 5.8 Hz), 132.0 (s), 129.9 (t, J = 26.0 Hz), 128.8 (br s),
121.9 (q, J 318.6 Hz, CF3), 119.9 (s), 119.3 (t, J = 20.5 Hz), 109.1 (s), 56.6 (s, CH2N), 48.5 (s, CH2CH3),
36.2 (s, CCH3), 33.8 (s, CCH3), 9.1 (s, CH2CH3); 19F NMR (282 MHz, CD3OD, 293 K) –80.2 (s); HRMS
(FAB+): found 1725.3197; calcd. for [C71H84O16N5F15P2S5Pd – 1CF3SO3 – 1H]+ 1725.3210; ESI-MS
(CH3OH): m/z = 376.85 [1c – 5CF3SO3 – 2H]3+, 563.50 [1c – 5CF3SO3 – 3H]2+, 1126.50 [1c – 5CF3SO3 –
4H]1+, 426.85 [1c – 4CF3SO3 – 1H]3+, 638.30 [1c – 4CF3SO3 – 2H]2+, 476.80 [1c – 3CF3SO3]3+, 713.80
[1c – 3CF3SO3 – 1H]2+, –148.70 [CF3SO3]1–.
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[(1a)Pd(C(O)-p-C6H4CN)]+[OTf]–: 1d (1a contains four triflate counterions instead of chlorides)
Carbon monoxide was bubbled for 10 min. through a solution
of 1c in distilled CD3OD at room temperature (in a NMR
tube) which resulted in 1d. IR (CH3OH, 293 K): 1732 cm–1
[v(CO)]; 1H NMR (300 MHz, CD3OD, 293 K): δ = 8.02 (d, J
= 7.8 Hz, 2H, H1,3), 7.85-7.60 (m, 20H, PC6H4, H1,3 and
H2),7.49 (d, J = 7.8 Hz, 2H, C6H4CN), 7.39 (d, J = 8.1 Hz,
2H, C6H4CN), 4.40 (s, 8H, CH2N), 3.29-3.10 (m, 16H,
CH2CH3), 1.34 (t, J = 7.2 Hz, 24H, CH2CH3); 13C NMR (75 MHz, CD3OD, 293 K): δ = 212.6 (s, PdCO);
31
P{1H} NMR (121 MHz, CD3OD, 293 K): δ = 11.5 (s).
5,11,17,23-Tetrakis(tert-butyl)-25,26,27,28-tetrakis(hydroxy)calix[4]arene
This compound is synthesized according to a reported procedure.14a-b This reaction was not
carried out with distilled solvents, nor under inert atmosphere. A mixture of 37%
formaldehyde (31 ml, 1.2 mol) was added to p-tert-butyl phenol (50 g, 0.3 mol) in a 1 L
three-necked round-bottom flask equipped with a mechanical stirrer. Sodium hydroxide
(0.6 g, 1.5 mmol) was added and the reaction mixture was stirred uncovered for 15 min at
room temperature. Subsequently, the reaction mixture was stirred for ca. 2 h at 120 °C under a steady
flow of nitrogen. Upon the evaporation of water, the clear solution becomes very viscous and yellow. The
reaction mixture was cooled to room temperature giving a more viscous brown solid. When stirring
became impossible, the residue was dissolved in 500 ml hot diphenyl ether and was heated to 120 °C for
3 h with a heating mantle while nitrogen was bubbled into the reaction mixture to facilitate the removal of
water. Next, while continuing bubbling N2 into the solution, the flask is fitted with a condenser, and after
reaching the reflux temperature of 350 °C the brown reaction mixture was left to reflux for 3h. After
cooling the reaction mixture to room temperature 750 ml ethyl acetate was added which resulted in white
precipitation. The crude product was subsequently washed with ethyl acetate, acetic-aced and water. The
off white crude product was recrystallized from boiling toluene giving 5,11,17,23-tetrakis(tert-butyl)25,26,27,28-tetrakis(hydroxy)calix[4]arene as a white microcrystalline (27.16 g, 41.85 mol, 56%). 1H
NMR (300 MHz, CDCl3, 293 K): δ = 7.02 (s, 8H, HAr), 4.23 (d, J = 14.3 Hz, 4H, Hax), 3.47 (d, J = 13.8
Hz, 4H, Heq), 1.18 (s, C(CH3)3); 13C{1H} NMR (76 MHz, CDCl3, 293 K): δ = 147.1 (s), 144.8 (s), 128.1
(s), 126.3 (s), 34.4 (s), 33.0 (s), 31.8 (s); HRMS (FAB+): found 649.4250; calcd. for [C44H56O4 + H]+
649.4257.
25,26,27,28-Tetrakis(hydroxy)calix[4]arene
This compound is synthesized according to a reported procedure.14a,14c A white slurry of ptert-butylcalix[4]arene (16.18 g, 24.93 mmol) and phenol (2.35 g, 24.93 mmol) were stirred
in 300 ml anhydrous toluene at room temperature. After a few minutes AlCl3 (14.13 g,
124.65 mmol) was added slowly and in small portions to the reaction mixture. The red
slurry was vigorously stirred for 18 h at room temperature. After cooling the reaction mixture with an ice
bath, excess of AlCl3 was carefully neutralized by the slow addition of 300 ml of a 1M HCl solution.
After vigorously stirring for 45 minutes the slurry turned into orange. Subsequently, the water layer was
extracted twice with dichloromethane and the combined organic layers were washed with brine. The
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organic layer was dried over MgSO4, the solvents were evaporated and the crude product was triturated
twice with methanol. The product 25,26,27,28-tetrakis(hydroxy)calix[4]arene was obtained as a pink
powder (8.96 g, 21.11 mmol, 85%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 10.19 (s, 4H, OH), 7.04 (d,
J = 7.5 Hz, 8H, HAr), 6.72 (t, J = 7.6 Hz, 4H, HAr), 4.24 (br d, 4H, Hax), 3.53 (br d, 4H, Heq); 13C{1H}
NMR (76 MHz, CDCl3, 293 K): δ = 149.2 (s, Cq), 129.4 (s, CH), 128.7 (s, Cq), 122.7 (s, CH), 32.1 (s,
ArCH2Ar); HRMS (FAB+): found 425.1758; calcd. for [C28H24O4 + H]+ 425.1753.
25,26,27,28-Tetrakis(2-ethoxyethoxy)calix[4]arene
This compound is synthesized according to a reported procedure.14d-e Sodium hydride 60%
(6.52 g, 163.07 mmol) was added to 500 ml distilled DMF and the solution was stirred for a
few minutes. Subsequently, 25,26,27,28-tetrahydroxycalix[4]arene (10.65 g, 25.09 mmol)
and 2-bromoethyl-ethyl-ether 90% (16.03 ml, 127.95 mmol) were added slowly to the
solution. The reaction mixture was heated to 100 °C giving a brown solution, and allowed to
stir for 1 h. A second portion of 2-bromoethyl-ethyl-ether 90% (8.02 ml, 65.23 mmol) was
added dropwise and the reaction mixture was stirred for 3 h. Next, a second portion of NaH 60% 6.52 g,
163.07 mmol) and a third portion of 2-bromoethyl-ethyl-ether 90% (16.03 ml, 127.95 mmol) were added
and the reaction mixture was stirred for another hour. Finally, a fourth portion of 2-bromoethyl-ethylether 90% (8.02 ml, 65.23 mmol) was added, after which the resulting brown reaction mixture was stirred
for overnight at 100 °C. Next morning the reaction mixture was quenched with a few drops of water and
the DMF was removed under reduced pressure giving a yellow-orange residue. The crude product was
dissolved in dichloromethane and was purified by washing with water (3x). The organic layer was dried
over MgSO4 and the solvent was removed under reduced pressure. The crude product was triturated with
methanol and collected by filtration. After drying under vacuum 25,26,27,28-tetrakis(2ethoxyethoxy)calix[4]arene was obtained as an off-white microcrystalline solid (12.00 g, 16.83 mmol, 67
%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 6.62-6.52 (m, 12H, HAr), 4.47 (d, J = 13.4 Hz, 4H, Hax), 4.09
(t, J = 5.8 Hz, 8H, CH2CH2), 3.82 (t, J = 5.8 Hz, 8H, CH2CH2), 3.52 (q, J = 7.0 Hz, 8H, CH2CH3), 3.27
(d, J = 13.4 Hz, 4H, Heq), 1.18 (t, J = 7.0 Hz, 12H, CH3); 13C{1H} NMR (76 MHz, CDCl3, 293 K): δ =
156.7 (s, Cq), 135.5 (s, Cq), 128.6 (s, CH), 122.6 (s, CH), 73.5 (s, CH2), 70.1 (s, CH2), 66.8 (s, CH2), 30.1
(s, ArCH2Ar), 15.7 (s, CH3); HRMS (FAB+): found 713.4053; calcd. for [C44H56O8 + H]+ 713.4053.
5,11,17,23-Tetrakis(sulfonato)-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene tetrasodiumsalt: 2
This compound is synthesized according to a reported procedure.4b This reaction was not
carried out with distilled solvents, nor under inert atmosphere. 25,26,27,28-Tetrakis(2ethoxyethoxy)calix[4]arene (10.00 g, 14.03 mmol) was dissolved in concentrated H2SO4
(96%, 25 ml) and stirred at room temperature for 3 h. The brown reaction mixture was then
quenched by pouring it carefully into water at 0 °C. Next, the mixture was neutralized by
addition small aliquots of a concentrated solution of NaOH (~ 5 M) at 0 °C, giving a white
solution. The water was then evaporated giving a white solid residue. The majority of the inorganic
sulfates were removed from the crude product using a Soxhlet extractor with methanol overnight at 100
°C. Finally the crude product was purified by reversed phase chromatography (LiChroprep RP8, 40-63
μm) eluting initially with pure water until no more inorganic sulfates were detected: no precipitation
observed upon addition of BaCl2-solution to the eluate (the presence of organic compounds was excluded
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by UV prior to the addition of BaCl2). Subsequently, the pure product was obtained by elution in a stepgradient to 70% EtOH/H2O (v/v). After concentration under vacuum to remove most of the ethanol, the
remaining water was removed by freeze-drying overnight to afford 2 as a white solid (8.58 g, 7.65 mmol,
55%). 1H NMR (300 MHz, CD3OD, 293 K): δ = 7.32 (s, 8H, HAr), 4.65 (d, J = 13.3 Hz, 4H, Hax), 4.21 (t,
J = 5.4 Hz, 8H, CH2CH2), 3.86 (t, J = 5.0 Hz, 8H, CH2CH2), 3.52 (q, J = 6.8 Hz, 8H, CH2CH3), 3.40 (d, J
= 13.4 Hz, 4H, Heq), 1.17 (t, J = 7.0 Hz, 12H, CH3); 13C{1H} NMR (76 MHz, CD3OD, 293 K): δ = 158.3
(s, Cq), 139.1 (s, Cq), 134.8 (s, Cq), 126.5 (s, CH), 73.9 (s, CH2), 69.9 (s, CH2), 66.4 (s, CH2), 31.2 (s,
ArCH2Ar), 13.7 (s, CH3). HRMS (FAB+): found 1121.1624; calcd. for [C44H52Na4O20S4 + H]+ 1121.1604.
General procedure for capsules self-assembly
Capsule self-assembly was done in situ. Equimolar methanol, dmso or water solutions of the tetracationic
diphosphine ligand 1a or the palladium complexes thereof 1b and 1c and the tetraanionic calix[4]arene 2
were mixed at room temperature, resulting in the immediate formation of the corresponding capsules
(1a·2, 1b·2 and 1c·2, respectively).
NMR characterization of capsules 1a·2, 1b·2, and 1c·2
The assignment of the 1H NMR spectra of the capsules is fully supported by COSY NMR. Not all the
proton resonances were visible in the 1H NMR spectra because of overlap with other signals or because of
H-D exchange with CD3OD. The 31P{1H} NMR spectra of 1a, 1b, 1c, 1a·2, 1b·2, and 1c·2 in CD3OD,
D2O and dmso-d6 confirms their stability in the different solvents. 31P{1H} NMR (202 MHz, 293 K) and
upfield shifts (ΔδH) (500 MHz, 293 K) of the CH2NH+(CH2CH3)2 protons of 1a, 1b, and 1c upon capsule
formation in different solvents: Capsule 1a·2 (CD3OD): 31P{1H} NMR = –17.4; Δδ(CH2CH3) = 0.43,
Δδ(CH2CH3) = 0.33, Δδ(CH2N) = 0.25 ppm. Capsule 1a·2 (dmso-d6): 31P{1H} NMR = –17.7;
Δδ(CH2CH3) = 0.49, Δδ(CH2CH3) = 0.32, Δδ(NH+) = 1.40 ppm. Capsule 1b·2 (dmso-d6): 31P{1H} NMR
= 9.3; Δδ(CH2CH3) = 0.41, Δδ(CH2CH3) = 0.27, Δδ(NH+) = 1.14 ppm. Capsule 1c·2 (CD3OD): 31P{1H}
NMR = 19.4; Δδ(CH2CH3) = 0.58, Δδ(CH2CH3) = 0.39, Δδ(CH2N) = 0.17 ppm. Capsule 1c·2 (dmso-d6):
31
P{1H} NMR = 19.0; Δδ(CH2CH3) = 0.70, Δδ(CH2CH3) = 0.64, Δδ(NH+) = 0.20 ppm.
Capsule 1d·2
Carbon monoxide was bubbled for 10 min. through a solution of 1c·2 (1c:2 = 1:2) in distilled CD3OD at
room temperature (in a NMR tube) which resulted in capsule 1d·2. IR (CH3OH, 293 K): 1732 cm–1
[v(CO)]; 1H NMR (300 MHz, CD3OD, 293 K): δ = 7.93-7.45 (m, 26H, H1, H2, H3, PC6H4), 7.43 (s, 16H,
Hmeta of 2), 4.72 (d, J = 12.6 Hz, 8H, Hax), 4.28 (br s, 24H, CH2N and ArOCH2), 3.90 (t, J = 5.0 Hz, 16H,
ArOCH2CH2), 3.56 (q, J = 6.9 Hz, 16H, OCH2CH3), 3.35 (d, J = 13.8 Hz, 8H, Heq), 3.05-2.90 (m, 16H,
NH+(CH2CH3)2), 1.62 (s, 6H, CCH3), 1.22 (t, J = 7.2 Hz, 24H, OCH2CH3), 0.95-0.85 (m, 24H,
NH+(CH2CH3)2); 13C NMR (75 MHz, CD3OD, 293 K): δ = 213.0 (s, PdC(O)); 31P{1H} NMR (121 MHz,
CD3OD, 293 K): δ = 12.1 (s).
Chloride test of capsule 1a·2
Mixing water solutions of 1a and 2 resulted in the precipitation of capsule 1a·2. The chloride test with
silver nitrate was used to determine the concentration of sodium chloride in the precipitated capsule, as is
described below. The molar solubility of AgCl in CH3OH was visually determined by the addition of one

52

Diphosphine Based Capsules for the Encapsulation of Transition Metals

drop of a saturated aqueous AgNO3 solution to NaCl solutions in methanol (0.01-10 mM) and was found
to be 0.50 mM. Next, one drop of the AgNO3 solution was added to capsule 1a·2 formed in situ in
methanol (1a/2 = 1:1, 2 mM). As expected, AgCl precipitated immediately confirming the presence of
chloride ions in solution. Subsequently equimolar water solutions of 1a and 2 were mixed, the precipitate
was filtered, washed with water (the water layers were combined), dried and re-dissolved in methanol.
Upon addition of one drop of the AgNO3 solution to the combined water layers AgCl precipitated
immediately. However, addition of one drop of the AgNO3 solution to the re-dissolved capsule in
methanol (2 mM) did not result in any precipitation. The maximum concentration of NaCl that can be
present in the solution of capsule 1a·2 is ≤ 0.50 mM, indicating that at most 6 % of the chloride that was
initially present in 1a (8 mM) is present in capsule 1a·2. These chloride tests show that mixing equimolar
water solutions of 1a and 2 results in the precipitation of capsule 1a·2 in the absence of NaCl and the
presence of NaCl in the water filtrate. This experiment was performed in duplo.
Job Plot
Equimolar solutions (2 mM) of 1a and 2 in CD3OD were prepared and mixed in various ratios. In this
way the total concentration of 1a and 2 was kept constant at 2 mM and only the 1a/2 ratio was varied. 1H
NMR spectra of the mixtures were recorded, and the chemical shifts of 1a were analyzed by Job’s method
of continuous variation, i.e. a plot of the capsule concentration as a function of the mol fraction of 2.23
1

H NMR titrations
The 1H NMR titrations of 2 with 1a and of 2 with 1c were measured in CD3OD at 298 K under inert
conditions. Because of solubility reasons the concentration of 2 was kept constant and low in all the
samples (1 mM) whereas the concentrations of 1a and 1c were varied from 0 to 3 mM. The chemical
shifts of the diphosphine protons CH2NH+(CH2CH3)2 of 1a·2 and 1c·2, relative to the chemical shifts of
1a respectively 1c were followed and fitted to a 1:1 binding model using a least-squares fitting
procedure.24a The association constants K for a single run were calculated as the mean of the values
obtained for each of the followed diphosphine signals, weighted by the observed changes in chemicals
shift.24b The association constants from different runs were then averaged. The titrations were carried out
in duplo. The association constant found for capsule 1a·2 is K1a·2 = 6·104 M–1 and for capsule 1c·2 is K1c·2
= 6·103 M–1. Lines in the titration curves are best-fit curves calculated by nonlinear regression.
1D-NOESY measurements
1D transient NOE experiments (DPFGSE excitation = double pulsed field gradient spin-echo) of capsule
1a·2 (1a/2 = 1:2, [1a] = 3mM, CD3OD), capsule 1b·2 (1b/2 = 1:2, [1b] = 3mM, CD3OD), capsule 1c·2
(1c/2 = 1:2, [1c] = 3mM, dmso-d6) were carried out at 298 K. Negative NOE enhancements were
observed between the NH+(CH2CH3)2 protons of the diphosphine building block (1a, 1b or 1c), and the
aromatic protons of 2 upon selective saturation of the methyl protons NH+(CH2CH3)2 of the
diphosphine.15b
DOSY measurements
In all the DOSY experiments of the free building blocks as well of the capsules, the concentrations of 1a,
1b, 1c and 2 were kept constant at 2 mM, this resulted in a 1:1 ratio of the capsules building blocks 1 and
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2. The NH+(CH2CH3)2 protons of 1a, 1b and 1c and the OCH2CH3 protons of 2 were used for the
calculation of the diffusion coefficients. The diffusion measurements were carried out on a Varian Inova
500 equipped with a Performa II pulsed gradient unit able to produce magnetic field pulse gradients of
about 30 Gcm–1 in the z-direction. The 1H DOSY experiments were carried out in a 5 mm inverse probe at
296 K. The magnetic field pulse gradients were of 1.5 ms duration followed by a stabilization time of 2
ms. The diffusion delay was set to 0.2 s. The magnetic field pulse gradients were incremented from 0 to
25 Gcm–1 in ten steps and the stimulated spin echo experiment was performed with compensation for
convection. The pulse sequence was developed by Evans and Morris (University of Manchester). The
diffusion coefficients D are calculated according to the Stejskal-Tanner equation: ln(I/I0) = –[γ2δ2G2(Δ–
δ/3)]D, where I is the peak area, I0 is the peak area in the absence of gradients, γ the magnetogyric ratio of
the observed nucleus, δ is the gradient duration, G the strength of the gradient pulse in T/m, Δ the
diffusion time and D the diffusion coefficient.21d The hydrodynamic radius r was calculated according to
the Stokes-Einstein equation: D = (kBT)/(6πηr), where D is the diffusion coefficient, kB is the Boltzmann
constant, T is the temperature in Kelvin, η is the viscosity of the solution, and r is the radius of the
molecular sphere (hydrodynamic radius). The viscosity of neat methanol-d4 at 295 K and neat dmso-d6 at
293 K was used.
ESI-MS measurements
Samples of the capsules 1a·2, 1b·2, and 1c·2 (PP/calix = 1/1) with initial concentrations of 100-250 μM
were diluted in 70% MeOH sometimes with the addition of formic acid to a final concentration of 1%.
Comparison of the measured isotope patterns of capsules 1a·2, 1b·2, and 1c·2 with the calculated ones
confirm their elemental composition and charge state. The capsules ion peaks correspond to 1:1
complexes and no ion peaks for higher aggregates were detected. From the survey MS spectra individual
candidate ions were selected for collision induced dissociation (CID) MSMS with Argon as collision gas.
The assignment of the capsule’s ion peaks is confirmed by CID experiments. Upon collision induced
dissociation of the capsule’s ion peaks, product peaks appeared that correspond to the diphosphine
building blocks 1a, 1b, and 1c respectively at m/z 460.4 for [1a – 4Cl – 2H]2+, at m/z 562.8 for [1b – 4Cl
– Br – 3H]2+, and at m/z 562.9 for [1c – 5CF3SO3 – 3H]2+. Comparison of the ESI-MS spectra of 1b (see
synthesis) and of capsule 1b·2 shows in both cases a heterolytic splitting of the Pd-Br bond. The reported
m/z correspond to the monoisotopic ion peak (first isotope). Capsule 1a·2 (C103H132N4O21P2S4) ESIMS (m/z, CH3OH): [1a·2 + 3H]3+ found 651.263, calcd. 651.265; [1a·2 + 2H + 1Na]3+ found 658.602,
calcd. 658.593; [1a·2 + 1H + 2Na]3+ found 665.921, calcd. 665.920; [1a·2 + 3Na]3+ found 673.251, calcd.
673.247; [1a·2 + 2H]2+ found 976.354, calcd. 976.394; [1a·2 + 1H + 1Na]2+ found 987.327, calcd.
987.385; [1a·2 + 2Na]2+ found 998.325, calcd. 998.375. Capsule 1b·2 (C110H136N5O21P2PdS4Br)
ESI-MS (m/z, CH3OH): [1b·2 + 2H – Br]3+ found 719.549, calcd. 719.576; [1b·2 + 1H + 1Na – Br]3+
found 726.881, calcd. 726.909; [1b·2 + 2Na – Br]3+ found 734.219, calcd. 734.230; [1b·2 + 1H – Br]2+
found 1078.823 calcd. 1078.860. Capsule 1c·2 (C111H136N5O24P2PdS5F3) ESI-MS (m/z, CH3OH):
[1c·2 – CF3SO3 + 2H]3+ found 719.696, calcd. 719.576; [1c·2 – CF3SO3 + 1H]2+ found 1079.045, calcd.
1078.860.
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3.1

Introduction

Supramolecular capsules are composed of two or more, not necessarily identical, building
blocks programmed to self-assemble in solution into the desired structure.1 The capsule’s
building blocks have a similar size, complementary functional groups and associate via multiple
reversible non-covalent interactions such as hydrogen bonds, metal-ligand and ionic
interactions.2-4 Self-assembly of the capsules described in this Chapter is driven by multiple ionic
interactions. Timmerman, Crego-Calama and co-workers have reported ionic-based capsules
constituted of one tetrasulfonated calix[4]arene and one tetracationic Zn(II) porphyrinate or
tetracationic calix[4]arene (Figure 1a).4b-c,4g Schrader and co-workers have studied ionic-based
capsules composed of one tetraanionic calix[4]arene and one tetracationic calix[4]arene (Figure
1b).4a,4g Verboom and co-workers have reported ionic-based capsules constituted of two
tetracationic cavitands and four monovalent anions (Figure 1c).4e In contrast to hydrogen bonded
capsules, ionic-based capsules are generally stable in polar solvents, do not require an external
guest (but contain solvent) as a template for capsule formation, and undergo an exchange process
fast on the NMR time scale between the capsule’s free and bound building blocks.

Figure 1 Supramolecular capsules based on ionic interactions and composed of a calix[4]arene
and a Zn(II) porphyrinate (a), two calix[4]arenes (b), and two cavitands and four anions (c).
In Chapter 2 of this thesis we have reported an ionic-based capsule composed of a
tetracationic xantphos-type diphosphine and a tetraanionic calix[4]arene.5 Encapsulation of a
palladium atom within this capsule is achieved by using the metal complex of the tetracationic
diphosphine ligand for the assembly process (Figure 2). In this templated approach to metal
encapsulation, the transition metal complex is an integrated part of the capsule with the transition
metal located inside the capsule and it is not involved in the assembly process.3j,6 Hence, the
encapsulated metal is still available for catalytic transformations.
Transition metal complexes containing diphosphine ligands represent an important class
of catalysts.7 Our aim in this Chapter is to achieve a better understanding of the factors that
determine capsule formation and stability, in order to enlarge the scope of metallo-diphosphine
capsules. Here, we report diphosphine capsules based on a tetracationic diphosphine and a
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tetraanionic calix[4]arene. To show the versatility of the diphosphine capsules we have used
various tetracationic diphosphines with different backbones (ethylene, diphenylether and
xanthene) and different binding motifs (p-C6H4-CH2-ammonium, m-C6H4-ammonium and mC6H4-guanidinium). In addition, we report the formation and characterization of the metallodiphosphine capsules based on palladium complexes of the tetracationic diphosphines.I

Figure 2 Encapsulation of a palladium species within an ionic-based capsule composed of a
Pd(diphosphine)-complex and a calix[4]arene: molecular and modeled structures.

3.2

Capsules based on cationic diphosphines: backbone variation

In this section we report the study on ionic-based capsules composed of a tetracationic
diphosphine and a tetraanionic calix[4]arene.5 The tetracationic diphosphines used here have
different shapes and flexibility properties as a result of their different backbones, i.e. ethylene
(dppe), diphenyl ether (DPEphos) and xanthene (Xantphos).

3.2.1 Tetracationic diphosphines with various backbones
The cationic charges on the diphosphine ligands are created by functionalizing the four
phenyl groups on the phosphorus atoms. The tetrakis-ammonium diphosphine ligands A and B
are prepared from the corresponding tetrakis-amine precursors a and b. Tetrakis(pdiethylbenzylamine)-dppe a and tetrakis(p-diethylbenzylamine)-DPEphos b are prepared by the
reaction of the lithiated product of p-bromobenzyldiethylamine with a phosphorus electrophile,
i.e. the corresponding bisdichlorophosphines, similar to tetrakis(p-diethylbenzylamine)-xantphos
c.8 Reaction of the commercially available 1,2-bis(dichlorophosphino)ethane with the lithiated
product of p-bromobenzyldiethylamine gave the tetrakis(p-diethylbenzylamine)-dppe a in 60%
yield (Scheme 1a).9 The synthesis of the precursor 2,2’-bis(dichlorophosphino)-4,4’-dimethyldiphenyl ether was done as reported by van Leeuwen, Müller and co-workers.10 First, the
bisdiethylamino phosphane was prepared by lithiation of the 4,4’-dimethyldiphenyl ether
I

In the appendix of this Chapter an overview is given of the notations and structures of the compounds
used in this Chapter, i.e. diphosphines, palladium-diphosphine complexes, calix[4]arene and the
corresponding capsules.
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backbone and a subsequent reaction with ClP(NEt2)2. Next, the bisdichlorophosphine compound
was prepared by reaction with HCl. Reaction of the bisdichlorophosphine with the lithiated
product of p-bromobenzyldiethylamine gave the tetrakis(p-diethylbenzylamine)-DPEphos b in
60% yield (Scheme 1b).
Selective N-protonation of tetrakis(p-diethylbenzylamine)-diphosphines a and b by HCl
in diethyl ether resulted in the corresponding tetrakis(p-diethylbenzylammonium)-diphosphine
ligands A-HCl and B-HCl, similar to the xantphos-type diphosphine C-HCl (Scheme 2).8a The
electronic effect of the ammonium groups of A-HCl and B-HCl on the phosphorus atoms is
negligible because of the presence of the benzylic methylene-spacer. Indeed, 31P NMR data
confirm that the phosphines are barely affected by the electron-withdrawing ammonium groups,
see Scheme 2.8b,11
The tetraanionic building block tetrasulfonatocalix[4]arene tetrasodiumsalt 2-SO3Na is
prepared according to a literature procedure and is subsequently acidified to give the
tetrasulfonicacid-calix[4]arene 2-SO3H (Scheme 3).8a,4b,12 During the synthesis of the
tetrasodium salt, we did not succeed in isolating the corresponding tetraacid prior to
neutralization. Fortunately, exchange of the sodium cations of 2-SO3Na with protons was easily
achieved with the strongly acidic Amberlyst® 15 ion-exchange resin to give 2-SO3H. All new
compounds described in this Chapter have been characterized by NMR and mass spectrometry
techniques (see Experimental section).

Scheme 1 Synthesis of tetrakis(p-diethylbenzylamine)-diphosphines of the dppe-type a (a) and
the DPEphos-type b (b).
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Scheme 2 Selective N-protonation of a and b to give the tetrakis(p-diethylbenzylammonium)diphosphines A-HCl and B-HCl.

Scheme 3 Acidification of tetrasulfonatocalix[4]arene tetrasodiumsalt 2-SO3Na to give the
tetrasulfonicacid-calix[4]arene 2-SO3H.

3.2.2 Self-assembly of the diphosphine capsules
The hetero-dimeric diphosphine capsules A·2, B·2 and C·2 consist of the tetracationic
diphosphines A, B and C and the complementary tetraanionic calix[4]arene 2. Self-assembly of
these ionic-based capsules is simply achieved by mixing methanol solutions of the corresponding
building blocks. Capsule formation is evidenced by NMR spectroscopy and mass spectrometry.
We have developed two approaches for capsule assembly. The first approach involves mixing of
the pre-charged building blocks e.g. tetraammonium-diphosphine A-HCl and tetrasulfonatocalix[4]arene tetrasodiumsalt 2-SO3Na to give capsule (A-HCl)·2 (Scheme 4a). Capsules (BHCl)·2 and (C-HCl)·2 are prepared in a similar fashion. All the capsules are instantaneously
formed upon mixing methanol solutions of the building blocks and contain four equivalents of
the corresponding NaCl salt. The second approach involves mixing of the neutral building blocks
e.g. tetraamine-diphosphine a and tetrasulfonicacid-calix[4]arene 2-SO3H to give capsule (A)·2
(Scheme 4b). Capsules (B)·2 and (C)·2 are prepared in a similar fasion. Upon mixing methanol
solutions of the neutral building blocks, the tetrasulfonicacid-calix[4]arene quantitatively
protonates the tetraamine-diphosphines.4f,4h The charged building blocks assemble into capsules
(A)·2, (B)·2 and (C)·2 without salt formation as co-product. Capsules are more stable, i.e. have a
higher association constant, when no salt is present in solution.13 Still, in both approaches the
capsules are in equilibrium with their charged and/or neutral building blocks. All diphosphine
based capsules appear to be soluble and stable in the polar, protic methanol, as will be clear from
the evidence presented in the next section.
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Scheme 4 Self-assembly of capsules A·2, B·2 and C·2 by the use of pre-charged (a) and neutral
(b) building blocks (schematic picture).

3.2.3 Characterization of the diphosphine capsules
The evidence for the formation of the diphosphine based capsules A·2 and B·2, composed
of dppe- and DPEphos-type ligands A and B, is similar to that obtained for capsule C·2 based on
the xantphos-type ligand C, which was reported in Chapter 2.5 As can be seen in Figure 3 and
Table 1, the 1H NMR spectra of capsules A·2, B·2 and C·2 in CD3OD show sharp resonances
and large upfield shifts for the diethylammoniummethyl substituents, CH2NH+(CH2CH3)2, with
respect to those of the corresponding free diphosphines A, B and C. The chemical shifts of the
other protons are less affected (Δδ < 0.20 ppm). The upfield shifts point to partial inclusion of
the diethylammoniummethyl substituents inside the hydrophobic cavity of the capsules.4c,5
1
H NMR titrations were carried out in CD3OD (298 K) providing stability constants of
KA·2 = 3·104, KB·2 = 8·104 and KC·2 = 6·104 M–1 for capsules (A-HCl)·2, (B-HCl)·2 and (CHCl)·2, respectively (Table 1 and Figure 4).5 Crego-Calama, Corbellini and co-workers have
found association constants in the range of 106 M–1 for ionic-based capsules composed of two
calix[4]arenes in CD3OD.4c The high association constants found for the diphosphine-capsules
confirm that the diphosphine ligands and the tetrasulfonatocalix[4]arene fit well to form stable
capsules at low concentrations. The titration curve fitted to a 1:1 binding model is in line with
the 1:1 stoichiometry of the capsules. As can be seen in Figure 3, a single set of proton
resonances for the free and associated building blocks was observed for capsules self-assembled
from charged or neutral building blocks. This indicates a fast exchange process on the NMR time
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scale between the building blocks that are in the monomeric form (free) and those in the capsular
form (bound). Consequently, the lower symmetry of the capsules compared to the calix[4]arene
2 (C4v) and possible changes in ligand conformation upon capsule formation are not apparent in
the 1H NMR spectra.4b

*
NH+(CH2CH3)2

Diphosphine
A-HCl
CH2NH+
NH+(CH2CH3)2

*
Capsule
(A-HCl)·2

*
Calix 2

ppm (f1)

4.00

3.50

3.00

2.50

2.00

1.50

1.00

0.50

Figure 3 1H NMR spectra in CD3OD at 20 °C. Top: A-HCl (dppe); Middle: capsule (A-HCl)·2
(A/2 = 2/3, [A] = 2 mM); Bottom: 2-SO3Na. Asterisks indicate solvent signals.

Table 1 Upfield shifts (Δδ) for the CH2NH+(CH2CH3)2 protons of the diphosphine capsules with
respect to the corresponding free diphosphines A-HCl, B-HCl and C-HCl, the association
constants and the Gibbs free energy of the corresponding diphosphine capsules (K).
Capsule
Δδ(CH2CH3)a,b Δδ(CH2CH3)a,b Δδ(CH2N)a,b
Ka
ΔG c
(ppm)
(ppm)
(ppm)
(M-1) (KJ/mol)
dppe: (A-HCl)·2
DPEphos: (B-HCl)·2
xantphos: (C-HCl)·2

0.46
0.42
0.43

0.31
0.32
0.33

0.15
0.20
0.25

3·104
8·104
6·104

25.5
28.0
27.3

a

Measured in CD3OD at 298 K. b (A-C)/2 = 1/3, capsules assembled from the pre-charged building
c
blocks. Gibbs free energy was calculated according to ΔG = –RTlnK.

65

Chapter 3

0,50

Δδ(B-HCl) (ppm)

0,40

0,30

0,20

0,10

0,00
0,00

0,50

1,00

1,50

2,00

2,50

3,00

[2-SO3Na]/[B-HCl]

Figure 4 The 1H NMR titration data fitted with a 1:1 binding model for B-HCl (DPEphos) with
2-SO3Na in CD3OD at 298 K. Data points represent the absolute upfield shifts (ΔδB) of
CH2NH+(CH2CH3)2 protons of B·2 relative to the chemical shifts of free B-HCl, ▲ CH2CH3, ●
CH2CH3, ■ CH2N.

NOESY. The 1D-NOESY spectra of the hetero-dimeric capsules A·2 and B·2 in CD3OD display
significant negative intermolecular NOE contacts between the NH+(CH2CH3)2 protons of the
diphosphines A and B and the aromatic protons of 2 upon selective saturation of the methyl
protons of A and B (Figure 5). This illustrates that the aryl-substituents of the diphosphines and
the upper rim of the calix[4]arene are facing one another to form the typical dimeric 1:1 capsular
structure. Small molecules (Mw < 1000) give positive NOE contacts and large molecules (Mw >
2000) give negative NOE contacts because of different intermolecular relaxation pathways. The
negative NOE enhancements observed for the capsules confirm their large size.14
ppm (f1)

7.0

6.0

7.70
ppm (f1)

7.60

observed:
HAr of calix 2

5.0

7.50

7.40

4.0

7.30

7.20

3.0

7.10

2.0

1.0

7.00

irradiated:
NH+(CH2CH3)2 of dppe A

Figure 5 1D-NOESY spectrum of capsule A·2 in CD3OD (inset: spectrum enlargement).
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ESI mass spectrometry. Additional evidence for capsule formation and their stabilities in the
gas-phase was obtained by electrospray ionization mass spectrometry (ESI-MS).15 The ESI-MS
spectra of capsules A·2 and B·2 in CH3OH show prominent ion peaks of the capsules at m/z
908.95 for [A·2 + 2Na]2+ and at m/z 981.99 for [B·2 + H + Na]2+ (Figure 6). All the capsule’s ion
peaks correspond to 1:1 complexes and no ion peaks for higher aggregates were detected. The
assignment of the capsule’s ion peaks is in agreement with the ESI-MS/MS collision induced
dissociation experiments, upon which the isolated capsule’s ion peak (partly) disappeared and
product ion peaks appeared that correspond to the capsule building blocks. These MS/MS
experiments reveal the gas-phase stability of the capsule.
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Figure 6 ESI-MS spectrum of capsule (B-HCl)·2 in CH3OH (inset: measured isotope pattern).

3.2.4 Structure and stability of the diphosphine capsules
Successful formation of stable supramolecular capsules with proper capsular structures
requires their building blocks to be preorganized, i.e. well-programmed for the self-assembly
process. In general, the building blocks should have comparable sizes, complimentary shapes
and functional groups, and contain the proper balance between flexibility/rigidity.4a,4h,16a-b Selfassembly of the hetero-dimeric capsules A·2, B·2 and C·2 is primarily driven by the formation of
multiple intermolecular ionic interactions between the cationic diphosphine and the anionic
calix[4]arene. The three diphosphines contain the same p-diethylbenzylammonium groups but
have different backbones: ethylene A, diphenyl ether B and xanthene C. The molecular size of
the diphosphines is quite similar to that of concave rigid calix[4]arene 2. On the other hand, their
shape and conformational rigidity varies, which allows us to have a closer look at the influence
of the preorganization properties of the building blocks on the capsule’s structure and stability.
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The xantphos-type diphosphine C has a rigid xanthene backbone, two parallel P–Cxanthene
bonds and four cationic benzylic groups which are pointing in the same direction i.e. below the
ligand plane, as can be seen in the modeled structure (PM3-level) of C (Scheme 5c).
Consequently, C has a defined concave structure and is preorganized for capsule formation. The
modeled structure of capsule C·2 shows that the two building blocks are complementary and that
the capsule has a defined and proper capsular structure (Scheme 5c). The high association
constant of capsule (C-HCl)·2, KC·2 = 6·104 M–1 (ΔGC·2 = 27.3 KJ/mol), reflects that C and 2
form a stable capsule. The conformations of free C and bound C are similar, as a consequence of
the rigid C and that only rotation around the two P–Cxanthene bonds is possible.
The diphenyl ether backbone of the DPEphos-type diphosphine B has a size similar to
that of the xanthene backbone of C, but it is flexible as it can rotate around its ether functionality
and P–Cbackbone bonds (Scheme 5b). The ethylene backbone of the dppe-type diphosphine A
results in a slightly smaller diphosphine compared to B and C and is flexible as it can rotate
around three bonds (Scheme 5a). The diphosphines A and B are less preorganized for capsule
formation compared to C as they have no concave structure and their four cationic benzylic
groups are pointing at different directions. Nevertheless, the modeled structure of capsules A·2
and B·2 show that the diphosphines and the calix[4]arene are complementary and that the
capsules have a defined and proper capsular structure (Scheme 5). The high association constants
of capsules (A-HCl)·2 and (B-HCl)·2 (KA·2 = 3·104 M–1, ΔGA·2 = 25.5 KJ/mol and KB·2 = 8·104
M–1, ΔGB·2 = 28.0 KJ/mol) reflect their stability. The flexibility of A and B allows them to adopt
the optimal conformation needed to form a stable capsule. The expected larger entropy loss for A
and B as compared to C does not lead to a major difference in G.
The rigid and concave calix[4]arene 2 fixes the flexible diphosphines A and B into the
proper conformation needed to form a stable capsule. During this fixation the diphosphine is
frozen in its rotation around a few bonds. Hence, only one of the two building blocks needs to be
rigid in order to form a stable capsule with a defined and proper capsular structure.16b-c The finetuning needed to reach a proper capsular structure is achieved for all the diphosphine capsules by
introducing flexibilities at the periphery of the ligand, i.e. rotation of the P-Ar and Ar-CH2
bonds.
The modeled structures of A and A·2 show that in both the free and bound state the
phosphines are in trans-conformation, with a C2 symmetry of A (Scheme 5a). We have also
noticed that the free electron pairs on the phosphorus atoms of A·2 are pointing away from the
capsule while the free electron pairs on the phosphorus atoms of B·2 and C·2 are pointing to the
capsule interior. Clearly, in order to form a metallo-diphosphine capsule, diphosphine capsule
A·2 will have to undergo another conformational change.
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Scheme 5 Self-assembly of diphosphine capsules A·2 (a), B·2 (b) and C·2 (c): modeled and
molecular structures.

3.3

Capsules based on cationic diphosphines: binding motif variation

The tetracationic diphosphines studied so far contain a CH2-ammonium group at the para
position of the phosphorus aryl groups. In this section we describe tetracationic xantphos-type
diphosphines with ammonium and guanidinium groups attached directly to the meta position of
the phosphorus aryl groups.

3.3.1 Tetracationic diphosphines with various binding motifs
The tetrakis(m-aniline)-xantphos ligand d is prepared by the reaction of the commercially
available Grignard reagent 3-[bis(trimethylsilyl)amino]phenylmagnesium chloride with 2,7-di-
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tert-butyl-4,5-bis(dichlorophosphino)-9,9-dimethylxanthene in 25% yield (Scheme 6a).17 This
reaction requires the use of a dichlorophosphine as the phosphorus electrophile because a
diphosphonite is not sufficiently electrophilic to react with the Grignard reagent, which in turn is
less nucleophilic than the organolithium compounds. To our surprise, the N-protecting
trimethylsilyl groups were removed during the workup procedure, which involved excess of
diethylamine, hence no methanolysis step was required.9a In a subsequent step, the tetrakis(maniline)-xantphos d ligand was selectively N-protonated by HCl in diethyl ether to yield the
corresponding tetrakis(m-anilinium)-xantphos D-HCl in a quantitative yield (Scheme 6b).
Stelzer and co-workers have previously reported the synthesis of 4,5-bis[bis(m-N,Ndimethylguanidiniumphenyl)phosphino]-9,9-dimethylxanthene by palladium catalyzed P–C
coupling of m-iodophenylguanidine with the corresponding highly toxic, diprimary phosphine.18
We have prepared tetrakis(m-N,N-dimethylguanidiniumphenyl)-xantphos E-HCl in 89% yield
by reacting tetrakis(m-anilinium)-xantphos D-HCl with excess dimethylcyanamide (Scheme 6b).
The same procedure is described by Stelzer and co-workers for m-guanidinium
phenylphosphines.17a The electronic effect of the cationic groups of D-HCl and E-HCl on the
phosphorus atoms is negligible as is suggested by their similar 31P NMR chemical shifts, see
Scheme 6b.

Scheme 6 Synthesis of tetrakis(m-aniline)-xantphos d (a), tetrakis(m-anilinium)-xantphos DHCl (b) and tetrakis(m-guanidiniumphenyl)-xantphos E-HCl (b).

3.3.2 Self-assembly and characterization of the diphosphine capsules
Self-assembly of capsules D·2 and E·2 is achieved by mixing methanol or dmso solutions
of the corresponding pre-charged building blocks. The 1H NMR spectra of the xantphosanilinium based capsule D·2 in CD3OD and dmso-d6 show sharp resonances. In contract to e.g.
capsule C·2, no significant upfield shifts are observed upon capsule formation (Δδ ≤ 0.07 ppm),
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because no side chains are present in D that change their environment by filling the capsule. The
xantphos-guanidinium based capsule E·2 show sharp resonances and significant upfield shifts for
the guanidinium substituents, with respect to those of the corresponding free diphosphine E:
Δδ(N(CH3)2) = 0.51 ppm in CD3OD and Δδ(NH) = 0.55 ppm in dmso-d6. The upfield shifts
point to partial inclusion of the guanidinium moiety’s inside the hydrophobic cavity of the
capsule. A single set of proton resonances for the free and bound building blocks was observed
for capsules D·2 and E·2. This indicates a fast exchange process on the NMR time scale between
the building blocks that are in the monomeric form (free) and those that are part of the capsule
(bound).
The ESI-MS spectra of capsules D·2 and E·2 in CH3OH show prominent ion peaks of the
capsules at e.g. m/z 914.98 for [D·2 + 2Na]2+ and at m/z 711.07 for [E·2 + 3Na]3+ (Figure 7).
These results support capsule formation and demonstrate their stability in the gas-phase.
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Figure 7 ESI-MS spectrum of capsule (E-HCl)·2 in CH3OH (inset: measured isotope pattern).
Capsule stability against bases and acids is important for their further applications in
catalysis and therefore a few preliminary NMR experiments were performed. The addition of
cesium carbonate (20 equiv.) to a methanol solution of capsule (C)·2 results in the precipitation
of the calix[4]arene 2 and deprotonation of the ammonium-based diphosphine C. We assume
that the cesium cation is encapsulated within the calix[4]arene.19 A similar experiment using
capsule E·2 also results in the precipitation of 2, but the guanidinium-based diphosphine E
remains protonated. This is in line with the strong basicity of guanidine (the conjugate base of
guanidinium). Upon addition of p-toluenesulfonic acid (20 equiv.) to capsule E·2 no
precipitation appears, but judging from the NMR spectra we conclude that the presence of an
acid slightly destabilizes the ionic capsule: Δδ(N(CH3)2+) decreased from 0.51 to 0.42 ppm.
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3.3.3 Structure of the diphosphine capsules
The four positive charges of the xantphos-anilinium ligand D are located directly at the
meta position of the phosphorus aryl groups. The modeled structure (PM3-level) of capsule D·2
shows a highly symmetrical capsular structure with the four aryl groups situated perpendicular to
the capsule equator (Figure 8a). In addition, the ammonium groups are pointing down and each
one is situated between two sulfonato groups of the calix[4]arene and interacts with both
sulfonato groups. According to molecular modeling studies, moving the ammonium groups from
meta to the para position is less favorable because the corresponding capsule enforces a twist in
the phosphorus aryl groups. Introducing a methylene spacer between the aryl-ring and the
cationic group does result in stable capsules, as was shown for capsule C·2. Hence, a careful
design of the building blocks is important.4a,4h,16a-b,20 Unlike the diethylammonium-xantphos
ligand C, the xantphos-anilinium ligand D lacks alkyl substituents on the ammonium groups and
still forms a capsule. Hence, the presence of side chains are not a prerequisite for capsule
formation.
The planar Y-shaped guanidinium group, [NHC(NH2)2]+, is known for its ability to form
directed hydrogen-bonds as well as non-directed ionic interactions, i.e. ionic-hydrogen bonds,
with e.g. complementary oxoanions such as carboxylates.4c,21a The four [NHC(NH2)(NMe2)]+
guanidinium groups of the xantphos-guanidinium ligand E are located directly on the meta
position of the phosphorus aryl groups. The modeled structure of capsule E·2 shows that each
guanidinium group is located between two sulfonato groups of the calix[4]arene and interacts
with both sulfonato groups (Figure 8b).2c,21b-c As a result of the large size of the guanidinium
groups, capsule E·2 is less symmetrical than capsule D·2.

Figure 8 Modeled and molecular structures of diphosphine capsules D·2 (a) and E·2 (b). The
NH hydrogen atoms are visible.
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3.4

Encapsulation of a palladium species

Encapsulation of a transition metal within capsules A·2 and B·2 is achieved by using
palladium dichloride complexes containing tetracationic ligands, i.e. cis-PdCl2(A) (1A) and cisPdCl2(B) (1B).

3.4.1 Palladium complexes containing tetracationic diphosphines
Tetraamine-diphosphine PdCl2-complexes. Palladium dichloride complexes cis-PdCl2(a) (1a)
and cis-PdCl2(b) (1b) containing the tetraamine-diphosphine ligands a (dppe) and b (DPEphos),
were prepared in a straightforward manner by the reaction of the metal precursor (1,5COD)PdCl2 with the corresponding tetraamine-diphosphine in dichloromethane (Scheme 7).10,22
The two Pd-complexes are stable in common organic solvents such as chloroform and
acetonitrile, but 1b is not stable in methanol and decomposes rapidly as is also evident from a
color change from yellow to deep brown-purple. Phosphorus NMR display at least four
multiplets at –8.0, 15.7, 20.1 and 29.7 ppm. The deep brown-purple color suggests that Pd(I)
clusters are formed, probably due to the ligand’s basic amine groups and methanol.23,24

Scheme 7 Synthesis of (tetraamine-diphosphine)PdCl2-complexes 1a (a) and 1b (b).
Tetraammonium-diphosphine PdCl2-complexes. The positive charges on the tetraaminediphosphine ligands of 1a and 1b are created by N-quaternization by protonation or methylation.
Selective N-protonation of 1a and 1b is achieved by a reaction with p-toluenesulfonic acid
(PTSA) to give 1(A-HOTs) and 1(B-HOTs), respectively (Scheme 8a). N-methylation is
preferred over N-protonation, because an acidic proton is more labile than an alkylammonium
group, because deprotonation or even oxidative addition of HX to the metal can take place. We
have previously shown that the tetraamine-xantphos ligand c can be selective N-protonated by
the addition of HCl in diethyl ether, but selective N-methylation was not successful because the
phosphorus atoms are also quaternized under these conditions. The phosphines in the palladium
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complexes 1a and 1b are protected by the metal which enables selective N-methylation with
methyl triflate and methyl tosylate to yield the tetracationic-diphosphine Pd-complexes 1(AMeOTf), 1(B-MeOTf) and 1(A-MeOTs) (Scheme 8b-c). Methyl triflate is an extremely reactive
methylating agent and is about 104 more reactive than methyl tosylate.25 Indeed, we have
observed that N-methylation of 1a and 1b with methyl triflate occurs instantaneously at room
temperature, while N-methylation with methyl tosylate was only successful for 1a and required a
longer reaction time and higher temperatures to reach completion. Interestingly, after protection
of the amines by N-quaternization, the Pd-complexes 1(B-HOTs) and 1(B-MeOTs) are stable in
methanol, in contrast to their neutral (i.e. basic) analogue 1b.

Scheme 8 Selective N-quaternization of the (tetraamine-diphosphine)PdCl2-complexes 1a and
1b by toluenesulfonic acid (a), methyl triflate (b) and methyl tosylate (c) to give the
(tetraammonium-diphosphine)PdCl2-complexes 1A and 1B.

3.4.2 Self-assembly of the palladium-diphosphine capsules
Self-assembly of the metallo-diphosphine capsules was observed upon mixing methanol
solutions of the pre-charged building blocks: (tetraammonium-diphosphine)PdCl2-complex e.g.
1(A-MeOTf), and tetrasulfonato-calix[4]arene tetrasodiumsalt 2-SO3Na (Scheme 9a). The
palladium capsules 1(A-MeOTf)·2, 1(A-MeOTs)·2 and 1(B-MeOTf)·2 are formed
instantaneously and contain four equivalents of the corresponding NaOTf or NaOTs salts.
Capsule formation was also accomplished by mixing methanol or dichloromethane solutions of
the neutral building blocks (tetraamine-diphosphine)PdCl2-complex (1a or 1b), and
tetrasulfonicacid-calix[4]arene 2-SO3H (Scheme 9b). After protonation of the tetraaminediphosphine by the acidic calix[4]arene, the now charged building blocks self-assemble into
capsules 1(A)·2 respectively 1(B)·2 without salt formation. The palladium capsules 1(A)·2 and
74

Design of Metallo Diphosphine Capsules

1(B)·2 hardly dissolve in methanol, unlike the palladium capsules assembled from the precharged building blocks. Addition of 5–10% (v) of the co-solvents dichloromethane or water did
result in better solubility of the capsules. The four equivalents of salt and the NMe+ groups of
capsules 1(A-MeOTf)·2, 1(A-MeOTs)·2 and 1(B-MeOTf)·2 probably facilitate capsule
solubility in methanol compared to the salt free capsules 1(A)·2 and 1(B)·2.

Scheme 9 Self-assembly of palladium-diphosphine capsules 1A·2 and 1B·2 by the use of a precharged (a) and neutral (b) building blocks (schematic picture).

3.4.3 Characterization of the palladium-diphosphine capsules
The 1H NMR spectra of the palladium-diphosphine capsules 1A·2 and 1B·2 show upfield
shifts for the diethylammoniummethyl substituents, CH2N(H/CH3)+(CH2CH3)2, with respect to
those of the corresponding free palladium complexes 1A respectively 1B: Δδ(CH2CH3)2 = 0.28–
0.37, Δδ(CH2CH3)2 = 0.16–0.23, Δδ(CH2N) = 0.06–0.12 and Δδ(NCH3) = 0.07–0.13 ppm
(Figure 9 and Figure 10). The upfield shifts point to partial inclusion of the
diethylammoniummethyl substituents inside the capsule’s hydrophobic cavity. The observed
upfield shifts of the palladium capsules 1A·2 and 1B·2 are smaller than those of the diphosphine
capsules A·2 and B·2 and of the previously reported palladium capsule [Pd(trans-C)(p-C6H4CN)(Br)]·2 (Δδ(CH2CH3) = 0.58, Δδ(CH2CH3) = 0.39, Δδ(CH2N) = 0.17 ppm).5,8a Even though
the amount of Δδ depends on the exact nature of the metal complex, our observations may
indicate that the conformational rigid cis-PdCl2-complexes 1A and 1B experience less side chain
encapsulation and are somewhat “less complementary” to calix[4]arene compared to the
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corresponding free ligands and to the Pd-complex [Pd(C)(p-C6H4-CN)(Br)]. In addition, as the
capsule is also occupied by the palladium dichloride species, less space is available to
accommodate side chains.
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Figure 9 1H NMR spectra of palladium capsule 1(A)·2 self-assembled from neutral building
blocks. (a) 1(A-HOTs) in CD3OD at 20 °C; (b) capsule 1(A)·2 in CD3OD/D2O (90/10 v) at 20
°C, [1A] = [2] = 2mM; (c) capsule 1(A)·2 at 40 °C; (d) 2-SO3Na in CD3OD at 20 oC. Asterisks
indicate solvent signals.
A single set of proton resonances for the free and bound building blocks was observed in
the temperature window 0–60 °C for all the ionic-based palladium capsules. Variable
temperature 1H NMR spectra of the palladium capsules show line-broadening at 20 °C, in
particular for the palladium building blocks, and sharper resonances at higher temperatures (40
and 60 °C) (Figure 9).16b The observed line-broadening indicate that the phosphorus substituents
of the rigid palladium complex are not equivalent anymore upon capsule formation because they
experience different environments. At higher temperatures the exchange process between the
free and bound building blocks and the bond-rotation rates are faster, resulting in sharper NMR
spectra. The phosphorus chemical shifts of 1A and 1B in their capsular form 1A·2 and 1B·2 did
not exhibit a noteworthy shift compared to the monomeric form (Δδ ≤ 0.8 ppm), indicating that
the cis geometry around the phosphorus atoms did not change.26
Additional support for the formation of the palladium capsules 1A·2 and 1B·2 comes
from Job’s plot analysis of titration experiments carried in CD3OD at 60 °C (at 20 °C, the proton
signals were too broad to be accurate determined). The observed maximum at a mol fraction of
0.5 proves the 1:1 stoichiometry between 1(A-MeOTf) and 2-SO3Na, and between 1(B-MeOTf)
and 2-SO3Na (Figure 11).
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Figure 10 1H NMR spectra of palladium capsule 1(B-MeOTf)·2 self-assembled from precharged building blocks in CD3OD. (a) 1(B-MeOTf) at 20 °C; (b) capsule 1(B-MeOTf)·2 at 60
°C, [1B] = 2mM, [2] = 4mM; (c) 2-SO3Na at 20 °C. Asterisks indicate solvent signals.
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Figure 11 Job plot for 1(A-MeOTf) with calix 2-SO3Na (Y = (Δδ1A)*(mol fraction 1A) in
CD3OD at 60 °C. Data points represent the absolute upfield shifts (Δδ1A) of CH2NH+(CH2CH3)2
protons of 1A·2 relative to the chemical shifts of free 1A, ▲ CH2CH3, ■ CH2CH3.
Just like the guanidinium-based capsule E·2, NMR studies show that addition of cesium
carbonate (20 equiv.) to a methanol solution of the palladium capsule 1(A-MeOTf)·2 results in
precipitation of calix[4]arene 2 while the N-methylated Pd-complex 1(A-MeOTf) remains intact.
Upon addition of p-toluenesulfonic acid (20 equiv.) to 1(A-MeOTf)·2 no precipitation appears,
however, judging from the NMR studies, the presence of an acid destabilizes the ionic-based
capsule: Δδ of N(CH2CH3)2+ decreased from 0.35 to 0.09 ppm at 60 °C.
The ESI-MS spectra confirm the formation of the palladium capsules 1A·2 and 1B·2.
Prominent doubly and triply charged ion peaks are observed for the capsules in CH3OH at m/z
957.30 for [1(A)·2 – Cl + H]2+, at m/z 652.60 for [1(A-MeOTf)·2 – 2Cl + Na]3+, at m/z 645.27
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for [1(A-MeOTs)·2 – 2Cl + H]3+, at m/z 1023.37 for [1(B)·2 – 2Cl]2+ and at m/z 701.28 for [1(BMeOTf)·2 – 2Cl + H]3+ (Figure 12 and Figure 13). The charge on the capsules is created by loss
of one or two chlorides from the palladium complex and/or by addition of protons or sodium
cations from the solution. All capsule’s ion peaks correspond to 1:1 complexes and no ion peaks
for higher aggregates were detected. Comparison of the measured isotope patterns of the
capsules with the calculated ones confirms the elemental composition and charge state. The
palladium dichloride complexes contain a tetracationic diphosphine and four tosylate or triflate
counterions. Interestingly, the ESI-MS spectra of the Pd-complexes show that one to three out of
their four tosylate or triflate counterions remain attached to the ammonium groups during the
ionization process. Examples are ion peaks at m/z 694.21 for [1(A-MeOTf) – Cl – OTf]2+, at m/z
659.27 for [1(A-MeOTs) – 2OTs]2+ and at m/z 778.22 for [1(B-MeOTf) – Cl – OTf]2+. None of
the ion peaks of the palladium capsules contain counterions, indicating that the palladium
capsules do not encapsulate counterions. The absence of the counterions also indicates that the
palladium complexes prefer to associate with one calix[4]arene rather than with one to three
tosylate or triflate counterions.13
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Figure 12 ESI-MS spectrum of a palladium capsule 1(A-MeOTf)·2 self-assembled of precharged building blocks (insets: measured isotope patterns).
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Figure 13 ESI-MS spectrum of a palladium capsule 1(B)·2 self-assembled of neutral building
blocks (insets: measured isotope patterns).

3.4.4 Structure of the palladium-diphosphine capsules
After characterizing the metallo-diphosphine capsules 1A·2 and 1B·2, we studied their
capsular structures by molecular modeling (PM3-level). The modeled structures of the d8
palladium complexes 1A and 1B, containing the dppe and DPEphos type ligands, show that they
both adopt a square planar geometry with the diphosphine ligand chelated in a cis fashion
(Scheme 10). The four aryl groups of 1A are pointing slightly more into the same direction than
the aryl groups of 1B, i.e. they are better preorganized for capsule formation. The reported X-ray
structures of related Pd(dppe) and Pd(DPEphos) complexes illustrate that the relative spatial
arrangement of the four aryl groups and the diphenyl ether backbone can vary to some
extent.10a,17b,22,27a-b The resemblance between the modeled structure and the related X-ray
structures is better for 1A than for 1B. The palladium complexes 1A and 1B might be rigid
compared to their corresponding free ligands, but they can still rotate around some bonds, i.e.
around the Pd–P, P–Ar and Ar–CH2 bonds and around the diphenyl ether backbone (Figure 14).
In this way, they can adopt the proper conformation needed for capsule self-assembly. We
assume that the transition metal complexes will adopt higher-energy conformations only if the
energy gain achieved upon capsule formation will compensate the energy loss. The modeled
structures of the palladium capsules 1A·2 and 1B·2 illustrate that the capsules have a proper
capsular structure with the two chlorides pointing into the capsule’s interior. Noteworthy, the
calculated bite angles (P–Pd–P) of 1A and 1B are comparable to the literature values and do not
change significantly upon capsule formation (Table 2).
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Scheme 10 Self-assembly of metallo-diphosphine capsules 1A·2 (a) and 1B·2 (b): modeled and
molecular structures.

Figure 14 Possible bond rotations in the Pd-complexes 1A and 1B.

Table 2 Bite angles (P–Pd–P) for the Pd-complexes 1A and 1B, the Pd-capsules 1A·2 and 1B·2,
and related Pd-complexes.
P–Pd–P

P–Pd–P

1A
1A·2
Pd(dppe)Cl2 a

86o (calc.)
86o (calc.)
86o (X-ray)

1B
1B·2
Pd(DPEphos)Cl2 b

107o (calc.)
111o (calc.)
101o (X-ray)

Pd(dppe) b
(flexibility range)

85o (70o - 95o)
(calc.)

Pd(DPEphos)Cl2 b
(flexibility range)

102o (86o - 120o)
(calc.)

a
b

see reference 27a
see reference 27c
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3.5

Attempts to synthesize biscationic palladium species

We have tried to synthesize biscationic-palladium complexes by chloride abstraction with
silver triflate from the palladium dichloride complexes and capsules described in section 3.4,
which is a prerequisite to obtained catalysis for alkene and CO type substrates. Chloride
abstraction from the tetraamine-diphosphine PdCl2-complexes 1a and 1b by silver triflate in
DCM/MeCN resulted in complex decomposition probably initiated by coordination of silver to
the ligand functions of 1a and 1b. Chloride abstraction from the tetraammonium-dppe complex
1(A-MeOTf) with silver triflate in MeOH or MeCN resulted in a non-complete chloride
abstraction according to ESI-MS analysis. Chloride abstraction from the tetraammoniumDPEphos 1(B-MeOTf) in MeOH by silver trilfate led to complex decomposition. Apparently,
the cationic 1(B-MeOTf)-complex is not stable in MeOH in the presence of silver salts. Chloride
abstraction from 1(B-MeOTf) by silver trilfate in MeCN was not complete after 16 h and
required excess silver triflate to reach completion. The product was not soluble in
dichloromethane and therefore the excess of silver triflate could not be removed from the
product.
Chloride abstraction from the dppe-based PdCl2-capsule 1(A)·2 by silver triflate in
MeOH/DCM 95/5 (v) resulted in non-complete chloride abstraction according to ESI-MS
analysis. Interestingly, 1H NMR and ESI-MS studies have shown that the ammonium
functionalities of the diphosphine ligand 1(A) remained intact, but the capsule was not present
anymore. We assume that silver has been encapsulated within the sulfonated calix[4]arene 2,
which apparently interferes with capsule formation.28 Indeed, addition of two equivalents of 2SO3Na to the product did result in capsule formation according to the 1H NMR spectra. The
DPEphos-based PdCl2-capsule 1(B)·2 was not soluble in DCM and required 5% of MeOH in
order to dissolve. As could be expected, even 5% of MeOH was enough to decompose the 1(B)complex due to the presence of silver salts.

3.6

Conclusions

In this Chapter we have demonstrated that the scope of capsules based on functionalized
diphosphine ligands or metal complexes thereof can easily be extended. These capsules are
formed by ionic interactions and are composed of a tetracationic diphosphine ligand and a
complementary tetraanionic calix[4]arene. Encapsulation of a transition metal within the
capsules is achieved successfully by self-assembly of a transition metal complex containing a
tetracationic ligand, and a tetraanionic calix[4]arene. Diphosphine ligands with different
flexibilities and shapes (i.e. different backbones and cationic binding motifs) assembled into
(metallo) capsules with the proper capsular structure, as is indicated by 1H NMR, 1D-NOESY,
ESI-MS and modeling studies. The ionic capsules can disassemble under acidic and basic
conditions or due to encapsulation of a metal cation within the calix[4]arene. This approach for
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metal encapsulation opens up new opportunities to control the activity, stability and selectivity of
the potential homogeneous catalysts. The compatibility of capsule formation and their
application as catalysts, i.e. the encapsulated cationic Pd species, is an issue to be addressed in
further studies.

3.7

Appendix

An overview is given of the notations and structures of the compounds used in this Chapter.
Ligands:

Diphosphine

R

a
A-HCl
A-HOTs a
A-MeOTf a
A-MeOTs a

dppe
dppe-HCl
dppe-HOTs
dppe-MeOTf
dppe-MeOTs

p-C6H4-CH2NEt2
p-C6H4-[CH2NHEt2]Cl
p-C6H4-[CH2NHEt2]OTs
p-C6H4-[CH2NMeEt2]OTf
p-C6H4-[CH2NMeEt2]OTs

b
B-HCl
B-HOTs a
B-MeOTf a

DPEphos
DPEphos-HCl
DPEphos-HOTs
DPEphos-MeOTf

p-C6H4-CH2NEt2
p-C6H4-[CH2NHEt2]Cl
p-C6H4-[CH2NHEt2]OTs
p-C6H4-[CH2NMeEt2]OTf

c
C-HCl

xantphos
xantphos-HCl

p-C6H4-CH2NEt2
p-C6H4-[CH2NHEt2]Cl

xantphos-aniline
m-C6H4-NH2
d
xantphos-anilinium
m-C6H4-[NH3]Cl
D-HCl
xantphos-guanidinium
m-C6H4-[NHC(NH2)(NMe2)]Cl
E-HCl
a
These ammonium-diphosphines are used in this Chapter only in the metal-complex form and not as free
ligands.
Diphosphine capsules:
Diphosphine a
Capsule b
General
A
A·2
B
B·2
C
C·2
D
D·2
E
E·2

Capsule c
Neutral BB
(A)·2
(B)·2
(C)·2
-

Palladium-diphosphine capsules:
Pd-complex a
Capsule b
Capsule c
General
Neutral BB
1A
1A·2
1(A)·2
1B
a

1B·2

1(B)·2

Capsule d
Pre-charged BB
(A-HCl)·2
(B-HCl)·2
(C-HCl)·2
(D-HCl)·2
(E-HCl)·2
Capsule d
Pre-charged BB
1(A-MeOTf)·2
1(A-MeOTs)·2
1(B-MeOTf)·2

General notation for the tetracationic diphosphines and their corresp. Pd-complexes, regardless to the
nature of the ammonium groups. b General notation for ALL the capsules, regardless to the nature of their
building blocks (neutral or pre-charged). c Capsules assembled from neutral building blocks. d Capsules
assembled from pre-charged building blocks. 2 = Tetrasulfonatocalix[4]arene.
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3.8

Experimental section

General remarks. All reactions were carried out under a dry, inert atmosphere of purified nitrogen or
argon using standard Schlenk techniques, unless stated otherwise. Solvents were dried and distilled under
nitrogen prior to use. Diethyl ether, tetrahydrofuran (THF), hexanes and pentane were distilled from
sodium/benzophenone. TMEDA (N,N,N’,N’-tetramethylethylenediamine) was distilled from sodium.
Dichloromethane, methanol and acetonitrile were distilled from CaH2. Deuterated solvents were distilled
from the appropriate drying agents. Unless stated otherwise, all chemicals were obtained from
commercial suppliers and used as received. Bis(N,N-diethylamino)chlorophosphine,29 2,7-di-tert-butyl4,5-bis[bis(p-((diethylamino)methyl)phenyl)4,5-bis(dichlorophosphino)-9,9-dimethylxanthene,17b-c
8a
4,5-bis[bis(p-((diethylammoniumchloride)methyl)phenyl)phosphino]-9,9-dimethylxanthene
1,
8a
phosphino]-9,9-dimethylxanthene C-HCl and 5,11,17,23-tetrakis(sulfonato)-25,26,27,28-tetrakis(2ethoxyethoxy)calix[4]arene tetrasodiumsalt 2-SO3Na4b,8a were synthesized according to reported
procedures. NMR spectra were recorded on Varian Inova 500, Bruker Avance DRX 300 and Varian
Mercury 300 NMR spectrometers. Chemical shifts are given relative to TMS (1H and 13C NMR), 85%
H3PO4 (31P NMR) and Cl3CF (19F NMR). Chemical shifts are given in ppm. 1D-NOESY measurements
(1D transient NOE) were carried out with a DPFGSE excitation (double pulsed field gradient spin-echo).
Elemental analyses were performed at the H. Kolbe Mikroanalytisches laboratorium in Mülheim
(Germany). High-resolution fast atom bombardment mass spectrometry (HRMS FAB) measurements
were carried out on a JEOL JMS SX/SX 102A at the Department of Mass Spectrometry at the University
of Amsterdam. Electrospray ionization mass spectrometry (ESI-MS) measurements were carried out on a
Q-TOF (Micromass, Waters, Whyttenshawe, UK) mass spectrometer equipped with a Z-spray orthogonal
nanoelectrospray source, using Econo Tips (New Objective, Woburn, MA) to create an off-line
nanospray, at the Department of Mass Spectrometry of Biomacromolecules at the University of
Amsterdam. Molecular modeling calculations were performed using Spartan ’04 V1.0.3 software, on the
semi-empirical PM3-level. Abbreviations used: Me-p-C6H4SO3– = OTs– and CF3SO3– = OTf– and COD =
cyclooctadiene. The PdCl2(b) and PdCl2(B) complexes containing the DPEphos-type ligand, give broad
carbon resonances in their 13C NMR spectra and therefore could not be characterized by carbon NMR.
Synthesis
1,2-Bis[bis(p-((diethylamino)methyl)phenyl)phosphino]ethane: a
n-Butyllithium (2.5 M in hexanes, 15.09 ml, 37.72 mmol) was
added to 100 ml THF at 0 °C, and the solution was further cooled
to –65 °C. A yellow solution of (4-bromobenzyl)diethylamine
(9.14 g, 37.72 mmol) in 40 ml THF was added to the n-butyllithium solution in 1 h. The resulted pink
reaction mixture was stirred for another 30 min at –45 °C. After cooling the resulting yellow reaction
mixture to –65 °C, a solution of 1,2-bis(dichlorophosphino)ethane (1.99 g, 8.57 mmol) in 30 ml THF was
added in 30 min. The resulted green reaction mixture was allowed to warm to room temperature
overnight. The yellow reaction mixture was hydrolyzed with 3 ml degassed water, and the solvent was
removed in vacuo. Subsequently, the yellow viscous oil was dissolved in diethyl ether and washed with
degassed water. The organic layer was separated, and the aqueous layer was extracted with diethyl ether.
The combined organic layers were dried with MgSO4, and the solvent was removed in vacuo. The
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resulting yellow viscous oil was purified by column chromatography (silica gel: 95-65% PE 40-60, 030% EtOAc, 5% NEt3). The product a was obtained as a white solid (3.80 g, 5.14 mmol, 60 %). 1H NMR
(300 MHz, CDCl3, 293 K): δ = 7.25 (s, 16H, PC6H4), 3.52 (s, 8H, CH2N), 2.48 (q, J = 7.0 Hz, 16H,
CH2CH3), 2.02 (t, J = 3.8 Hz, 4H, CH2CH2), 1.01 (t, J = 7.1 Hz, 24H, CH2CH3); 31P{1H} NMR (121.5
MHz, CDCl3, 293 K): δ = –12.7 (s); 13C{1H} NMR (76 MHz, CDCl3, 293 K): δ = 141.1 (s, Cq, PC6H4),
136.6 (s, Cq, PC6H4), 133.0 (s, CH, PC6H4), 129.3 (s, CH, PC6H4), 57.6 (s, CH2N), 47.1 (s, CH2CH3),
24.4 (s, CH2CH2), 12.1 (s, CH2CH3); HRMS (FAB+): found 739.4990, calcd. for [C46H68N4P2 + H]+
739.4998.
2,2’-[Bis(bis-diethylamino)phosphonito]-4,4’-dimethyl-diphenylether
This compound is synthesized according to a reported procedure.10 A solution
of p-tolylether (5.10 g, 25.72 mmol) and TMEDA (8.54 ml 56.59 mmol) in 20
ml hexanes was stirred and cooled to –45 °C giving a white suspension.
Subsequently n-butyllithium (2.5 M in hexanes, 22.64 ml, 56.59 mmol) was added dropwise and the
reaction mixture was allowed to warm to room temperature overnight resulting in a yellow suspension.
The dilithiosalt was isolated from excess n-butyllithium by leaving the salt to precipitate at –20 °C for 7 h
and subsequently removing the orange supernatant liquid with a syringe (this step is not necessary).
Subsequently, a solution of bis(diethylamino)chlorophosphine (11.38 g, 54.01 mmol) in 40 ml
hexanes/diethyl ether (1/1) was stirred and cooled to –78 °C. The off-white dilithiosalt was dissolved in
40 ml diethyl ether and was slowly added to the solution of ClP(NEt2)2 via a Teflon canula. The reaction
mixture was allowed to warm to room temperature overnight. The salts were filtered off from the yellow
solution and washed twice with diethyl ether. Evaporation of the solvents in vacuo yielded 2,2’-[bis(bisdiethylamino)phosphonito]-4,4’-dimethyl-diphenylether as a yellow oil. 31P{1H} NMR (121.5 MHz, 293
K): δ = 93.53 (s).
2,2’-Bis(dichlorophosphino)-4,4’-dimethyl-diphenylether
This compound is synthesized according to a reported procedure.10 A solution of 2,2’[bis(bis-diethylamino)phosphonito]-4,4’-dimethyl-diphenylether in 600 ml hexanes
was stirred and cooled down to –78 °C. HCl-gas was bubbled into the reaction mixture
during 1.5 h which resulted immediately in large amounts of white precipitation. Subsequently the
reaction mixture was allowed to warm to room temperature. The salts were filtered off and washed with
100 ml of diethyl ether. Evaporation of the solvents resulted in a white powder. Crystallization from 35
ml hexanes at –20 °C yielded 2,2’-bis(dichlorophosphino)-4,4’-dimethyl-diphenylether as an off-white
powder (52 %, 5.34 g, 13.35 mmol). 1H NMR (500 MHz, CDCl3, 293 K): δ = 7.85 (bs, 2H, HAr), 7.30
(dd, J = 1.5 Hz, J = 8.5 Hz, 2H, HAr), 6.81 (dt, J = 3.0 Hz, J = 8.5 Hz, 2H, HAr), 2.44 (s, 6H, CH3);
31
P{1H} NMR (202 MHz, CDCl3, 293 K): δ = 159.12 (s).
2,2’-Bis[bis(p-((diethylamino)methyl)phenyl)phosphino]-4,4’-dimethyldiphenylether: b
n-Butyllithium (2.5 M in hexanes, 11.39 ml, 24.47 mmol) was added to
75 ml THF at 0 °C, and the solution was further cooled to –65 °C. A
yellow solution of (4-bromobenzyl)diethylamine (6.89 g, 28.47 mmol)
in 30 ml THF was added to the n-butyllithium solution in 1 h. The
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resulted pink reaction mixture was stirred for another 30 min at –45 °C. After cooling the resulting pale
orange reaction mixture to –65 °C, a solution of 2,2’-bis(dichlorophosphino)-4,4’-dimethyl-diphenylether
(2.28 g, 5.69 mmol) in 20 ml THF was added in 30 min. The resulted green reaction mixture was allowed
to warm to room temperature overnight. The orange reaction mixture was hydrolyzed with 3 ml degassed
water, and the solvent was removed in vacuo. Subsequently, the yellow viscous oil was dissolved in
diethyl ether and washed with degassed water. The organic layer was separated, and the aqueous layer
was extracted with diethyl ether. The combined organic layers were dried with MgSO4, and the solvent
was removed in vacuo. The resulting yellow viscous oil was purified by column chromatography (silica
gel: 97-45% hexanes, 0-50% EtOAc, 3-5% NEt3). The product b was obtained as a white solid (3.12 g,
3.43 mmol, 60 %). 1H NMR (300 MHz, CDCl3, 293 K): δ = 7.19 (d, J = 7.6 Hz, 8H, PC6H4), 7.13 (m,
8H, PC6H4), 6.87 (d, J = 8.1 Hz, 2H, OC6H3), 6.56 (bs, 2H, OC6H3), 6.42 (m, 2H, OC6H3), 3.51 (s, 8H,
CH2N), 2.47 (q, J = 6.9 Hz, 16H, CH2CH3), 2.09 (s, 6H, CH3), 0.99 (t, J = 7.2 Hz, 24H, CH2CH3);
31
P{1H} NMR (121.5 MHz, CDCl3, 293 K): δ = –16.4 (s); 13C{1H} NMR (76 MHz, CDCl3, 293 K): δ =
157.8 (bs, Cq, CAr), 140.5 (s, Cq, CAr), 135.5 (s, Cq, CAr), 134.6 (s, Cq, CAr), 134.3 (s, CH, OC6H3), 134.0
(s, CH, PC6H4), 132.8 (s, Cq, CAr), 131.0 (s, CH, OC6H3), 129.2 (s, CH, PC6H4), 118.1 (s, CH, OC6H3),
57.7 (s, CH2N), 47.1 (s, CH2CH3), 21.2 (s, CH3), 12.2 (s, CH2CH3); HRMS (FAB+): found 907.5588,
calcd. for [C58H76ON4P2 + H]+ 907.5573; Anal. calcd. for C58H76N4OP2: C 76.79, H 8.44, N 6.18, found:
C 76.67, H 8.40, N 6.11.
1,2-Bis[bis(p-((diethylammoniumchloride)methyl)phenyl)phosphino]ethane: A-HCl
A 2 M solution of HCl in diethyl ether (0.50 ml, 1.00 mmol) was added dropwise to a solution of a (85
mg, 114 μmol) in 10 ml diethyl ether, upon which a white precipitation appeared. After stirring for 30
min. the volatiles were removed in vacuo and A-HCl was obtained as a white powder in quantitative
yield. 1H NMR (300 MHz, CD3OD, 293 K): δ = 7.64 (d, J = 7.9 Hz, 8H, PC6H4), 7.46 (m, 8H, PC6H4),
4.40 (s, 8H, CH2N), 3.23 (m, 16H, CH2CH3), 2.18 (t, J = 4.3 Hz, 4H, CH2CH2), 1.38 (t, J = 7.3 Hz, 24H,
CH2CH3); 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = –12.7 (s); 13C{1H} NMR (75 MHz, CD3OD,
293 K): δ = 139.5 (br s, Cq, PC6H4), 133.2 (t, J = 9.3 Hz, CH, PC6H4), 131.1 (t, J = 3.3 Hz, CH, PC6H4),
130.7 (s, Cq, PC6H4), 55.3 (s, CH2N), 46.7 (s, CH2CH3), 46.6 (s, CH2CH3), 23.0 (br s, CH2CH2), 7.7 (s,
CH2CH3); HRMS (FAB+): found 775.4777, calcd. for [C46H72N4P2Cl4 – 2H – 3Cl]+ 775.4764.
2,2’-Bis[bis(p-((diethylammoniumchloride)methyl)phenyl)phosphino]-4,4’-dimethyldiphenylether:
B-HCl
The compound B-HCl was prepared similarly to A-HCl. 1H NMR (300 MHz, CD3OD, 293 K): δ = 7.62
(d, J = 7.3 Hz, 8H, PC6H4), 7.30 (m, 8H, PC6H4), 7.11 (d, J = 7.9 Hz, 2H, OC6H3), 6.66 (d, J = 4.3 Hz,
2H, OC6H3), 6.53 (m, 2H, OC6H3), 4.41 (s, 8H, CH2N), 3.22 (m, 16H, CH2CH3), 2.16 (s, 6H, CH3), 1.37
(br t, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = –15.3 (s); 13C{1H} NMR (75
MHz, CD3OD, 293 K): δ = 156.9 (br s, Cq, CAr), 138.5 (br s, Cq, CAr), 134.4 (s, CH, CAr), 134.1 (s, CH,
CAr), 133.1 (s, Cq, CAr), 131.4 (s,Cq, CAr), 130.9 (br s, CH, CAr), 130.4 (s, CH, CAr), 126.6 (br s, Cq, CAr),
117.7 (s, CH, CAr), 55.4 (s, CH2N), 46.7 (s, CH2CH3), 46.6 (s, CH2CH3), 19.4 (s, CH3), 7.7 (br s,
CH2CH3); HRMS (FAB+): found 943.5336, calcd. for [C58H80ON4P2Cl4 – 2H – 3Cl]+ 943.5339.
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2,7-Di-tert-butyl-4,5-bis[bis(3-aminophenyl)phosphino]-9,9-dimethylxanthene: d
The
solution
of
2,7-di-tert-butyl-4,5-bis(dichlorophosphino)-9,9dimethylxanthene (3.95 g, 7.57 mmol) in 60 ml THF was added slowly to 1.0
M THF solution of 3-[N,N-bis(trimethylsilyl)amino]phenylmagnesium
chloride (37.83 ml, 37.83 mmol) at –25 °C. The resulted yellow reaction
mixture was allowed to warm to room temperature overnight. The reaction mixture was hydrolyzed with
5 ml degassed water and the solvent was removed in vacuo. Next, in order to receive the crude product as
a powder, it was dissolved in dichloromethane and the solvent was removed in vacuo. Subsequently, the
product was extracted and N-deprotected by solid-liquid extraction with diethylamine (4x, 250 ml, 30
min., filtration over a glass filter (Por 4). The product d was purified by column chromatography (basic
alumina: dichloromethane/methanol). The product was obtained as an orange powder (1.40 g, 1.86 mmol
25%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 7.31 (br s, 2H, PC6H2), 6.97 (t, J = 7.3 Hz, 4H, PC6H4),
6.66 (br s, 2H, PC6H2), 6.57 (m, 12H, PC6H4), 3.52 (br s, 8H, NH2), 1.62 (s, 6H, C(CH3)2), 1.10 (s, 18H,
C(CH3)3); 31P{1H} NMR (121.5 MHz, CDCl3, 293 K): δ = –15.1 (s); 13C{1H} NMR (75 MHz, CDCl3,
293 K): δ = 151.2 (br t, Cq, CAr), 146.3 (t, J = 4.1 Hz, Cq, CAr), 145.4 (s, Cq, CAr), 139.3 (t, J = 6.2 Hz,
Cq, CAr), 130.0 (s, CH, PC6H2), 129.9 (s, Cq, CAr), 129.2 (s, Cq, CAr), 129.0 (s, CH, PC6H4), 124.7 (t, J =
8.8 Hz, CH, PC6H4), 123.2 (s, CH, PC6H2), 121.2 (t, J = 11.0 Hz, CH, PC6H4), 115.5 (s, CH, PC6H4), 35.2
(s, C(CH3)2), 34.9 (s, C(CH3)3), 32.5 (s, C(CH3)2), 31.8 (s, C(CH3)3); HRMS (FAB+): found 751.3678,
calcd. for [C47H52ON4P2 + H]+ 751.3695.
2,7-Di-tert-butyl-4,5-bis[bis((3-ammoniumchloride)phenyl)phosphino]-9,9-dimethylxanthene:
DHCl
A 2 M solution of HCl in diethyl ether (3.20 ml, 6.40 mmol) was added
dropwise to a solution of d (600.7 mg, 800.0 μmol) in 20 ml
dichloromethane, upon which a fine pink precipitation appeared. After
stirring for 30 min. the volatiles were removed in vacuo and D-HCl was
obtained as a pink powder in quantitative yield. 1H NMR (300 MHz,
CD3OD, 293 K): δ = 7.54 (m, 6H, PC6H2 + PC6H4), 7.41 (d, J = 7.4 Hz, 4H, PC6H4), 7.31 (br t, J = 7.3
Hz, 4H, PC6H4), 7.24 (s, 4H, PC6H4), 6.38 (s, 2H, PC6H2), 1.68 (s, 6H, C(CH3)2), 1.08 (s, 18H, C(CH3)3);
31
P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = –13.7 (s); 13C{1H} NMR (75 MHz, CD3OD, 293 K): δ =
146.4, 139.3, 134.5, 134.3, 131.1, 130.1, 129.3, 128.3, 127.7, 127.2, 124.8, 123.6, 34.5, 34.1, 31.7, 30.3;
HRMS (FAB+): found 751.3687, calcd. for [C47H56Cl4N4OP2 – 3H – 4Cl]+ 751.3695.
2,7-Di-tert-butyl-4,5-bis[bis((3-N,N-dimethylguanidiniumchloride)phenyl)phosphino]-9,9dimethylxanthene: E-HCl
An orange suspension of D-HCl (300 mg, 269 μmol) in degassed
dimethylcyanamide (48.9 μl, 6.00 mmol) was heated at 110 °C for 24
h. Subsequently, the clear brown solution was cooled to room
temperature upon which a fine brown precipitation appeared. After
washing the precipitation with diethyl ether (4x), the product E-HCl
was obtained as an orange powder (314 mg, 267 μmol, 89%). 1H
NMR (300 MHz, CD3OD, 293 K): δ = 7.56 (d, J = 2.1 Hz, 2H, PC6H2), 7.47 (t, J = 7.8 Hz, 4H, PC6H4),
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7.30 (d, J = 6.6 Hz, 4H, PC6H4), 7.20 (br t, 4H, PC6H4), 7.12 (br s, 4H, PC6H4), 6.60 (q, J = 2.4 Hz, 2H,
PC6H2), 3.07 (s, 24H, N(CH3)2), 1.67 (s, 6H, C(CH3)2), 1.13 (s, 18H, C(CH3)3); 31P{1H} NMR (121.5
MHz, CD3OD, 293 K): δ = –14.5 (s); 13C{1H} NMR (75 MHz, CD3OD, 293 K): δ = 155.9 (s, Cq, CN3),
149.7 (br s, Cq, CAr), 146.1 (s, Cq, CAr), 138.8 (t, J = 7.0 Hz, Cq, CAr), 136.7 (t, J = 3.7 Hz, Cq, CAr),
132.1 (t, J = 10.7 Hz, CH, CAr), 129.7 (br s, CH, CAr), 129.4 (s, Cq, CAr), 129.0 (br t, CH, CAr), 128.7 (s,
CH, CAr), 124.5 (s, CH, CAr), 124.1 (s, CH, CAr), 37.9 (s, NMe2), 34.6 (s, C(CH3)2), 34.2 (s, C(CH3)3),
31.2 (s, C(CH3)2), 30. 3 (s, C(CH3)3); HRMS (FAB+): found 1031.5829, calcd. for [C59H80ON12P2Cl4 –
3H – 4Cl]+ 1031.5819.
cis-[PdCl2(a)]: 1a
A solution of dppe-p-C6H4-CH2NEt2 a (0.915 g, 1.24 mmol) in 15 ml dichloromethane was added to a
solution of (1,5-COD)PdCl2 (0.354 g, 1.24 mmol) in 20 ml dichloromethane. The pale yellow reaction
mixture was stirred for 1 h at room temperature. Subsequently, the solvent was evaporated and the
precipitate was washed thoroughly three times with 20 ml pentane and dried in vacuo. The product 1a
was obtained as a pale yellow powder (1.10 g, 1.20 mmol, 97%). 1H NMR (300 MHz, CDCl3, 293 K): δ =
7.77 (m, 8H, PC6H4), 7.42 (d, J = 8.0 Hz, 8H, PC6H4), 3.56 (s, 8H, CH2N), 2.50 (q, J = 7.2 Hz, 16H,
CH2CH3), 2.37 (m, 4H, CH2CH2), 1.01 (t, J = 7.1 Hz, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz, CDCl3,
293 K): δ = 64.4 (s); 13C{1H} NMR (75 MHz, CDCl3, 293 K): δ = 145.6 (s, Cq, PC6H4), 133.9 (s, CH,
PC6H4), 129.7 (s, CH, PC6H4), 126.2 (s, Cq, PC6H4), 57.7 (s, CH2N), 47.4 (s, CH2CH3), 28.9 (br s,
CH2CH2), 12.2 (s, CH2CH3); HRMS (FAB+): found 879.3637, calcd. for [C46H68Cl2N4P2Pd – Cl]+
879.3656.
cis-[PdCl2(b)]: 1b
The compound 1b was prepared similarly to 1a. The product was obtained as an orange powder (98%).
1
H NMR (300 MHz, CDCl3, 293 K): δ = 7.48 (m, 8H, PC6H4), 7.22 (m, 8H, PC6H4), 7.06 (d, J = 7.7 Hz,
2H, OC6H3), 6.82 (m, 2H, OC6H3), 6.46 (d, J = 9.2 Hz, 2H, OC6H3), 3.52 (s, 8H, CH2N), 2.48 (q, J = 7.4
Hz, 16H, CH2CH3), 2.00 (s, 6H, CH3), 1.00 (t, J = 7.0 Hz, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz,
CDCl3, 293 K): δ = 19.2 (s); HRMS (FAB+): found 1047.4235, calcd. for [C58H76Cl2N4OP2Pd – Cl]+
1047.4235.
cis-[PdCl2(A-HOTs)]: 1(A-HOTs)
p-Toluenesulfonic acid monohydrate (29.6 mg, 155.4 μmol) was added to a solution of 1a (35.6 mg, 38.9
μmol) in 3 ml methanol. The reaction mixture was stirred for 1 h at room temperature. Next, the solvent
was evaporated and pentane was added to the solid precipitate. After evaporation of the solvent in vacuo
the product 1(A-HOTs) was obtained as a yellow powder in quantitative yield. 1H NMR (300 MHz,
CD3OD, 293 K): δ = 8.00 (m, 8H, PC6H4), 7.69 (d, J = 6.8 Hz, 8H, PC6H4), 7.64 (d, J = 7.9 Hz, 8H, OTs–
), 7.21 (d, J = 7.9 Hz, 8H, OTs–), 4.38 (s, 8H, CH2N), 3.17 (m, 16H, CH2CH3), 2.81 (m, 4H, CH2CH2),
2.32 (s, 12H, CH3, OTs–), 1.29 (t, J = 6.9 Hz, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz, CD3OD, 293
K): δ = 68.3 (s); 13C{1H} NMR (75 MHz, CD3OD, 293 K): δ = 142.2 (s, OTs–), 140.6 (s, OTs–), 134.4 (br
s), 131.6 (br s), 129.8 (s), 129.1 (s), 128.7 (s, OTs–), 125.6 (s, OTs–), 55.1 (s, CH2N), 46.9 (s, CH2CH3),
28.0 (br s, CH2CH2), 20.1 (s, CH3, OTs–), 7.7 (s, CH2CH3); HRMS (FAB+): found 879.3665, calcd. for
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[C74H100Cl2N4O12P2PdS4 – C28H32S4O12Cl]+ 879.3656; ESI-MS (m/z, CH3OH): found. 630.21, calcd. for
[C74H100Cl2N4O12P2PdS4 – C14H14S2O6]2+ calcd. 630.20.
cis-[PdCl2(B-HOTs)]: 1(B-HOTs)
p-Toluenesulfonic acid monohydrate (18.0 mg, 94.4 μmol) was added to a solution of 1b (25.6 mg, 23.6
μmol) in 3 ml dichloromethane. The reaction mixture was stirred for 2 h at room temperature. Next, the
solvent was evaporated and pentane was added to the solid precipitate. After evaporation of the solvent in
vacuo the product 1(B-HOTs) was obtained as an orange powder in quantitative yield. 1H NMR (300
MHz, CD3OD, 293 K): δ = 7.66 (d, J = 8.3 Hz, 8H, OTs–), 7.60 (m, 16H, PC6H4), 7.30 (d, J = 8.3 Hz,
2H, OC6H3), 7.20 (d, J = 7.9 Hz, 8H, OTs–), 6.95 (m, 2H, OC6H3), 6.50 (d, J = 10.0 Hz, 2H, OC6H3),
4.36 (dd, J = 13.3 Hz and 18.8 Hz, 8H, CH2N), 3.17 (m, 16H, CH2CH3), 2.32 (s, 12H, CH3, OTs–), 2.05
(s, 6H, CH3), 1.28 (t, J = 7.3 Hz, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = 20.3
(s); HRMS (FAB+): found 1047.4226, calcd. for [C86H108Cl2N4O13P2PdS4 – C28H32S4O12Cl]+ 1047.4235;
ESI-MS (m/z, CH3OH): found. 464.48, calcd. for [C86H108Cl2N4O13P2PdS4 – C14H14S2O6Cl]3+ calcd.
464.49.
cis-[PdCl2(A-MeOTf)]: 1(A-MeOTf)
Methyl trifluoromethanesulfonate (0.34 ml, 3.00 mmol) was added dropwise to a solution of 1a (0.46 g,
0.50 mmol) in 20 ml dichloromethane resulting in some orange precipitation. The reaction mixture was
stirred for 2 h at room temperature. Next, the solution was concentrated to 2 ml, and 10 ml of diethyl
ether was added which resulted in more precipitation. The supernatant was removed and the crude
product was washed twice with diethyl ether and dried in vacuo. The product 1(A-MeOTf) was obtained
as an off white fine powder (0.75 g, 0.48 mmol, 96%). 1H NMR (300 MHz, CD3OD, 293 K): δ = 8.04 (m,
8H, PC6H4), 7.75 (d, J = 7.0 Hz, 8H, PC6H4), 4.56 (s, 8H, CH2N), 3.39 (m, 16H, CH2CH3), 2.95 (s, 12H,
NCH3), 2.87 (m, 4H, CH2CH2), 1.41 (t, J = 7.2 Hz, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz, CD3OD,
293 K): δ = 69.3 (s); 13C{1H} NMR (75 MHz, CD3OD, 293 K): δ = 133.9 (br s), 132.1 (s), 130.3 (s),
129.6 (s), 120.5 (q, J = 319 Hz, CF3), 63.6 (s, NCH3), 55.9 (s, CH2N), 46.0 (s, CH2CH3), 27.8 (br s,
CH2CH2), 6.9 (s, CH2CH3); 19F NMR (282 MHz, CD3OD, 293 K): δ = –77.8 (s); HRMS (FAB+): found
1423.2822, calcd. for [C54H80Cl2F12N4O12P2PdS4 – CF3SO3]+ 1423.2832.
cis-[PdCl2(B-MeOTf)]: 1(B-MeOTf)
The compound 1(B-MeOTf) was prepared similarly to 1(A-MeOTf). The product was obtained as an
ocher fine powder (92%). 1H NMR (300 MHz, CD3OD, 293 K): δ = 7.68 (m, 16H, PC6H4), 7.33 (d, J =
8.3 Hz, 2H, OC6H3), 6.99 (m, 2H, OC6H3), 6.58 (d, J = 10.5 Hz, 2H, OC6H3), 4.53 (dd, J = 12.9 Hz and
24.2 Hz, 8H, CH2N), 3.63 (m, 16H, CH2CH3), 2.93 (s, 12H, NCH3), 2.07 (s, 12H, CH3), 1.40 (t, J = 6.7
Hz, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = 21.2 (s); 19F NMR (282 MHz,
CD3OD, 293 K): δ = –80.4 (s); HRMS (FAB+): found 1591.3403, calcd. for [C66H88Cl2F12N4O13P2PdS4 –
CF3SO3]+ 1591.3411.
cis-[PdCl2(A-MeOTs)]: 1(A-MeOTs)
Methyl p-toluenesulfonate (222 μl, 1.464 mmol) was added to the yellow solution of 1a (224 mg, 244
μmol) in 10 ml acetonitrile. The reaction mixture was stirred at 70 °C for three days. After cooling to
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room temperature, the reaction mixture was filtered through Celite filter aid to remove the formed
metallic palladium. The Celite filter aid was washed with methanol and the solvents were evaporated.
Next, the crude product was dissolved in 2 ml of acetonitrile and the addition of 15 ml diethyl ether
resulted in a fine precipitation. Removing the supernatant and drying of the precipitate in vacuo gave the
product 1(A-MeOTs) as an orange microcrystalline solid (358 mg, 216 μmol, 88%). 1H NMR (300 MHz,
CD3OD, 293 K): δ = 8.06 (m, 8H, PC6H4), 7.73 (d, J = 7.8 Hz, 8H, PC6H4), 7.63 (d, J = 8.1 Hz, 8H, OTs–
), 7.19 (d, J = 7.8 Hz, 8H, OTs–), 4.52 (s, 8H, CH2N), 3.33 (m, 16H, CH2CH3), 2.89 (s, 12H, NCH3), 2.80
(m, 4H, CH2CH2), 2.32 (s, 12H, CH3, OTs–), 1.35 (t, J = 7.2 Hz, 24H, CH2CH3); 31P{1H} NMR (121.5
MHz, CD3OD, 293 K): δ = 68.7 (s); 13C{1H} NMR (75 MHz, CD3OD, 293 K): δ = 142.6 (s, OTs–), 140.4
(s, OTs–), 134.0 (br s), 132.2 (s), 130.4 (s), 129.7 (s), 128.7 (s, OTs–), 125.6 (s, OTs–), 63.5 (s, NCH3),
55.9 (s, CH2N), 46.0 (s, CH2CH3), 27.9 (br s, CH2CH2), 20.1 (s, CH3, OTs–), 7.1 (s, CH2CH3); HRMS
(FAB+): found 1489.4620, calcd. for [C78H108Cl2N4O12P2PdS4 – C7H7SO3]+ 1489.4625.
General procedure for chloride abstraction attempts from 1a, 1b, 1A, 1B, 1(A)·2 and 1(B)·2
Silver triflate solution in dichloromethane, acetonitrile or methanol was added to the solution of the
dichloride compounds. The reaction mixture was stirred in dark at room temperature for 1–16 h.
Subsequently, the reaction mixture was filtered through Celite filter aid and evaporated to dryness in
vacuo.
5,11,17,23-Tetrakis(sulfonicacid)-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene: 2-SO3H
To a white suspension of tetrasulfonatocalix[4]arene tetrasodiumsalt 2-SO3Na (2.02 g, 1.80
mmol) in 35 ml methanol was added 3.6 g of the strongly acidic Amberlyst® 15 ion-exchange
resin (macroreticular resin with sulfonic acid functionality). The reaction mixture was stirred
for 1 h at room temperature. Subsequently, the clear pale yellow solution was filtered and
upon evaporation of the solvent in-vacuo, the product 2-SO3H was obtained as a brown
sticky solid in quantitative yield. 1H NMR (300 MHz, CD3OD, 293 K): δ = 7.38 (s, 8H, HAr), 4.74 (d, J =
12.8 Hz, 4H, CHH’), 4.31 (t, J = 5.0 Hz, 8H, OCH2CH2), 3.91 (t, J = 5.0 Hz, 8H, OCH2CH2), 3.56 (q, J =
7.0 Hz, 8H, OCH2CH3), 3.39 (d, J = 12.9 Hz, 4H, CHH’), 1.22 (t, J = 7.0 Hz, 12H, OCH2CH3); 1H NMR
(300 MHz, CD2Cl2, 293 K): δ = 11.0 (bs, SO3H); 13C{1H} NMR (75 MHz, CD3OD, 293 K): δ = 158.8 (s,
Cq, CAr), 136.7 (s, Cq, CAr), 135.0 (s, Cq, CAr), 126.4 (s, CH, CAr), 73.8 (s, CH2), 69.6 (s, CH2), 66.3 (s,
CH2), 30.8 (s, ArCH2Ar), 14.8 (s, CH3).
General procedure for the self-assembly of the diphosphine capsules by the use of pre-charged
building blocks
Capsule self-assembly was done in situ. Equimolar methanol solutions of the tetracationic diphosphine
(A-HCl or B-HCl or C-HCl) and the tetraanionic calix[4]arene 2-SO3Na were mixed at room
temperature, resulting in the immediate formation of the corresponding capsule ((A-HCl)·2, (B-HCl)·2
and (C-HCl)·2 respectively). Self-assembly of capsules (D-HCl)·2 and (E-HCl)·2 was done in a
similar way.
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General procedure for the self-assembly of the diphosphine capsules by the use of neutral building
blocks
Methanol solution of the tetraacidic calix[4]arene 2-SO3H (1 equiv.) was slowly added to a methanol
solution of the tetraamine diphosphine (a or b or c) (1 equiv.). The solution was stirred for 30 min. at
room temperature and subsequently the solvent was evaporated resulting in the corresponding capsule
((A)·2, (B)·2 and (C)·2 respectively).
General procedure for the self-assembly of Pd-capsules by the use of pre-charged building blocks
Capsule self-assembly was done in situ. Equimolar methanol solutions of the palladium tetracationicdiphosphine complex (1(A-MeOTf) or 1(A-MeOTs) or 1(B-MeOTf)) and the tetraanionic calix[4]arene
2-SO3Na were mixed at room temperature, resulting in the immediate formation of the corresponding
capsule (1(A-MeOTf)·2, 1(A-MeOTs)·2 and 1(B-MeOTf)·2 respectively).
Self-assembly of Pd-capsules by the use of neutral building blocks: Capsule 1(A)·2
Equimolar methanol solution of the tetraacidic calix[4]arene 2-SO3H (1 equiv.) was slowly added to a
methanol solution of 1a (1 equiv.) upon which some precipitation appeared. The reaction mixture was
stirred for 30 min. at room temperature and subsequently the solvent was evaporated resulting in capsule
1(A)·2.
Self-assembly of Pd-capsules by the use of neutral building blocks: Capsule 1(B)·2
Equimolar dichloromethane solution of the tetraacidic calix[4]arene 2-SO3H (1 equiv.) was slowly added
to a dichloromethane solution of 1b (1 equiv.) upon which precipitation appeared. The reaction mixture
was stirred for 30 min. at room temperature and subsequently the solvent was evaporated resulting in
capsule 1(B)·2. Note: self-assembly of capsule 1(B)·2 was done in dichloromethane because of the
instability of 1b in methanol. After the capsule was formed the capsule was stable and soluble in
MeOH/CH2Cl2 or MeOH/H2O mixtures.
NMR characterization of the capsules
Upfield shifts (ΔδH) of the CH2N(H+/CH3+)(CH2CH3)2 protons of the bound PP- or Pd(PP)-building
blocks upon capsule formation are given, with respect to those of the corresponding free building blocks
(for capsules assembled from neutral building blocks ΔδH is calculated with respect to the corresponding
protonated building blocks) (Table 3). Some of the proton resonances were not visible because they
overlap with other signals or are very broad, or because of H–D exchange with CD3OD. Capsule (DHCl)·2 did not show significant upfield shifts upon capsule formation (ΔδH ≤ 0.07 ppm). Capsule (EHCl)·2: Δδ(N(CH3)2) = 0.51 ppm in CD3OD and Δδ(NH) = 0.55 ppm in dmso-d6. The phosphorus
chemical shifts of the diphosphines A-E and the Pd-diphosphines 1A and 1B in their capsular form (AF)·2 or 1(A-B)·2 did not exhibit a noteworthy shift compared to the monomeric form (Δδ ≤ 0.8 ppm).
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Table 3 Observed upfield shifts (ΔδH) of the CH2N(H+/CH3+)(CH2CH3)2 protons upon capsule formation.a
Capsule

Solvent/temp

PP/2

(A-HCl)·2
(B-HCl)·2
(C-HCl)·2

CD3OD / 20 °C
CD3OD / 20 °C
CD3OD / 20 °C

(A)·2

Δδ(CH2CH3) Δδ(CH2CH3) Δδ(CH2N) Δδ(NCH3)
(ppm)

(ppm)

(ppm)

(ppm)

1/3
1/3
1/3

0.46
0.42
0.43

0.31
0.32
0.33

0.15
0.20
0.25

-

CD3OD / 20 °C

1/1

0.43

0.33

0.18

-

(B)·2
(C)·2

CD3OD / 20 °C
CD3OD / 20 °C

1/1
1/1

0.39
0.40

0.32
0.35

0.22
0.27

-

1(A-MeOTf)·2
1(B-MeOTf)·2
1(A-MeOTs)·2

CD3OD / 60 °C
CD3OD / 60 °C
CD3OD / 40 °C

1/2
1/2
1/2

0.35
0.35
0.28

0.16
n.o.
n.o.

0.06
n.o.
n.o.

0.13
0.10
0.07

1/1

0.33

0.22

0.11

-

1/1

0.37

0.23

0.12

-

1(A)·2
1(B)·2
a

CD3OD/D2O 8/2 mol%
40 °C
CD3OD/D2O 8/2 mol%
40 °C

[PP] or [Pd(PP)] = 2 mM, n.o. = not observed.

Job Plot
Equimolar solutions (2 mM) of 1(PP) and 2-SO3Na in CD3OD were prepared and mixed in various
ratios. In this way the total concentration of 1(PP) and 2 was kept constant at 2 mM and only the 1(PP)/2
ratio was varied. 1H NMR spectra of the mixtures were recorded at 60 °C, and the chemical shifts of
1(PP) were analyzed by Job’s method of continuous variation, i.e. a plot of the capsule concentration as a
function of the mol fraction of 2.30 1(PP) = 1(A-MeOTf) or 1(B-MeOTf).
1

H NMR titrations
The 1H NMR titrations of 2-SO3Na with A-HCl and of 2-SO3Na with B-HCl were measured in CD3OD
at 298 K under inert conditions. Because of solubility reasons the concentration of 2 was kept constant
and low in all the samples (1 mM) whereas the concentrations of A-HCl and B-HCl were varied from 0
to 3 mM. The chemical shifts of the diphosphine protons CH2NH+(CH2CH3)2 of (A-HCl)·2 and (BHCl)·2, relative to the chemical shifts of A-HCl respectively B-HCl were followed and fitted to a 1:1
binding model using a least-squares fitting procedure.21b The association constants K for a single run were
calculated as the mean of the values obtained for each of the followed diphosphine signals, weighted by
the observed changes in chemicals shift.31 The association constants from different runs were then
averaged. The association constant found for capsule (A-HCl)·2 is KA·2 = 3·104 M–1 and for capsule (BHCl)·2 is KB·2 = 8·104 M–1. Lines in the titration curves are best-fit curves calculated by nonlinear
regression.
ESI-MS measurements
Samples of the capsules (PP/calix = 1/1 – 1/3) with initial concentrations of 100-250 μM were diluted in
MeOH to a final concentration of 1%. Comparison of the measured isotope patterns of the capsules with
the calculated ones confirm their elemental composition and charge state. The capsules ion peaks
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correspond to 1:1 complexes and no ion peaks for higher aggregates were detected. From the survey MS
spectra individual candidate ions were selected for collision induced dissociation (CID) MSMS with
Argon as collision gas. The assignment of the capsule’s ion peaks is confirmed by CID experiments: upon
collision induced dissociation of the capsule’s ion peaks, product peaks appeared that correspond to the
capsule’s building blocks. The reported m/z correspond to the 100% ion peak (isotope with the highest
intensity). Capsule (A-HCl)·2 (C90H124N4O20P2S4) ESI-MS (m/z, CH3OH): [A·2 + 2Na]2+ found
908.95, calcd. 908.85; [A·2 + Na + H]2+ found 897.93, calcd. 897.86; [A·2 + 2H]2+ found 886.42, calcd.
886.37. Capsule (B-HCl)·2 (C102H132N4O21P2S4) ESI-MS (m/z, CH3OH): [B·2 + H + Na]2+ found
981.99, calcd. 981.89; [B·2 + 2H]2+ found 970.97, calcd. 970.90; [B·2 + 2H + Na]3+ found 654.99, calcd.
654.93; [B·2 + 3H]3+ found 647.66, calcd. 647.60. Capsule (C-HCl)·2 (C103H132N4O21P2S4) ESI-MS
(m/z, CH3OH): [C·2 + 3H]3+ found 651.263, calcd. 651.265; [C·2 + 2H + 1Na]3+ found 658.602, calcd.
658.593; [C·2 + 1H + 2Na]3+ found 665.921, calcd. 665.920; [C·2 + 3Na]3+ found 673.251, calcd.
673.247; [C·2 + 2H]2+ found 976.354, calcd. 976.394; [C·2 + 1H + 1Na]2+ found 987.327, calcd. 987.385;
[C·2 + 2Na]2+ found 998.325, calcd. 998.375. Capsule (D-HCl)·2 (C91H108N4O21P2S4) ESI-MS (m/z,
CH3OH): [D·2 + 2Na]2+ found 914.98, calcd. 914.78; [D·2 + Na + H]2+ found 903.99, calcd. 903.79; [D·2
+ 2H]2+ found 893.00, calcd. 892.80. Capsule (E-HCl)·2 (C103H132N12O21P2S4) ESI-MS (m/z,
CH3OH): [E·2 + 2Na]2+ found 1055.13, calcd. 1054.89; [E·2 + Na + H]2+ found 1044.11, calcd. 1043.90;
[E·2 + 2H]2+ found 1033.16, calcd. 1032.91; [E·2 + 3Na]3+ found 711.07, calcd. 710.92; [E·2 + 2Na +
H]3+ found 703.77, calcd. 703.60; [E·2 + Na + 2H]3+ found 696.44, calcd. 696.27. Capsule 1(AMeOTf)·2 (C94H132N4O20P2PdS4Cl2) ESI-MS (m/z, CH3OH): [1(A-MeOTf)·2 – 2Cl]2+ found
967.38, calcd. 967.34; [1(A-MeOTf)·2 – 2Cl + Na]3+ found 652.60, calcd. 652.56; [1(A-MeOTf)·2 – 2Cl
+ H]3+ found 645.24, calcd. 645.23. Capsule 1(A-MeOTs)·2 (C94H132N4O20P2PdS4Cl2) ESI-MS (m/z,
CH3OH): [1(A-MeOTs)·2 – 2Cl]2+ found 967.41, calcd. 967.34; [1(A-MeOTs)·2 + 3Na]3+ found 691.27,
calcd. 691.20; [1(A-MeOTs)·2 – 2Cl + Na]3+ found 652.59, calcd. 652.56; [1(A-MeOTs)·2 – 2Cl + H]3+
found 645.27, calcd. 645.23. Capsule 1(A)·2 (C90H124Cl2N4O20P2PdS4) ESI-MS (m/z, CH3OH):
[1(A)·2 – Cl + H]2+ found 957.30, calcd. 957.30; [1(A)·2 – 2Cl]2+ found 938.31, calcd. 938.31; [1(A)·2 –
2Cl + H]3+ found 625.88, calcd. 625.88. Capsule 1(B-MeOTf)·2 (C106H140Cl2N4O21P2PdS4) ESI-MS
(m/z, CH3OH): [1(B-MeOTf)·2 – Cl + 2H]3+ found 713.26, calcd. 713.24; [1(B-MeOTf)·2 – 2Cl + H]3+
found 701.28, calcd. 701.25. Capsule 1(B)·2 (C102H132N4O21P2PdS4Cl2) ESI-MS (m/z, CH3OH):
[1(B)·2 – Cl + H]2+ found 1041.36, calcd. 1041.33; [1(B)·2 – 2Cl]2+ found 1023.37, calcd. 1023.34;
[1(B)·2 – Cl + 2H]3+ found 694.58, calcd. 694.55; [1(B)·2 – 2Cl + H]3+ found 682.58, calcd. 682.56.
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Chapter 4
Control of the Coordination Geometry Around
Platinum by a Supramolecular Capsule

Chapter 4

4.1

Introduction

Catalytic properties of transition metal complexes depend on ligand parameters such as
steric and electronic properties, bite angle and chirality. Supramolecular chemistry provides
novel strategies for influencing ligand parameters and consequently the properties of their
transition metal complexes.1 Reek and co-workers have encapsulated transition metals by
applying pyridylphosphine ligands which coordinate to the transition metal via the phosphorus
atom, and at the same time, the nitrogen atoms of the pyridyl groups selectively coordinate to
Zn(II)-porphyrins or Zn(II)-salphens, resulting in a hemispherical ligand-template capsule
around the transition metal (Figure 1a).2 When tris(m-pyridyl)phosphine is applied, the created
sterical hindrance around the metal results in decoordination of one of the two pyridylphosphine
ligands. These encapsulated rhodium complexes were shown to have unusual reactivity and
selectivity in the hydroformylation of terminal and internal alkenes. Interestingly, addition of 6
equivalents of Zn(II)-salphen to cis-[Pt(PA)2Cl2] (PA = tris(p-pyridyl)phosphine) gave rise to the
exclusive formation of the encapsulated trans-Pt-complex trans-[Pt[(Zn)3·PA]2Cl2].2d This cis-totrans isomerism is induced by the second coordination sphere around the transition metal.
Chelating (hetero)bidentate ligands can be assembled from two monodentate ligands by
equipping them with complementary binding motifs or by applying a template that contains two
binding sites for the two monodentate ligands.3 Reek and co-workers have studied the templateinduced formation of chelating bidentate ligands by the selective self-assembly of two
monodentate pyridylphosphine ligands (PB) on a rigid bis-zinc(II) salphen template with two
identical binding sites (Figure 1b).3b Addition of the template to cis-[Pt(PB)2Cl2] resulted in a
mixture of the templated cis-Pt-complex (15%) and the templated trans-Pt-complex (85%). The
templated trans-Pt-complex is the thermodynamic product and is stabilized by the formation of a
bidentate chelating ligand.

Figure 1 Hemispherical ligand-template capsule (a) and templated chelating bidentate ligand (b).
In this chapter we report a supramolecular diphosphine capsule, which controls the
coordination geometry around a platinum atom. Supramolecular capsules are composed of two
or more, not necessarily identical, building blocks programmed to self-assemble in solution into
the desired structure.1b,4 We have previously reported capsule A·C, which is formed by ionic
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interactions and composed of a tetracationic xantphos-type diphosphine A and a tetraanionic
calix[4]arene C (Figure 2).5 Encapsulation of a transition metal within this capsule is achieved
by using the palladium complex of the tetracationic diphosphine ligand for the assembly process.
The encapsulated metal is still available for catalytic transformations as it is not involved in the
assembly process.

Figure 2 Ionic-based capsule A·C, composed of diphosphine A and calix[4]arene C.
The class of xantphos ligands have large natural bite angles, typically between 100o and
120o (phosphorus-metal-phosphorus angle), which enables it to act as a cis- and trans-chelating
ligand in square-planar palladium(II) and platinum(II) complexes, as is shown by van Leeuwen
and coworkers.6 Kollar and co-workers have synthesized the cis-[Pt(xantphos)Cl2] complex by
refluxing [PtCl2(PhCN)2] and xantphos in a 1:1 ratio in benzene (Scheme 1).7 Addition of a
second equivalent of xantphos to the cis-Pt-complex at room temperature resulted in a cis-totrans rearrangement, to give the ionic trans-[Pt(xantphos)(η1-xantphos)Cl]Cl complex with the
‘second’ xantphos ligand coordinating in a monodentate fashion. The platinum-xantphostin(II)chloride system, which is a mixture of cis- and trans-complexes, has been applied as a
hydroformylation catalyst.6h,7,8 Van Leeuwen and co-workers, Matt and co-workers and den
Heeten have reported trans-[PtCl2(diphosphine)]-complexes by the use of trans-spanning
diphosphine ligand SPANphos, and trans-spanning diphosphines based on a cyclodextrin cavity
and a cyclic bisxantphos, respectively.9 To our knowledge, a platinum dichloride complex
containing one trans-coordinating xantphos-type ligand, i.e. trans-[Pt(xantphos)Cl2], has not
been reported in the literature.

Scheme 1 Platinum(II)-xantphos complexes.7
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4.2

Platinum complexes

Here we describe the reaction between the tetracationic xantphos-type ligand A and
[PtCl2(MeCN)2], and in section 4.3 we report the same reaction with the diphosphine capsule
A·C. The tetraammonium diphosphine tetrakis(p-diethylbenzylammonium)-xantphos
tetratosylate A-HOTs (A) was synthesized by selective N-protonation of tetrakis(pdiethylbenzylamine)-xantphos a with four equivalents of p-toluenesulfonic acid (PTSA) in
methanol (Scheme 2).5b Application of non-protic solvents such as dichloromethane resulted in a
mixture of ammonium and phosphonium salts.

Et2N

P

O

P

2

4PTSA

NEt2

2

P

Et2+HN

MeOH, 1.5 h, RT

OTs-

O

4OTs-

P

+

P

NH Et2
OTs- 2

2

A

A-HOTs (A)

a

P

Scheme 2 Synthesis of the tetraammonium-xantphos A-HOTs.
Depending on the conditions used, reaction of [PtCl2(MeCN)2] with A in methanol led to
the formation of cis-[Pt(A)Cl2] (B1) and trans-[Pt(A)(η1-A)Cl]Cl (B2), vide infra, as is indicated
by in situ 31P{1H} NMR spectroscopy and ESI-MS (Scheme 3 and Table 2). The 31P{1H} NMR
spectrum of cis-B1 shows a characteristic 1/4/1 pattern consisting of a singlet at 6.2 ppm, flanked
by 195Pt satellites with a coupling constant JPt–P of 3728 Hz (Table 1 and Figure 3b). This
coupling constant indicates that a chloride ligand is present trans to the phosphorus, in line with
the cis-chelation of A.7,8,10 The 31P{1H} NMR spectrum of trans-B2 shows the presence of three
different phosphorus atoms (Table 1 and Figure 3c). A triplet signal for PX at 15.9 ppm (1P)
flanked by 195Pt satellites with JPt–P of 4074 Hz. A doublet signal for PY at 15.0 ppm (2P) flanked
by 195Pt satellites with JPt–P of 2679 Hz, indicating that two phosphorus atoms are trans to each
other.7,10 The triplet and doublet signals have a cis coupling constant JP–P of 18.1 Hz. The singlet
signal at –22.6 ppm (1P) is assigned to PZ the non-coordinating phosphorus of the monodentate
coordinating ligand.
Table 1 31P{1H} NMR data of the diphosphines, the platinum complexes and the capsules.a
δPXb
(ppm)

δPYb
(ppm)

δPZ
(ppm)

–16.9 (s)
–17.5 (s)

-

-

-

-

-

B1·C

6.2 (s)
6.6 (s)

-

-

3728
3727

-

-

B2: trans-[Pt(A)(η1-A)Cl]Cl

15.9 (t)

–22.6 (s)

4074

2679

18.1

–24.1 (s)

4091

2652

-

A
A·C
B1: cis-[Pt(A)Cl2]

B2·(C)2
a

15.2 (br s)

15.0 (d)
c

15.2 (br s)

c

1

J(195Pt,31PX) 1J(195Pt,31PY)
(Hz)
(Hz)

2

J(PX, PY)
(Hz)

Spectra were measured in CD3OD. b Multiplicities are given for the central lines. c The triplet and
doublet resonances of PX and PY coalescence as one broad central line.
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Phosphorus numbering of trans-B2:

a.

B1

B2

B2

B2

B1

b.

c.

A

B2
B2
B2

40
ppm (f1)

30

20

B1

10

0

-10

-20

-30

Figure 3 In-situ 31P{1H} NMR experiments in CD3OD of [PtCl2(MeCN)2] and diphosphine A to
give cis-B1 and trans-B2.

Scheme 3 Reaction of [PtCl2(MeCN)2] with diphosphine A to give cis-B1 and trans-B2 (mol
ratio).
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Reaction of [PtCl2(MeCN)2] with one equivalent of A in CD3OD at 20 °C resulted after
two hours in the disappearance of A and the formation of cis-B1 (79%) and trans-B2 (21%)
(Scheme 3 and Figure 3a). We have observed a slow transformation of trans-B2 to cis-B1 at 20
°C, as after three more hours at 20 °C their ratio changed into B1 (81%) and B2 (19%). Upon
heating the NMR tube to 60 °C, B2 transformed immediately and quantitatively into B1 (Scheme
3 and Figure 3b).
Subsequently, we have added excess ligand to the metal precursor in order study the
effect on the product distribution. Reaction of [PtCl2(MeCN)2] with two equivalents of A in
CD3OD at 20 °C resulted after two hours in consumption of 53% of the initially present
diphosphine A and in a larger amount of trans-B2, i.e. cis-B1 (9%) and trans-B2 (91%) (Scheme
3 and Figure 3c). A very slow transformation of B1 to B2 at 20 °C is observed, as after one night
at 20 °C their ratio changed into B1 (7%) and B2 (93%). Upon heating the NMR tube to 60 °C for
five hours, a large amount of B2 transformed into B1, i.e. B1 (51%) and B2 (49%), which of
course was accompanied with an increase in the amount of free ligand A (Scheme 3).
In summary, upon reaction of A with the Pt-precursor, cis-B1 is formed as the major
product at lower and higher temperatures (20 °C and 60 °C) while trans-B2 is formed as the
major product only when two equivalents of ligand are applied at lower temperatures (20 °C).
These results imply that, under the given conditions, cis-B1 is the thermodynamic product and
trans-B2 is the kinetic product (at a Pt/PP ratio of 1:1).

4.3

Platinum capsules

4.3.1 Platinum capsules by self-assembly of pre-formed metal complexes
Platinum encapsulation can be achieved by self-assembly of a platinum complex
containing the tetracationic diphosphine A and the tetraanionic calix[4]arene C, or by the
reaction between a platinum precursor and a diphosphine capsule. Self-assembly of the platinum
capsules was carried out by mixing methanol solutions of the pre-charged platinum complex (B1
or B2) and the tetrasulfonato-calix[4]arene tetrasodiumsalt C-SO3Na (Scheme 4). The platinum
capsules B1·C and B2·(C)2 are formed instantaneously and NaOTs salt is formed as a sideproduct. The platinum complexes cis-B1 and trans-B2 contain one respectively two equivalents
of the tetracationic diphosphine ligand A. Hence, capsule (cis-B1)·C contains one calix[4]arene
C, while capsule (trans-B2)·(C)2 contains two calix[4]arenes C.
The ESI-MS spectra of the platinum capsules B1·C and B2·(C)2 confirm their formation
and stabilities in the gas-phase (Figure 4 and Table 2 entry’s 2 and 4). Prominent ion peaks are
observed for the platinum capsules in CH3OH. The charge on the capsules is created by loss of
chlorides from the platinum complex and/or by addition of protons or sodium cations from the
solution. The ESI-MS spectra of capsules B1·C and B2·(C)2 confirm that the Pt-complexes B1
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and B2 remain intact upon capsule formation. The Pt-capsules B1·C and B2·(C)2 give very broad
proton resonances in their 1H NMR spectra and therefore could not be characterized by proton
NMR.5c,7
a.
P
P

SO3Na

Cl

Pt

+

P

+

Cl

OR

methanol

4

P

Pt

HN

Cl

P

Pt

HN Cl

Cl

C-SO3Na

NH+

+

Cl NH+

-

SO3-

O3S

-O S
3

cis-B1

P

SO3-

Calix

+ 4NaOTs

Capsule (cis-B1)·C

b.

Cl
Cl

Cl

Pt

P

SO3Na

P
P
P

trans-B2

SO3Na

+

Cl

+
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OR

4

C-SO3Na

4

C-SO3Na

P

methanol

Pt

P
P
P
+ 8NaOTs

Capsule (trans-B2)·(C)2

Scheme 4 Platinum encapsulation: self-assembly of capsules B1·C (a) and B2·(C)2 (b).
Table 2 ESI-MS data of Pt-complexes B1 and B2 and Pt-capsules B1·C and B2·(C)2.a
# Compound b

Elemental composition

Found m/z Calc. m/z

C73H94Cl2N4O7P2PtS2

765.25

765.25

C66H85ClN4O4P2PtS

661.26

661.26

C103H133ClN4O21P2PtS4

1091.36

1091.36

[B1·C – Cl + Na + H]

C103H133ClN4O21P2PtS4Na

735.24

735.24

[B2 – Cl – H– 3OTs]3+

C153H194ClN8O17S5P4Pt

977.06

977.05

4+

[B2 – Cl – H– 4OTs]

C146H178ClN8O14S4P4Pt

690.03

690.03

B2·(C)2

[B2·(C)2 – Cl + 2Na]3+

C206H264ClN8O42P4PtS8Na2

1393.48

1393.49

(B2 + 2C →)

[B2·(C)2 – Cl + 2H + Na]4+ C206H266ClN8O42P4PtS8Na

1039.87

1039.89

B2·(C)2

[B2·(C)2 – Cl + 2H]3+

C206H266ClN8O42P4PtS8

1378.83

1378.83

(Pt + A·C →)

[B2·(C)2 – Cl + 3H]4+

C206H267ClN8O42P4PtS8

1034.39

1034.38

B2·(C)2 d

[B2·(C)2 – C – 2Cl – 2H]4+ C162H210N8O22P4PtS4

767.08

767.08

(Pt + A·C →)

[B2·(C)2 – C – Cl – H]4+

776.07

776.07

1. B1
2.

B1·C
(B1 + C →)

3. B2
4.
5.
6.

Assignment c
[B1 – 2OTs]2+
2+

[B1 – Cl – 2H– 3OTs]
2+

[B1·C – Cl + H]

3+

C162H211ClN8O22P4PtS4

a

The ESI-MS spectra were measured in CH3OH. b The reaction equations given in the brackets describe
the way the Pt-capsules were formed. c OTs = C7H7SO3. d The same ion peaks of capsule B2·C were also
observed in the esi-ms spectrum of capsule B2·(C)2 formed by self-assembly, i.e. B2 + 2C.
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Figure 4 ESI-MS spectra of platinum capsules B1·C (B1 + C →) (Top) and B2·(C)2 (Pt + A·C
→) (Bottom) in CH3OH (insets: measured isotope patterns).
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4.3.2 Platinum capsules by coordination to pre-formed ligand capsule
Platinum encapsulation can also be achieved by the reaction of a platinum precursor and
the diphosphine capsule A·C. The ionic-based diphosphine capsule A·C consists of the
tetracationic diphosphine A and the complementary tetraanionic calix[4]arene C (Scheme 5).5b-c
Mixing methanol solutions of the neutral building blocks tetraamine-diphosphine a and
tetrasulfonicacid-calix[4]arene C-SO3H results in quantitative protonation of a by C-SO3H,
leading to capsule A·C, without salt formation.11

Scheme 5 Self-assembly of capsule A·C.
Depending on the conditions used, reaction of [PtCl2(MeCN)2] with capsule A·C in
methanol led to the formation of the platinum capsules (cis-B1)·C and (trans-B2)·(C)2, vide infra,
as is indicated by in situ 31P{1H} NMR spectroscopy and ESI-MS (Scheme 6 and Table 2). The
chemical shifts in the 31P{1H} NMR spectra of the Pt-capsules are comparable to those of their
corresponding Pt-complexes but the signals of the Pt-capsules are broad.5c The phosphorus
resonances of capsule (cis-B1)·C show a characteristic 1/4/1 pattern consisting of a singlet at 6.6
ppm, flanked by 195Pt satellites with a coupling constant JPt–P of 3727 Hz (Table 1 and Figure
5b). The 31P{1H} NMR spectrum of (trans-B2)·(C)2 consists of one singlet at –24.1 ppm (1P)
assigned to the non-coordinating PZ, and one singlet at 15.2 ppm (3P) assigned to PX and PY
(Table 1 and Figure 5a). As a result of signal broadening, the resonances of PX and PY
coalescence into one broad singlet. Still, the Pt-satellites of B2·(C)2 are visible (PX: JP–Pt = 4091
Hz and PY: JP–Pt = 2652 Hz) confirming that B2 has the same structure in its capsular form.
The ESI-MS spectrum of capsule B2·(C)2 formed by the reaction of [PtCl2(MeCN)2] with
capsule A·C supports the presence of two calix[4]arenes C around B2 (Table 2 entry 5).
Interestingly, in the ESI-MS spectrum of B2·(C)2 we have also observed ion peaks corresponding
to [capsule B2·C]4+ i.e. [B2·(2)2 – C – 2Cl – 2H]4+ and [B2·(C)2 – C – Cl – H]4+ (Table 2 entry 6).
We assume that [capsule B2·C]4+ is formed by abstraction of one tetraanionic calix[4]arene C
from B2·(C)2 during the ionization process.
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Figure 5 In-situ 31P{1H} NMR experiments in CD3OD of [PtCl2(MeCN)2] and diphosphine
capsule A·C to give Pt-capsules B1·C and B2·(C)2.

Scheme 6 Platinum encapsulation by reaction of [PtCl2(MeCN)2] with capsule A·C to give
capsules B1·C and B2·(C)2 (b) (mol ratio).

Reaction of [PtCl2(MeCN)2] with one equivalent of capsule A·C in methanol at 20 °C
resulted after three hours in the disappearance of A·C and the formation of capsule (cis-B1)·C
(2%) and capsule (trans-B2)·(C)2 (98%) (Scheme 6 and Figure 5a). We have observed a slow
transformation of B2·(C)2 to B1·C at 20 °C, as after one night at 20 °C their ratio changed into
B1·C (9%) and B2·(C)2 (91%). Upon heating the NMR tube to 60 °C, capsule B2·(C)2 continued
to transform into the capsule B1·C up to B1·C (82%) and B2·(C)2 (18%) (Scheme 6 and Figure
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5b). This ratio is reached after seven hours at 60 °C and did not change even after eight more
hours.
In summary, at lower temperatures (20 °C) the reaction of [PtCl2(MeCN)2] with capsule
A·C results in (trans-B2)·(C)2 as the major product (98%) while the same reaction with
diphosphine A results in cis-B1 as the major product (79%). At higher temperatures (60 °C) both
capsule A·C and diphosphine A have a preference towards the cis-species, i.e. (cis-B1)·C (82%)
and cis-B1 (100%), respectively. The difference in product selectivity between A·C and A at low
temperatures shows that the presence of two calix[4]arenes around the platinum complex
stabilizes the kinetic product, i.e. the trans-B2 species. This stabilization is supported by the fact
that at high temperatures only the capsule results in incomplete transformation to the cis-Ptcomplex (82%).

4.4

Molecular modeling study

The modeled structures of the platinum complexes B1 and B2 (with xantphos ligand/s)
were first calculated using DFT and subsequently the optimized structures were used as input for
PM3 calculations. In order to calculate the structures of capsules (cis-B1)·C and (trans-B2)·(C)2,
the structures of the platinum complexes B1 and B2 were frozen, except the
diethylammoniummethyl substituents, and calix[4]arene C molecule/s were added (modeled on
the PM3-level). These structures were used as input for molecular mechanics calculations
(MMFF) and subsequently the structure of capsule (cis-B1)·C is also subjected to PM3
calculation (PM3 calculation of capsule (trans-B2)·(C)2 failed because it is too large). The
modeled structure of the cis-platinum complex B1 (with a xantphos ligand) illustrates the squareplanar geometry around platinum. The modeled structure of capsule (cis-B1)·C illustrates that B1
and C are complementary, facing one another, as a result of interaction between the ammonium
and sulfonato groups. In addition, the platinum metal is located inside the capsule (Figure 6a).
The modeled structure of the bisligated trans-platinum complex B2 (with two xantphos
ligands) shows that the ionic Pt-complex adopts a distorted square-planar geometry with one
diphosphine coordinating to the platinum in a trans fashion and a second diphosphine
coordinating to the platinum in a monodentate fashion (Figure 6b). The monodentate
coordinating ligand is situated partly between the two P(Ar)2-groups of the bidentate
coordinating ligand. Consequently, the calix[4]arene C can not interact solely with the bidentate
ligand or solely with the monodentate ligand. The modeled structure of capsule (trans-B2)·(C)2
illustrates that two molecules of the rigid concave-like calix[4]arene interact with the platinum
complex B2 (Figure 6c). One of the two tetraanionic calix[4]arenes interacts with four cationic
groups of B2 that are situated on four different phosphorus atoms and the other calix[4]arene
interacts with three cationic groups of B2 that are situated on three different phosphorus atoms.
Hence, each calix[4]arene interacts simultaneously with both ligands. Consequently, capsule
B2·(C)2 is composed of two semi-capsules with a undefined capsular structure. The platinum
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atom is situated between (and not within) these two semi-capsules, i.e. the platinum atom is not
directly encapsulated. Interestingly, capsule B2·(C)2 has a sandwich-like structure with the two
calix[4]arenes pointing towards one another and the platinum complex is situated in between.
The modeled structure of capsule B2·(C)2 displays only one of the possible conformations and
therefore it is likely that the two calix[4]arenes interact with B2 in more ways than presented
here.

Figure 6 Modeled structures and schematic pictures of capsule (cis-B1)·C (a), trans-B2 (with
xantphos ligands) (b), and capsule (trans-B2)·(C)2 (c).

4.5

Discussion

We assume that upon reaction of [PtCl2(MeCN)2] with diphosphine A or capsule A·C,
the kinetic products trans-B2 and capsule (trans-B2)·(C)2 respectively, are the first products that
are formed. Subsequently, upon coordination of the Pt-precursor to the non-coordinating
phosphorus atom of B2, the kinetic products transform into the thermodynamic products cis-B1
and capsule (cis-B1)·C respectively. The low solubility of [PtCl2(MeCN)2] in methanol results
initially in excess of A and A·C with respect to the metal, which enhance the formation of the
kinetic product (as is observed by in situ 31P{1H} NMR). The kinetic product capsule (trans108
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B2)·(C)2 is stabilized by the two molecules of calix[4]arene, and therefore the formation of the
corresponding thermodynamic product (cis-B1)·C is inhibited (at 20 °C, Pt/PP = 1, B1·C 2% and
B2·(C)2 98%). In contrast, the kinetic product trans-B2 is not stabilized by its eight tosylate
counterions and therefore it transforms immediately to the corresponding thermodynamic
product cis-B1 (at 20 °C, Pt/PP = 1, B1 79% and B2 21%). A steric congestion is created around
B2 of capsule B2·(C)2 by the two calix[4]arenes. This inhibits the access of the Pt-precursor to
the non-coordinating phosphorus atom of B2 and consequently the formation of the
thermodynamic product B1·C is also inhibited. The modeled structure of B2·(C)2 implies that
each tetraanionic calix[4]arene interacts with cationic groups of the two different ligands of B2
and consequently fix the spatial orientation of the two ligands relative to each other which results
in stabilization of the kinetic product. This stabilization of (trans-B2)·(C)2 compared to trans-B2,
leads to a higher energy barrier for transformation of the kinetic product (trans-B2)·(C)2 into the
thermodynamic product (cis-B1)·C. Stabilization of (trans-B2)·(C)2 explains the slow reaction to
(cis-B1)·C, and the shift in equilibrium to the trans-Pt species.

4.6

Conclusions

In this Chapter, we have demonstrated that the coordination geometry around a platinum
atom can be controlled by supramolecular capsules. The capsule used in this study is formed by
ionic interactions and is composed of a tetracationic xantphos-type diphosphine ligand and a
complementary tetraanionic calix[4]arene. Reaction of the diphosphine capsule with a platinum
precursor yields the bisligated bis-calix[4]arene trans-Pt capsule, while the same diphosphine in
the absence of calix[4]arene prefers the formation of the monoligated cis-Pt-complex, as is
indicated by 31P{1H} NMR and ESI-MS. The two calix[4]arenes stabilize the kinetic product, i.e.
the trans-Pt species, and thereby slow the formation of the thermodynamic product, i.e. the cis-Pt
species. This novel supramolecular strategy for controlling the reactivity of transition metal
complexes opens up new opportunities to control the activity, stability and selectivity of the
potential homogeneous catalysts.

4.7

Experimental section

General remarks. All reactions were carried out under a dry, inert atmosphere of purified nitrogen or
argon using standard Schlenk techniques, unless stated otherwise. Solvents were dried and distilled under
nitrogen prior to use. Diethyl ether was distilled from sodium/benzophenone. Methanol was distilled from
CaH2. Deuterated solvents were distilled from the appropriate drying agents. Unless stated otherwise, all
chemicals were obtained from commercial suppliers and used as received. 4,5-Bis[bis(p((diethylamino)methyl)phenyl)phosphino]-9,9-dimethylxanthene a,5b 5,11,17,23-tetrakis(sulfonato)25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene tetrasodiumsalt C-SO3Na5b,12 and 5,11,17,23-
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tetrakis(sulfonicacid)-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene C-SO3H5c were synthesized
according to reported procedures. NMR spectra were recorded on Varian Inova 500, Bruker Avance DRX
300 and Varian Mercury 300 NMR spectrometers. Chemical shifts are given relative to TMS (1H and 13C
NMR) and 85% H3PO4 (31P{1H} NMR). Chemical shifts are given in ppm. High-resolution fast atom
bombardment mass spectrometry (HRMS FAB) measurements were carried out on a JEOL JMS SX/SX
102A at the Department of Mass Spectrometry at the University of Amsterdam. Electrospray ionization
mass spectrometry (ESI-MS) measurements were carried out on a Q-TOF (Micromass, Waters,
Whyttenshawe, UK) mass spectrometer equipped with a Z-spray orthogonal nanoelectrospray source,
using Econo Tips (New Objective, Woburn, MA) to create an off-line nanospray, at the Department of
Mass Spectrometry of Biomacromolecules at the University of Amsterdam. Molecular modeling

calculations were performed using Spartan ’08 V1.0.3 software (B3LYP LACVP basic set).
Synthesis
4,5-Bis[bis(p-((diethylammoniumtosylate)methyl)phenyl)phosphino]-9,9-dimethylxanthene:
AHOTs (A)
p-Toluenesulfonic acid monohydrate (840.5 mg, 4.419 mmol) was added to a solution of 4,5-bis[bis(p((diethylamino)methyl)phenyl)phosphino]-9,9-dimethylxanthene a (1.015 g, 1.105 mmol) in 50 ml
methanol. The reaction mixture was stirred for 1 h at room temperature. After evaporation of the solvent
in vacuo the product A-HOTs was obtained as an off-white sticky solid in quantitative yield. 1H NMR
(300 MHz, CD3OD, 293 K): δ = 7.66 (d, J = 8.2 Hz, 8H, OTs–), 7.58 (d, J = 7.9 Hz, 2H, PC6H3), 7.49 (d,
J = 7.9 Hz, 8H, PC6H4), 7.26 (m, 8H, PC6H4), 7.17 (d, J = 7.9 Hz, 8H, OTs–), 7.01 (t, J = 7.6 Hz, 2H,
PC6H3), 6.45 (d, J = 7.3 Hz, 2H, PC6H3), 4.32 (s, 8H, CH2N), 3.17 (m, 16H, CH2CH3), 2.31 (s, 12H, CH3,
OTs–), 1.66 (s, 6H, C(CH3)2), 1.29 (t, J = 7.3 Hz, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz, CD3OD,
293 K): δ = –16.9 (s); 13C{1H} NMR (75 MHz, CD3OD, 293 K): δ = 151.9 (t, J = 9.9 Hz, CO), 142.3 (s,
Cq, OTs–), 140.4 (s, Cq, OTs–), 138.9 (t, J = 7.3 Hz), 134.5 (t, J = 10.8 Hz), 131.4 (s), 130.9 (br s), 130.4
(s), 130.2 (s), 128.6 (s, CH, OTs–), 127.5 (s), 125.6 (s, CH, OTs–), 124.0 (t, J = 8.8 Hz), 123.8 (s), 55.5 (s,
CH2N), 46.7 (s, CH2CH3), 34.2 (s, CCH3), 31.3 (s, CCH3), 20.1 (s, CH3 OTs–) 7.8 (s, CH2CH3); HRMS
(FAB–): found 1605.6255; calcd. for [C87H108N4O13P2S4 – H]– 1605.6193.
cis-[Pt(A)Cl2]: B1
Diphosphine A-HOTs (97.4 mg, 60.57 μmol) was added to a fine suspension of [PtCl2(MeCN)2] (21.08
mg, 60.57 μmol) in 8 ml methanol. After stirring for 1 h at room temperature, the clear reaction mixture
was refluxed overnight at 70 °C. Next morning, the solvent was evaporated and the yellow solid was
washed three times with diethyl ether. The product B1 was obtained as a pale yellow microcrystalline
powder. 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = 6.2 (s, JPt-P = 3728 Hz); 1H NMR (300 MHz,
CD3OD, 293 K): δ = 7.87 (d, J = 7.5 Hz, 2H), 7.70 (d, J = 8.1 Hz, 8H, OTs-), 7.61-7.14 (m, 20H), 7.25
(d, J = 8.4 Hz, 8H, OTs-), 4.31 (s, 8H, CH2N), 3.04 (m, 16H, NCH2CH3), 2.34 (s, 12H, OTs-), 1.87 (s, 6H,
C(CH3)2), 1.22 (t, J = 7.8 Hz, 24H, NCH2CH3). B1 give broad carbon resonances in its 13C{1H} NMR
spectrum and therefore could not be characterized by carbon NMR.
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Self-assembly of capsule A·C
Methanol solution of the tetraacidic calix[4]arene C-SO3H (1 equiv.) was slowly added to a methanol
solution of the tetraamine diphosphine a (1 equiv.). The solution was stirred for 30 min. at room
temperature and subsequently the solvent was evaporated resulting in capsule A·C. Observed upfield
shifts of the proton resonances (ΔδH) of the CH2NH+(CH2CH3)2 protons of capsule A·C, with respect to
those of the corresponding free A-HOTs, in CD3OD: Δδ(CH2CH3) = 0.37, Δδ(CH2CH3) = 0.34 and
Δδ(NCH2) = 0.25 ppm (A/C = 1/1). ESI-MS (m/z, CH3OH): [A·C + 2H]2+ found 977.06, calcd.
(C103H134N4O21P2S4) 976.90; [A·C + 3H]3+ found 651.74, calcd. (C103H135N4O21P2S4) 651.60.
Self-assembly of capsule B1·C
Equimolar methanol solutions of the platinum complex B1 and the tetraanionic calix[4]arene C-SO3Na
were mixed at room temperature, resulting in the immediate formation of capsule B1·C together with four
equivalents of NaOTs.
Self-assembly of capsule B2·(C)2
Methanol solutions of the platinum complex B2 (synthesized in situ) (1 equiv.) and the tetraanionic
calix[4]arene C-SO3Na (2 equiv.) were mixed at room temperature, resulting in the immediate formation
of capsule B2·(C)2 together with eight equivalents of NaOTs.
In-situ VT 31P{1H} NMR studies
cis-[Pt(A)Cl2]: B1
A solution of [PtCl2(MeCN)2] (2.611 mg, 7.5 μmol, 1 equiv.) and A-HOTs (12.060 mg, 7.5 μmol, 1
equiv.) in 0.5 ml CD3OD was vigorously stirred for 2 h at room temperature, to ensure that all the
reactants dissolved. Subsequently, the reaction mixture was transferred into a NMR tube and the reaction
was followed in time by 31P{1H} NMR, i.e. 3 more hours at 20 °C and 3 hours at 60 °C.
trans-[Pt(A)(η1-A)Cl]Cl: B2
A solution of [PtCl2(MeCN)2] (2.611 mg, 7.5 μmol, 1 equiv.) and A-HOTs (24.120 mg, 15.0 μmol, 2
equiv.) in 0.5 ml CD3OD was vigorously stirred for 2 h at room temperature, to ensure that all the
reactants dissolved. Subsequently, the reaction mixture was transferred into a NMR tube and the reaction
was followed in time by 31P{1H} NMR, i.e. 16 more hours at 20 °C and 5 hours at 60 °C.
Capsule B1·C and Capsule B2·(C)2
A solution of [PtCl2(MeCN)2] (2.611 mg, 7.5 μmol, 1 equiv.) and capsule A·C (14.643 mg, 7.5 μmol, 1
equiv.) in 0.5 ml CD3OD was vigorously stirred for 3 h at room temperature, to ensure that all the
reactants dissolved. Subsequently, the reaction mixture was transferred into a NMR tube and the reaction
was followed in time by 31P{1H} NMR, i.e. 16 more hours at 20 °C and 20 hours at 60 °C.
ESI-MS
Samples of the Pt-complexes and of the capsules with initial concentrations of 100-250 μM were diluted
in MeOH to a final concentration of 1%. ESI-MS analysis of B1 was carried out with an isolated sample
of B1. ESI-MS analysis of B2 was carried out with an in-situ sample of B2 which was prepared by stirring
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a methanol solution of [PtCl2(MeCN)2] and A (two equivalents) overnight at 20 °C. ESI-MS analysis of
capsule B1·C was carried out by mixing methanol solutions of B1 and C, i.e. self-assembly. ESI-MS
analysis of capsule B2·(C)2 was done in two ways: (1) by mixing methanol solutions of B2 and C, i.e. selfassembly, and (2) by using an in-situ sample of B2·(C)2 which was prepared by stirring a methanol
solution of [PtCl2(MeCN)2] and A·C overnight at 20 °C. No ion peaks for higher aggregates than 1:1 for
B1·C and 1:2 for B2·(C)2 were detected. Comparison of the measured isotope patterns of the Pt-complexes
capsules with the calculated ones confirms the elemental composition and charge state. The reported m/z
correspond to the 100% ion peak (isotope with the highest intensity) (OTs = C7H7SO3).
Pt-complex B1 (C87H108Cl2N4O13P2PtS4) ESI-MS (m/z, CH3OH): [B1 – 2OTs]2+ found 765.25, calcd.
765.25; [B1 – Cl – 2H – 3OTs]2+ found 661.26, calcd. 661.26; [B1 – Cl – 3H – 4OTs]2+ found 575.25,
calcd. 575.25; [B1 – 3OTs]3+ found 453.17, calcd. 453.64; [B1 – Cl – H – 3OTs]3+ found 441.18, calcd.
441.17; [B1 – H – 4OTs]3+ found 395.84, calcd. 395.83; [B1 – Cl – 2H – 4OTs]3+ found 383.82, calcd.
383.83. Pt-complex B2 (C174H216Cl2N8O26S8P4Pt) ESI-MS (m/z, CH3OH): [B2 – Cl – H – 3OTs]3+
found 977.06, calcd. 977.05; [B2 – Cl – 2H – 4OTs]3+ found 919.71, calcd. 919.71; [B2 – Cl –3H –
5OTs]3+ found 862.37, calcd. 862.37; [B2 – Cl – 4H – 6OTs]3+ found 805.04, calcd. 805.03; [B2 – Cl – H –
4OTs]4+ found 690.03, calcd. 690.03; [B2 – 2Cl – 4H – 6OTs]4+ found 594.79, calcd. 594.78. Capsule
B1·C (C103H132Cl2N4O21P2PtS4) ESI-MS (m/z, CH3OH): [B1·C + 2H]2+ found 1109.86, cald. 1109.85;
[B1·C – Cl + H]2+ found 1091.36, cald. 1091.36; [B1·C – 2Cl + H]3+ found 715.93, cald. 715.92; [B1·C –
2Cl + Na]3+ found 723.23, cald. 723.24; [B1·C – Cl + 2H]3+ found 727.91, cald. 727.91; [B1·C – Cl + Na
+ H]3+ found 735.24, cald. 735.24; [B1·C – Cl + 2Na]3+ found 742.55, cald. 742.56. Capsule B2·(C)2
(C206H264Cl2N8O42P4PtS8) ESI-MS (m/z, CH3OH): Self-assembly from B2 + C: [B2·(C)2 – Cl +
2Na]3+ found 1393.48, cald. 1393.49; [B2·(C)2 – Cl + 2H]3+ found 1378.83, cald. 1378.83; [B2·(C)2 – Cl +
3H]4+ found 1034.39, cald. 1034.38; [B2·(C)2 – Cl + 2H + Na]4+ found 1039.87, cald. 1039.89; [B2·(C)2 –
Cl + H + 2Na]4+ found 1045.35, cald. 1045.37; [B2·(C)2 – Cl + 3Na]4+ found 1050.86, cald. 1050.86;
[B2·(C)2 – C – Cl – H]4+ found 776.07, cald. 776.07; [B2·(C)2 – C – 2Cl – 2H]4+ found 767.05, cald.
767.08. Capsule B2·(C)2 (C206H264Cl2N8O42P4PtS8) ESI-MS (m/z, CH3OH): Reaction of
[PtCl2(MeCN)2] and A·C: [B2·(C)2 – Cl + 2H]3+ found 1378.83, cald. 1378.83; [B2·(C)2 – Cl + 3H]4+
found 1034.39, cald. 1034.38; [B2·(C)2 – C – 2Cl – 2H]4+ found 767.08, cald. 767.08; [B2·(C)2 – C – Cl –
H]4+ found 776.07, cald. 776.07.
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Chapter 5

5.1

Introduction

Supramolecular chemistry concerns the application of programmed molecules that
assemble via intermolecular noncovalent bonds into larger molecular architectures, such as
molecular capsules.1 The novel finite microenvironment within nanocapsules and their reversible
encapsulation properties have stimulated their application as nanoreactors.2 Encapsulation of a
transition metal within these nanoreactors resulted in new selectivities and activities for the
transition metal catalyst.3 We have introduced a templated approach for metal encapsulation
which involves a bifunctional diphosphine ligand containing a donor-atom site for metal
complexation as well as functional groups for capsule formation.4 Self-assembly of a
tetracationic diphosphine ligand, or the transition metal complex thereof, with a tetraanionic
calix[4]arene resulted in capsule formation and metal encapsulation (Figure 1a). The transition
metal complex is an integrated part of the capsule with the transition metal located inside the
capsule. As it is not involved in the assembly process it is available for catalytic transformations.
In this Chapter we report a new type of capsules which are composed of two oppositely charged
diphosphine ligands or the transition metal complexes thereof (Figure 1b). The novel hetero bisdiphosphine capsule can simultaneously encapsulate two transition metals within its cavity to
give a bismetallo-capsule.
a.

b.
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Figure 1 Schematic picture of a metallodiphosphine and calix[4]arene based capsule (a) and a
bis-metallodiphosphine capsule (b).

5.2

Synthesis of ionic building blocks

Water soluble sulfonated phosphine ligands have been applied in two-phase catalysis and
in aqueous-phase catalysis, for example the rhodium-TPPTS (trisodium salt triphenylphosphine
trisulfonate) catalyst for the hydroformylation of propene in water.5a-c Xantphos-type ligands
with sulfonato-groups have also been reported, for example sulfoxantphos which contains two
sulfonato-groups on the xanthene backbone, and the aggregating amphiphilic xantphos where the
four arylphosphines are substituted with a second p-sulfonatophenyl separated by a bridge of
aliphatic carbon atoms.5b-e
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We have synthesized a novel tetraanionic xantphos-type ligand by direct sulfonation of
the four arylphosphine rings. The precursor tetrakis(2-methoxyphenyl)-xantphos (o-OMe)xantphos is prepared by a reaction of the lithiated product of 2-bromoanisole with 4,5bis(diethoxyphosphonito)-9,9-dimethylxanthene in 22% yield (Scheme 1a).6 Sulfonation of the
arylphosphine rings of (o-OMe)-xantphos was achieved by a reaction with concentrated sulfuric
acid. Hydrolysis of the reaction mixture with water resulted in tetrakis(2-methoxy-5sulfonicacid-phenyl)-xantphos a' (Scheme 1b). We have observed that a' (partly) precipitates
from the reaction mixture as a sticky white solid at temperatures lower than –20 °C but
immediately re-dissolves at higher temperatures. Consequently, isolation of the tetraacid by
filtration was not successful.7a Neutralization of the reaction mixture by sodium hydroxide and
product extraction with methanol afforded tetrakis(2-methoxy-5-sulfonatophenyl)-xantphos
tetrasodiumsalt a in 74% yield (Scheme 1b).5b-c,7b An attempt was made to remove the trace
amounts of sodium sulfate salts from the product by reverse-phase silica chromatography
(eluens: water/ethanol). The salt rests were removed but the diphosphine was oxidized during
column chromatography because no air-free conditions were used (in reverse-phase silica
chromatography the solvent flow is restricted and therefore a pump or pressurized gas is required
to drive the solvent through the column). Consequently, the tetrasulfonato-xantphos a used in
this Chapter contained trace amounts of sodium sulfate salts. All new compounds described in
this Chapter have been characterized by NMR, IR and mass spectrometry techniques (see
Experimental section).
Methoxy groups are ortho- and para directing groups in electrophilic aromatic
substitution reactions. Indeed, sulfonation occurred exclusively on the arylphosphine rings para
to the 2-methoxy substituent and meta to the phosphorus atom, as is confirmed by 1H NMR, HH-COSY and 13P{1H} NMR spectroscopy. No sulfonation of the xanthene backbone is observed
under the conditions applied and therefore no alkyl groups at the 2 and 7 position of the xanthene
backbone were necessary.5c,7a The resonances in the 13P{1H} NMR spectrum of the non-isolated
tetrasulfonicacid-xantphos a' (–25.6 ppm) are downfield shifted compared to the resonance of
the sodium salt a (–34.8 ppm). This downfield shift indicates that the phosphorus atoms of a' are
protonated, which is a result of the acidic environment or the bis-zwitterionic nature of a', as was
previously reported by Mul and co-workers.7 During the reaction the phosphorus atoms were
protected as phosphonium salt by protonation and indeed no phosphine-oxide was formed.
Reaction of rhodium(I) dimer [Rh(μ-Cl)(CO)2]2 with 2 equiv. of tetraanionic diphosphine
a in methanol resulted in the formation of the corresponding Rh(I) carbonyl chloride complex
[Rh(a)(CO)Cl] (1a) (Scheme 2). The bidentate ligand a of the distorted square planar Rh(I)complex 1a coordinates to the rhodium atom in a trans-fashion, as is indicated by 31P{1H} NMR
spectroscopy: δ 22.7 ppm (d) JRh–P = 130.6 Hz.8 The tetracationic tetrakis(ammoniumchloride)calix[4]arene z was synthesized by N-protonation of tetrakis(amino)-calix[4]arene by HCl in
diethyl ether (Scheme 3).9
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Scheme 1 Synthesis of tetrakis(2-methoxyphenyl)-xantphos (o-OMe)-xantphos (a), tetrakis(2methoxy-5-sulfonicacid-phenyl)-xantphos a' (b) and tetrakis(2-methoxy-5-sulfonatophenyl)xantphos tetrasodiumsalt a (b).

Scheme 2 Synthesis of trans-[Rh(a)(CO)Cl] complex 1a.

Scheme 3 Synthesis of tetraammonium-calix[4]arene z.

5.3

Capsule self-assembly

All hetero-dimeric capsules reported in this Chapter are formed by ionic interactions and
are composed of one tetraanionic building block and one complementary tetracationic building
block. Self-assembly of these capsules is simply achieved by mixing methanol solutions
containing these building blocks (Scheme 4). The capsules are formed instantaneously and are in
equilibrium with the building blocks in monomeric form containing the original counter ions.
Capsule formation is evidenced by NMR spectroscopy and mass spectrometry. A single set of
proton resonances for the free and associated building blocks was observed in the 1H NMR
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spectra for all the capsules described in this Chapter. This indicates a fast exchange process on
the NMR time scale between the building blocks that are in the monomeric form (free) and those
in the capsular form (bound).

Scheme 4 Self-assembly of ionic-based supramolecular capsules (schematic picture).

5.4

Metallo-capsule based on one diphosphine and one calix[4]arene

In Chapters 2 and 3 of this thesis we have reported (metallo) capsules composed of one
tetracationic diphosphine, or the transition metal complex thereof, and one tetraanionic
calix[4]arene. We were interested to know if a capsule composed of one tetraanionic
diphosphine, or the transition metal complex thereof, and one tetracationic calix[4]arene will also
be formed. In this section we report capsule z·a which is composed of the tetraanionic xantphostype diphosphine a and the tetracationic calix[4]arene z, and metallo-capsule z·1a which is
composed of the rhodium complex 1a containing the tetraanionic ligand and z (Figure 2).
Encapsulation of a transition metal within capsule z·a is achieved by using the rhodium complex
1a.
Characterization. The 1H NMR spectra of capsules z·a and z·1a in CD3OD at 20 °C show sharp
resonances, with the exception of the broad singlet resonance of the aromatic protons of the
calix[4]arene z (Figure 3). Capsules z·a and z·1a show significant upfield shifts for the aromatic
proton of z, with respect to that of the corresponding free z: Δδz·a = 0.42 ppm and Δδz·1a = 0.21
ppm. The observed upfield shifts are likely caused by interaction with the sulfonato groups of a
and 1a, and support capsule formation. Additional evidence for capsule formation and their
stabilities in the gas-phase is obtained by electrospray ionization mass spectrometry (ESI-MS).10
The ESI-MS spectra of capsules z·a and z·1a in CH3OH show prominent ion peaks of the
capsules at m/z 892.83 for [z·a + 2H]2+ and at m/z 957.80 for [z·1a – Cl + H]2+ (Figure 4). All the
capsules ion peaks correspond to 1:1 complexes and no ion peaks for higher aggregates were
detected.
Molecular modeling. The four negative charges of tetrasulfonato-xantphos a are located at the
meta position of its arylphosphine rings and the four positive charges of the calix[4]arene z are
located at the para position of its aryl rings. The modeled structure (PM3 level) of capsule z·a
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shows that the rigid tetrasulfonato-xantphos a and the rigid concave calix[4]arene z are
complementary in shape and that the 1:1 assembly has a highly symmetrical capsular structure
(Figure 2a). The methoxy groups of a do not interfere with capsule formation. The four aryl
groups of a are situated perpendicularly to the capsule equator with the sulfonato groups pointing
down, and the charges of a and z are arranged in an array around the capsule equator. The
structure of capsule z·a is similar to that of a capsule composed of a xantphos-m-anilinium and a
sulfonato calix[4]arene described in Chapter 3. Rhodium complex [Rh(a)(CO)Cl] (1a) adopts a
distorted square planar geometry with the ligand coordinating in a trans-fashion. The modeled
structure (PM3 level) of the metallo capsule z·1a illustrates that 1a and z fit nicely and can form
a capsule via interaction between the ammonium and sulfonato groups. In addition, the rhodium
metal is located inside the capsule and the chloride and carbonyl groups of 1a are sticking out of
the capsule (Figure 2b).

Figure 2 Modeled and molecular structures of diphosphine capsule z·a (a) and metallo-capsule
z·1a (b). The NH hydrogen atoms are visible.
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Figure 3 1H NMR spectra in CD3OD at 20 °C. Top: calix z; Middle: capsule z·a (z/a = 1/2, [a] =
4 mM); Bottom: diphosphine a.
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Figure 4 ESI-MS spectrum of capsule z·1a in CH3OH (inset: measured isotope pattern).

5.5

Capsules based on two diphosphines

All capsules described by us so far are formed by ionic interactions and are composed of
one calix[4]arene and one diphosphine. Our next challenge is to form capsules composed of two
oppositely charged diphosphine ligands. In this section we report the bis-diphosphine capsules
b·a, c·a and d·a which are based on the tetraanionic diphosphine a and on a tetracationic
tetrakis(p-diethylbenzylammoniumchloride)-diphosphine with an ethylene- b, diphenyl ether- c
or xanthene- d backbone (Figure 5). The three tetracationic diphosphines b, c and d have
different flexibilities and shapes but all form a hetero-dimeric capsule with a concave rigid
tetrasulfonato calix[4]arene, as is reported in Chapter 3.4c The xantphos-type ligand a is less rigid
than calix[4]arene, and thus we were interested to know if this xantphos-type ligand will form a
1:1 capsule with a second diphosphine that is equally or less rigid.
Characterization. The 1H NMR spectra of capsules b·a, c·a and d·a in CD3OD at 20 °C show
significant upfield shifts for the diethylammoniummethyl substituents, CH2NH+(CH2CH3)3, with
respect to those of the corresponding free diphosphines b, c and d: Δδ(CH2CH3)2 = 0.21–0.23,
Δδ(CH2CH3)2 = 0.31–0.35, Δδ(CH2N) = 0.34–0.39 ppm (Figure 6). The upfield shifts point to
partial inclusion of the diethylammoniummethyl substituents inside the hydrophobic cavity of
the capsules.4,11 The capsule’s proton resonances are relatively sharp. The 1D-NOESY spectrum
of the hetero-dimeric capsule c·a in CD3OD display negative intermolecular NOE contacts
between the NH+(CH2CH3)2 protons of c, and the aromatic proton of a, i.e. H6 of PAr2, upon
selective saturation of the methyl protons of c (Figure 7). Another NOE contact is observed
between the NH+(CH2CH3)2 protons of c and the OMe group of a. This illustrates that the arylsubstituents of the two diphosphines are facing one another to form the dimeric 1:1 capsular
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structure. The observed negative NOE enhancements confirm the large size of the capsules.12 For
the hetero-dimeric capsule d·a similar NOE contacts are observed.
Additional evidence for capsule formation and their stabilities in the gas-phase is
obtained by ESI-MS. The ESI-MS spectra of the bis-diphosphine capsules b·a, c·a and d·a in
CH3OH show prominent ion peaks of the capsules at m/z 879.80 for [b·a + 2H]2+, at m/z 963.89
for [c·a + 2H]2+ and at m/z 969.82 for [d·a + 2H]2+ (Figure 8). All the capsule’s ion peaks
correspond to 1:1 complexes and no ion peaks for higher aggregates were detected. The
assignment of the capsule’s ion peaks is in agreement with the ESI-MS/MS collision induced
dissociation, upon which the isolated capsule’s ion peak (partly) disappeared and product ion
peaks appeared that correspond to the capsule building blocks (Figure 9).

Figure 5 Modeled and molecular structures of the bis-diphosphine capsules b·a (a), c·a (b) and
d·a (c).
Molecular modeling. Self-assembly of capsules b·a, c·a and d·a is primarily driven by the
formation of multiple intermolecular ionic interactions between the oppositely charged
diphosphine ligands. The tetracationic diphosphines contain the same p-diethylbenzylammonium
groups but have different backbones: ethylene b, diphenyl ether c, and xanthene d (respectively
ethane-1,2-diyl, diphenyl ether-2,2’-diyl, 9,9-dimethylxanthene-4,5-diyl). According to modeling
studies (PM3 level) the molecular sizes of b, c and d are similar to a but their shapes and
conformational rigidity differ. The xantphos-type ligands a and d have a rigid backbone and a
concave-like structure while dppe b and DPEphos c have more flexible backbones and no
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concave structures.4c The modeled structures of capsules b·a, c·a and d·a show that the
diphosphines are facing one another and that their opposite charges are arranged in an array
around the capsule equator (Figure 5). The cavities of the capsules are defined by the eight
phosphorus aryl rings. The rigid and concave-like xantphos-type ligand a fixes the flexible
diphosphines b and c into the proper conformation needed to form a capsule. Hence, one rigid
building block is sufficient to form an ionic-based capsule.13 Interestingly, the free electron pairs
on the phosphorus atoms of b·a are pointing away from the capsule, unlike in c·a and d·a where
they are pointing to the capsule’s interior. In order to form the corresponding bismetallo capsule,
capsule b·a will have to undergo a conformational change.
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Figure 6 1H NMR spectra in CD3OD at 20 °C. Top: diphosphine b; Middle: capsule b·a (b/a =
1/2, [a] = 4 mM); Bottom: diphosphine a. Asterisks indicate solvent signals.
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Figure 7 1D-NOESY spectrum of bis-diphosphine capsule c·a in CD3OD (c/a = 1/2, [a] = 4
mM) (inset: 1D-NOESY spectrum enlargement).
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Figure 8 ESI-MS spectrum of bis-diphosphine capsule c·a in CH3OH (inset: measured isotope
pattern).
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Figure 9 ESI-MS spectra: isolation of bis-diphosphine capsule c·a (a) and collision induced
dissociation of capsule c·a (ESI-MS/MS) (b).
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5.6

Bismetallo capsules based on two diphosphines

In section 5.4 we have described the encapsulation of one transition metal within capsule
z·a composed of a tetraanionic diphosphine a and a tetracationic calix[4]arene z by using the
corresponding rhodium complex 1a.4b-c We anticipated that simultaneous encapsulation of two
transition metals in the bis-diphosphine capsules reported in section 5.5, would provide a new
class of easily accessible bismetallo capsules. Simultaneous encapsulation of two metals can be
achieved by mixing solutions of a transition metal complex containing a tetraanionic
diphosphine and a transition metal complex containing a tetracationic diphosphine. We have
used the rhodium complex 1a as the tetraanionic building block, and the palladium and platinum
complexes trans-[Pd(d)(p-C6H4CN)(Br)] (2d), cis-[Pt(d)Cl2] (3d) and cis-[Pd(b)Cl2] (4b) as the
tetracationic building block.4b-c,14 The bismetallo capsules 2d·1a and 4b·1a encapsulate one
palladium atom and one rhodium atom, and capsule 3d·1a encapsulates one platinum atom and
one rhodium atom (Figure 10).15
Characterization. The bismetallo capsules hardly dissolve in methanol but addition of 10–20%
(v) of dichloromethane resulted in a better solubility of the capsules.4b-c As can be seen in Figure
11 the 1H NMR spectra of the bismetallo capsules 2d·1a, 3d·1a and 4b·1a in CD3OD/CD2Cl2
(80/20 v) at 20 °C show significant upfield shifts for the diethylammoniummethyl substituents,
CH2NH+(CH2CH3)3, with respect to those of the corresponding free metal complexes 2d, 3d and
4b: Δδ(CH2CH3)2 = 0.08–0.18, Δδ(CH2CH3)2 = 0.21–0.30, Δδ(CH2N) = 0.29–0.33 ppm. These
upfield shifts point to partial inclusion of the diethylammoniummethyl substituents inside the
hydrophobic cavity of the capsules. Variable temperature 1H NMR spectra of the bismetallo
capsules show line-broadening only for the CH2N and N(CH2CH3)2 protons of 2d, 3d and 4b at
20 °C and sharper resonances for these protons at higher temperatures (40 and 60 °C).4,11
Additional evidence for capsule formation and their stabilities in the gas-phase was
obtained by ESI-MS. The ESI-MS spectra of the bismetallo capsules 2d·1a, 3d·1a and 4b·1a in
CH3OH show prominent ion peaks of the capsules at m/z 759.52 for [2d·1a – Br – Cl + H]3+, at
m/z 754.53 for [3d·1a – 3Cl]3+ and at m/z 664.52 for [4b·1a – 3Cl]3+ (Figure 12). All the capsule
ion peaks correspond to 1:1 complexes and no ion peaks for higher aggregates were detected.
Molecular modeling. According to modeling studies (PM3 level), in line with literature, the
palladium complex [Pd(d)(p-C6H4CN)(Br)] (2d) adopts a distorted square planar geometry with
the oxygen atom of the xanthene backbone in the apical position and the diphosphine ligand
coordinated in a trans fashion.4b,16 The palladium dichloride complex [Pd(b)Cl2] (4b) adopts a
square planar geometry with the diphosphine ligand coordinated in a cis fashion.4c,17 The
modeled structures of the bismetallo capsules 2d·1a and 4b·1a illustrate that the Pd-complexes
2d and 4b and the square planar trans-Rh-complex 1a fit nicely and are facing one another
(Figure 10). In each capsule, the two transition metals are located inside the capsule. The
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chloride and carbonyl groups of 1a and aryl and bromide groups of 2d are sticking out of the
capsule while the two chlorides of 4b are pointing into the capsule’s interior. The modeled
structures of the bismetallo capsules show that the distance between the two metals is 8.5 Å for
the bisxantphos-based capsule 2d·1a and 4.9 Å for the dppe- and xantphos-based capsule 4b·1a.

Figure 10 Modeled and molecular structures of bismetallo capsules 2d·1a (a) and 4b·1a (b).
Discussion. The two transition metals within the bismetallo capsule are situated close to each
other. We were interested to know if this will promote a metal exchange reaction or if the two
metals interact. The variable temperature 1H NMR spectra of the bismetallo capsules remain
unchanged (at least for 1 h at 20, 40 and 60 °C), indicating that no metal exchange occurred
under these conditions. Considering the calculated distances between the two metals of the
bismetallo capsules 2d·1a and 4b·1a (8.5 and 4.9 Å, respectively), it is unlikely that the two
metals will interact with each other, i.e. form a metal–metal bond. However, interaction between
e.g. a cationic metal center and a cyanophenyl group (located inside the capsule) of the second
metal might be possible.
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Figure 11 1H NMR spectra in CD3OD/CD2Cl2 (80/20 v) at 20 °C. Top: Pd-complex 2d; Middle:
capsule 2d·1a (2d/1a = 1/2, [1a] = 4 mM); Bottom: Rh-complex 1a. Asterisks indicate solvent
signals.
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Figure 12 ESI-MS spectrum of capsule 4b·1a in CH3OH (inset: measured isotope pattern).
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5.7

Monometallo capsule based on two diphosphines

In section 5.6 we have described the encapsulation of two transition metals within a bisdiphosphine capsule. Encapsulation of only one transition metal within a bis-diphosphine
capsule can also be achieved e.g. by mixing solutions of a transition metal complex containing a
tetracationic ligand, and a tetraanionic diphosphine. To this end the formation of the
monometallo capsule 2d·a based on trans-[Pd(d)(p-C6H4CN)(Br)] (2d) and on the
tetrasulfonato-xantphos ligand a was studied (Scheme 5).
1

H NMR study. As can be seen in Figure 13 (top), the 1H NMR spectrum of capsule 2d·a (at a
2d/a ratio of 1/2) shows significant upfield shifts for the diethylammoniummethyl substituents,
CH2NH+(CH2CH3)2, with respect to those of 2d: Δδ(CH2CH3)2 = 0.25, Δδ(CH2CH3)2 = 0.44,
Δδ(CH2N) = 0.47 ppm. We observed that upon leaving the NMR tube at 20 °C or heating it to 40
°C, another set of signals started to appear for the diethylammoniummethyl substituents (Figure
13). The ratio between the two signal sets did not change anymore after 3.5 h at 40 °C (‘2d’/‘d’
= 3/7, vide infra). The chemical shifts of the new set of signals resemble that of the bisdiphosphine capsule d·a (Figure 13 bottom). Metal exchange between palladium complex 2d and
diphosphine a resulted in the formation of diphosphine d and Pd-complex 2a. The simultaneous
presence of the tetracationic building blocks d and 2d, and the tetraanionic building blocks a and
2a in solution resulted in the formation of four capsules: the monometallo capsules 2d·a and
d·2a, the bismetallo capsule 2d·2a, and the bis-diphosphine capsule d·a (Scheme 5). The
remaining question is how can four different capsules that are simultaneously present in solution,
give only two signal sets in the 1H NMR spectrum. As is reported in section 5.3 the free- and
bound building blocks of all the ionic-based capsules are in a fast exchange on the NMR time
scale. This results in a single set of proton resonances which represent the average of the freeand bound building blocks. The same fast exchange process also occurs between the four
capsules, which results in this case in two sets of signals for the CH2NH+(CH2CH3)3 protons of d
and 2d: one signal set for the protons of free d, capsule d·a and capsule d·2a, and another signal
set for the protons of free 2d, capsule 2d·a and capsule 2d·2a.
Metal exchange reaction between 2d and a, and consequently the simultaneous presence
of the corresponding four building blocks 2d, 2a, d and a is confirmed by 31P{1H} NMR: 2d
13.6 (br s), 2a 10.4 (s), d –17.3 (s) and a –34.2 (s) ppm. ESI-MS also support the occurrence of
metal exchange between 2d and a, and consequently the formation of four capsules. The ESI-MS
spectrum of capsule 2d·a in CH3OH, after being stirred overnight at room temperature, show
prominent ion peaks of the four capsules at m/z 730.95 for [2(d·a) – Br + 2Na]3+, at m/z 792.60
[2d·2a – 2Br + Na]3+ and at m/z 969.98 [d·a + 2H]2+. Noteworthy, the monometallo capsules
2d·a and d·2a have the same elemental composition and hence give the same m/z (these capsules
are designated as 2(d·a)).
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Discussion. The exchange rate of the building blocks between various capsules is much faster
than the metal exchange rate between the ligands. We were interested to know if the capsule
effects the rate and product distribution of the metal exchange reaction. Heating a solution
containing two building blocks that can not form a capsule, i.e. a and 2d’ (d’ is the neutral
tetraamine-xantphos ligand) also resulted in metal exchange to give 2d’, 2a, d’ and a, as is
evidenced by an NMR study. Comparison of the metal exchange reaction between a and 2d with
that between a and 2d’ suggests that the capsule does not effect the reaction rate and product
distribution.

Scheme 5 Molecular structure of monometallo capsule 2d·a, and the resulting capsules upon
metal exchange.
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Figure 13 1H NMR spectra in CD3OD/CD2Cl2 (8/2 v). Top: capsule 2d·a (2d/a = 1/2, [a] = 4
mM); Middle: stirring capsule 2d·a at 40 °C for 1–3 h; Bottom: capsule d·a. Asterisks indicate
solvent signals.
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5.8

Conclusions

In this Chapter we have demonstrated that the scope of ionic-based capsules based on
functionalized diphosphine ligands, or metal complexes thereof, can easily be extended. The first
type of capsules is composed of one novel tetraanionic diphosphine ligand and one
complementary tetracationic calix[4]arene. Encapsulation of a transition metal is achieved by
self-assembly of a transition metal complex (Rh) containing a tetraanionic ligand, and a
tetracationic calix[4]arene. The second type of capsules is composed of two oppositely charged
diphosphine ligands. Simultaneous encapsulation of two different transition metals is achieved
by self-assembly of a transition metal complex containing a tetracationic ligand (Pd, Pt) and a
transition metal complex containing a tetraanionic ligand (Rh). Diphosphine ligands with
different flexibilities and shapes (i.e. different backbones) assemble into (metallo) capsules with
a proper capsular structure, as is indicated by 1H NMR, 1D-NOESY, ESI-MS and modeling
studies. This approach for encapsulation of two different metals within one cavity opens up new
opportunities for bimetallic catalysis to control the activity, stability and selectivity of the
potential homogeneous catalysts.

5.9

Experimental section

General remarks. All reactions were carried out under a dry, inert atmosphere of purified nitrogen or
argon using standard Schlenk techniques, unless stated otherwise. Solvents were dried and distilled under
nitrogen prior to use. Diethyl ether and tetrahydrofuran (THF) were distilled from sodium/benzophenone.
Dichloromethane and methanol were distilled from CaH2. Deuterated solvents were distilled from the
appropriate drying agents. Unless stated otherwise, all chemicals were obtained from commercial
9

suppliers and used as received. 5,11,17,23-Tetrakis(amino)-25,26,27,28-tetrakis(pentoxy)calix[4]arene,
4b,18

4,5-bis(diethoxyphosphonito)-9,9-dimethylxanthene,
methyl)phenyl)phosphino]ethane

b,

4b

phosphino]-4,4’-dimethyldiphenylether c,
phosphino]-9,9-dimethylxanthene d,
3d,14 and cis-[Pd(b-4HOTs)Cl2] 4b

4c

4c

1,2-bis[bis(p-((diethylammoniumchloride)-

2,2’-bis[bis(p-((diethylammoniumchloride)methyl)phenyl)4c

4,5-bis[bis(p-((diethylammoniumchloride)methyl)phenyl)-

trans-[Pd(d-4HCl)(p-C6H4CN)(Br)] 2d,

4b

cis-[Pt(d-4HOTs)Cl2]

were synthesized according to reported procedures. NMR spectra

were recorded on Varian Inova 500, Bruker Avance DRX 300 and Varian Mercury 300 NMR
spectrometers. Chemical shifts are given relative to TMS (1H and 13C NMR) and 85% H3PO4 (31P NMR).
Chemical shifts are given in ppm. 1D-NOESY measurements (1D transient NOE) were carried out with a
DPFGSE excitation (double pulsed field gradient spin-echo). High-resolution fast atom bombardment
mass spectrometry (HRMS FAB) measurements were carried out on a JEOL JMS SX/SX 102A at the
Department of Mass Spectrometry at the University of Amsterdam. Electrospray ionization mass
spectrometry (ESI-MS) measurements were carried out on a Q-TOF (Micromass, Waters, Whyttenshawe,
UK) mass spectrometer equipped with a Z-spray orthogonal nanoelectrospray source, using Econo Tips
(New Objective, Woburn, MA) to create an off-line nanospray, at the Department of Mass Spectrometry
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of Biomacromolecules at the University of Amsterdam. Infrared spectra were recorded on a Nicolet 510
FT-IR spectrophotometer. Molecular modeling calculations were performed using Spartan ’04

V1.0.3 software, on the semi-empirical PM3-level.
Synthesis
4,5-Bis[bis(2-methoxyphenyl)phosphino]-9,9-dimethylxanthene: (o-OMe)-xantphos
n-Butyllithium (2.5 M in hexanes, 18.34 ml, 45.84 mmol) is added slowly to
a solution of 2-bromoanisole (5.72 ml, 45.84 mmol) in 60 ml diethyl ether at
0 °C. The solution was allowed to warm slowly to room temperature and was
stirred overnight. Next morning, the solution of 2-lithioanisol was cooled to
–45 °C and subsequently a solution of 4,5-bis(diethoxyphosphonito)-9,9-dimethylxanthene (4.13 g, 9.17
mmol) in 60 ml THF was added slowly. The resulted green reaction mixture was allowed to warm to
room temperature and was stirred overnight. Next morning, the clear red reaction mixture was hydrolyzed
with 5 ml degassed water, and the solvents were removed in vacuo. Subsequently, the orange viscous oil
was dissolved in dichloromethane and washed with degassed brine. The organic layer was separated, and
the aqueous layer was extracted with dichloromethane. The combined organic layers were dried with
MgSO4, and the solvent was removed in vacuo. The crude product was purified by column
chromatography (silica gel: EtOAc/PE 40-60). The product (o-OMe)-xantphos was obtained as a white
powder (1.42 g, 2.03 mmol, 22%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 7.35 (d, J = 7.7 Hz, 2H,
PC6H3), 7.11 (t, J = 7.7 Hz, 4H, PC6H4), 6.87 (t, J = 7.5 Hz, 2H, PC6H3), 6.69 (br d, J = 7.7 Hz, 4H,
PC6H4), 6.61 (t, J = 7.3 Hz, 4H, PC6H4), 6.51 (m, 6H, PC6H3 + PC6H4), 3.61 (s, 12H, OCH3), 1.63 (s, 6H,
C(CH3)2); 31P{1H} NMR (121.5 MHz, CDCl3, 293 K): δ = –34.2 (s); 13C{1H} NMR (75 MHz, CDCl3,
293 K): δ = 161.3 (t, J = 8.0 Hz, Cq, CAr), 153.3 (br s, Cq, CAr), 133.4 (s, CH, CAr), 132.2 (s, CH, CAr),
129.7 (s, Cq, CAr), 129.3 (s, CH, CAr), 125.9 (br s, Cq, CAr), 125.6 (s, CH, CAr), 123.0 (s, CH, CAr), 120.5
(s, CH, CAr), 110.1 (s, CH, CAr), 55.6 (s, OCH3), 34.5 (s, C(CH3)2), 31.7 (s, C(CH3)2); HRMS (FAB+):
found 699.2439, calcd. for [C43H40O5P2 + H]+ 699.2429.
4,5-Bis[bis(2-methoxy-5-sulfonatophenyl)phosphino]-9,9-dimethylxanthene tetrasodiumsalt: a
A solution of (o-OMe)-xantphos (0.56 g, 0.80 mmol) in 1 ml
dichloromethane was cooled to –10 °C and concentrated sulfuric acid (96%,
2.05 ml, 38.4 mmol) was added dropwise. After the diphosphine was
completely dissolved in the concentrated sulfuric acid, dichloromethane was
removed in vacuo. The brown reaction mixture was slowly warmed to room temperature and was stirred
for 6 days. A second portion of concentrated sulfuric acid (2.05 ml, 38.4 mmol) was added at –10 °C and
the reaction mixture was stirred for 4 more days at room temperature. Next, the reaction mixture was
hydrolyzed by slow addition of 16 ml degassed ice water at –10 °C to give the tetrasulfonic acid
diphosphine a’, upon which the reaction mixture decolorized. Subsequently, the reaction mixture was
carefully neutralized with aqueous NaOH (27%, w/w) at 0 °C until a pH of 8-10 was reached. The
solution was thoroughly evaporated to dryness at 75 °C resulting in a white powder. Methanol (100 ml)
was added to the crude product and the suspension was refluxed for 2 h. After the suspension was cooled
to room temperature the white salts (Na2SO4) were allowed to precipitate and were filtered off. After a
second extraction with methanol the product a was obtained as a white powder (0.65 gr, 0.59 mmol, 74
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%). Tetrasodiumsalt a: 1H NMR (300 MHz, CD3OD, 293 K): δ = 7.76 (dd, J = 8.6 Hz, J = 2.2 Hz, 4H,
PC6H3-SO3Na), 7.42 (d, J = 7.7 Hz, 2H, PC6H3), 7.23 (s, 4H, PC6H3-SO3Na), 6.92 (d, J = 8.6 Hz, 4H,
PC6H3-SO3Na), 6.86 (t, J = 7.6 Hz, 2H, PC6H3), 6.54 (t, J = 7.4 Hz, 2H, PC6H3), 3.67 (s, 12H, OCH3),
1.67 (s, 6H, C(CH3)2); 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = –34.8 (s); 13C{1H} NMR (75
MHz, D2O, 293 K): δ = 163.1 (t, J = 7.7 Hz, Cq, CAr), 152.5 (br t, Cq, CAr), 135.3 (s, Cq, CAr), 131.4 (s,
CH, CAr), 131.0 (s, Cq, CAr), 130.4 (s, CH, CAr), 128.3 (s, CH, CAr), 127.4 (s, CH, CAr), 124.2 (s, CH, CAr),
124.1 (s, Cq, CAr), 124.0 (s, Cq, CAr), 110.9 (s, CH, CAr), 56.0 (s, OCH3), 34.3 (s, C(CH3)2), 30.2 (s,
C(CH3)2); HRMS (FAB+): found 1107.0020, calcd. for [C43H36Na4O17P2S4 + H]+ 1106.9980. Nonisolated
tetrasulfonicacid
a’
(4,5-bis[bis(2-methoxy-5-sulfonicacid-phenyl)phosphino]-9,91
dimethylxanthene): H NMR (300 MHz, CD3OD, 293 K): δ = 8.05 (dd, J = 8.7 Hz, J = 2.2 Hz, 4H,
PC6H3-SO3Na), 7.84 (d, J = 6.9 Hz, 2H, PC6H3), 7.43 (m, 4H, PC6H3-SO3Na), 7.25 (m, 6H, PC6H3-SO3Na
+ PC6H3), 6.88 (m, 2H, PC6H3), 3.77 (s, 12H, OCH3), 1.77 (s, 6H, C(CH3)2); 31P{1H} NMR (121.5 MHz,
CD3OD, 293 K): δ = –25.6 (br s); ESI-MS (m/z, CH3OH): [M + H] + found 1019.15, calcd.
(C43H41O17P2S4 + H) 1019.16.
trans-[Rh(a)(CO)Cl]: 1a
A solution of a (84.6 mg, 76.4 μmol) in 7 ml methanol was added to a clear
yellow solution of [Rh(μ-Cl)(CO)2]2 (14.9 mg, 38.9 μmol) in 1 ml
methanol. The reaction mixture was stirred for 30 min. at room
temperature and subsequently was refluxed at 70 °C for 4 h. After cooling
the brown reaction mixture to room temperature the solvent was evaporated in vacuo. After washing with
diethyl ether and drying in vacuo the product 1a was obtained as a brown powder. 1H NMR (300 MHz,
CD3OD, 293 K): δ = 8.01 (dd, J = 8.7 Hz, J = 2.1 Hz, 4H, PC6H3-SO3Na), 7.96 (m, 2H, PC6H3), 7.68 (dt,
J = 6.2 Hz, J = 2.1 Hz, 4H, PC6H3-SO3Na), 7.45 (m, 4H, PC6H3), 7.16 (dt, J = 8.7 Hz, J = 2.6 Hz, 4H,
PC6H3-SO3Na), 3.65 (s, 12H, OCH3), 1.81 (s, 6H, C(CH3)2); 31P{1H} NMR (121.5 MHz, CD3OD, 293 K):
δ = 22.7 (d, JRh-P = 130.6 Hz); 13C{1H} NMR (75 MHz, CD3OD, 293 K): δ = 161.7 (t, J = 3.6 Hz), 154.1
(t, J = 9.3 Hz), 138.4 (t, J = 4.4 Hz), 134.6 (s), 132.4 (s), 131.7 (s), 131.3 (s), 130.5 (s), 127.5 (s), 119.0
(s), 118.7 (s), 116.1 (s), 111.2 (s), 55.5 (s, OCH3), 34.1 (s, C(CH3)2), 32.5 (s, C(CH3)2); HRMS (FAB+):
found 1236.8972, calcd. for [C44H36ClNa4O18P2RhS4 – Cl]+ 1236.8906; IR (CH3OH, 293 K, cm–1): v =
2013 (CO).
5,11,17,23-Tetrakis(ammoniumchloride)-25,26,27,28-tetrakis(pentoxy)calix[4]arene: z
A 2 M solution of HCl in diethyl ether (1.50 ml, 3.00 mmol) was added dropwise to a
solution of 5,11,17,23-tetrakis(amino)-25,26,27,28-tetrakis(pentoxy)calix[4]arene (0.230
g, 300 μmol) in 25 ml diethyl ether, upon which a fine pink precipitation appeared. After
stirring for 30 min. the volatiles were removed in vacuo and z was obtained as a red
powder in quantitative yield. 1H NMR (300 MHz, CD3OD, 293 K): δ = 6.78 (s, 8H, HAr),
5.50 (d, J = 13.4 Hz, 4H, CHH’), 3.94 (t, J = 7.3 Hz, 8H, OCH2), 3.36 (d, J = 14.2 Hz, 4h, CHH’), 1.92
(m, 8H, OCH2CH2), 1.42 (m, 16H, C2H4CH3), 0.95 (t, J = 6.6 Hz, 12H, CH3); 13C{1H} NMR (75 MHz,
CD3OD, 293 K): δ = 156.2 (s), 136.2 (s), 124.6 (s), 123.0 (s), 75.6 (s, C5H11), 30.2 (s, ArCH2Ar), 29.8 (s,
C5H11), 28.2 (s, C5H11), 22.5 (s, C5H11), 13.2 (s, C5H11); HRMS (FAB+): found 765.5311, calcd. for
[C48H72O4N4Cl4 – 3H – 4Cl]+ 765.5319.
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General procedure for capsules self-assembly
Capsule self-assembly was done in situ. Equimolar methanol, methanol/dichloromethane (80-90% (v)
methanol), dmso or water solutions of the tetracationic building block and the tetraanionic building block
were mixed at room temperature and stirred for 5–20 min., resulting in the formation of the corresponding
capsules.
1

H NMR characterization of the capsules
Upfield shifts (ΔδH) upon capsule formation are given for the protons of the bound building blocks, with
respect to those of the corresponding free building blocks (Table 1).
Capsule z·a: Δδ(HAr of z) = 0.42 ppm (CD3OD, 20 °C, z/a = 1/2, [a] = 4 mM).
Capsule z·1a: Δδ(HAr of z) = 0.21 ppm (CD3OD, 20 °C, z/1a = 1/2, [1a] = 4 mM).

Table 1 Observed upfield shifts (ΔδH) of the CH2NH+(CH2CH3)2 protons of b, c, d, 2d, 3d and 4b upon
capsule formation.a

a

Δδ(CH2CH3) Δδ(CH2CH3) Δδ(CH2N)
(ppm)
(ppm)
(ppm)

Capsule

Solvent/temp

b·a b
c·a b
d·a b

CD3OD / 20 °C
CD3OD / 20 °C
CD3OD / 20 °C

0.22
0.23
0.21

0.31
0.35
0.34

0.34
0.39
0.36

2d·1a
3d·1a
4b·1a

CD3OD/CD2Cl2 8/2 vol% / 20 °C
CD3OD/CD2Cl2 8/2 vol% / 20 °C
CD3OD/CD2Cl2 8/2 vol% / 20 °C

0.18
0.11
0.08

0.30
0.26
0.21

0.32
0.33
0.29

2d·a

CD3OD/CD2Cl2 8/2 vol% / 20 °C

0.25

0.44

0.47

+

[a] = 4 mM. PP/a = 1/2. PP = b, c, d, 2d, 3d and 4b. The NH proton resonance was not visible because
of H–D exchange with CD3OD. b The assignment of the 1H NMR spectra of the capsules is fully
supported by COSY NMR.
ESI-MS
Samples of the capsules with initial concentrations of 100-250 μM were diluted in MeOH to a
final concentration of 1%. Comparison of the measured isotope patterns of the capsules with the
calculated ones confirm their elemental composition and charge state. The capsules ion peaks correspond
to 1:1 complexes and no ion peaks for higher aggregates were detected. From the survey MS spectra
individual candidate ions were selected for collision induced dissociation (CID) MSMS with Argon as
collision gas. The assignment of the capsule’s ion peaks is confirmed by CID experiments: upon collision
induced dissociation of the capsule’s ion peaks, product peaks appeared that correspond to the capsule’s
building blocks. The reported m/z correspond to the 100% ion peak (isotope with the highest intensity).
Self-assembly of following capsules was done in CH3OH upon which the capsules remained
soluble, hence sodium cations were present in solution: Capsule z·a (C91H108N4O21P2S4) ESI-MS
(m/z, CH3OH): [z·a + 2H + O]2+ found 900.85, calcd. 900.80; [z·a + 2H]2+ found 892.83, calcd. 892.80.
Capsule b·a (C89H108N4O17P4S4) ESI-MS (m/z, CH3OH): [b·a + 2Na]2+ found 901.83, calcd. 901.77;
[b·a + H + Na]2+ found 890.81, calcd. 890.78; [b·a + 2H]2+ found 879.80, calcd. 879.79; [b·a + 3Na]3+
found 608.89, calcd. 608.84; [b·a + H + 2Na]3+ found 601.56, calcd. 601.51; [b·a + 2H + Na]3+ found
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594.22, calcd. 594.19; [b·a + 3H]3+ found 586.89, calcd. 586.86. Capsule c·a (C101H116N4O18P4S4)
ESI-MS (m/z, CH3OH): [c·a + 2Na]2+ found 985.88, calcd. 985.80; [c·a + Na + H]2+ found 974.91, calcd.
974.81; [c·a + 2H]2+ found 963.89, calcd. 963.81; [c·a + 3Na]3+ found 664.92, calcd. 664.86; [c·a + H +
2Na]3+ found 657.59, calcd. 657.53; [c·a + 2H + Na]3+ found 650.27, calcd. 650.21; [c·a + 3H]3+ found
642.93, calcd. 642.88. Capsule d·a (C102H116N4O18P4S4) ESI-MS (m/z, CH3OH): [d·a + 2Na]2+ found
991.84, calcd. 991.80; [d·a + Na + H]2+ found 980.80, calcd. 980.81; [d·a + 2H]2+ found 969.82, calcd.
969.81; [d·a + 3Na]3+ found 668.86, calcd. 668.83; [d·a + 2Na + H]3+ found 661.54, calcd. 661.53; [d·a +
Na + 2H]3+ found 653.89, calcd. 653.87; [d·a + 3H]3+ found 646.89, calcd. 646.88.
Self-assembly of following capsules was done in H2O, upon which the capsules precipitated.
Subsequently, the capsules were isolated from the water layer and redissolved in CH3OH, hence no
sodium cations were present in solution: Capsule z·1a (C92H108N4O22P2RhS4Cl) ESI-MS (m/z,
CH3OH): [z·1a – Cl + H]2+ found 957.80, calcd. 957.75; [z·1a – Cl + 2H]3+ found 638.88, calcd. 638.84.
Capsule 2d·1a (C110H120N5O19P4PdRhS4ClBr) ESI-MS (m/z, CH3OH): [2d·1a – Br – Cl]2+ found
1138.78, calcd. 1138.73; [2d·1a – Br – Cl – CO]2+ found 1124.84, calcd. 1124.73; [2d·1a – Br – Cl + H]3+
found 759.52, calcd. 759.49. Capsule 3d·1a (C103H116ClN4O19P4PtRhS4Cl2) ESI-MS (m/z, CH3OH):
[3d·1a – 2Cl]2+ found 1149.30, calcd. 1149.22; [3d·1a – Cl + H]2+ found 1167.80, calcd. 1167.71; [3d·1a
– 3Cl – CO]3+ found 745.19, calcd. 745.16; [3d·1a – 3Cl]3+ found 754.53, calcd. 754.49; [3d·1a – 2Cl +
H]3+ found 766.53, calcd. 766.48. Capsule 4b·1a (C90H108ClN4O18P4PdRhS4Cl2) ESI-MS (m/z,
CH3OH): [4b·1a – 2Cl]2+ found 1015.27, calcd. 1015.16; [4b·1a – Cl + H]2+ found 1033.23, calcd.
1033.15; [4b·1a – 2Cl + H]3+ found 677.19, calcd. 677.11; [4b·1a – 3Cl]3+ found 664.52, calcd. 664.45;
[4b·1a – 3Cl – CO]3+ found 655.19, calcd. 655.12.
Stirring a CH3OH solution of capsule 2d·a overnight at room temperature resulted in a mixture of
four capsules (2d·a, d·2a, 2d·2a and d·a) as is indicated by ESI-MS (m/z, CH3OH): Capsules 2d·a and
d·2a have the same elemental composition and hence can give the same m/z, we have designated these
capsules as 2(d·a): Capsules 2(d·a) (C109H120N5O18P4PdS4Br): [2(d·a) – Br + Na]2+ found 1084.98,
calcd. 1084.77; [2(d·a) – Br + H]2+ found 1073.97, calcd. 1073.78; [2(d·a) – Br + 2Na]3+ found 730.95,
calcd. 730.84; [2(d·a) – Br + Na + H]3+ found 723.58, calcd. 723.52; [2(d·a) – Br + 2H]3+ found 716.30,
calcd. 716.19; Capsule 2d·2a (C116H124N6O18P4Pd2S4Br2): [2d·2a – 2Br]2+ found 1177.25, calcd.
1177.45; [2d·2a – Br + 2Na]3+ found 826.95, calcd. 827.13; [2d·2a – Br + 2H]3+ found 812.32, calcd.
812.48; [2d·2a – 2Br + Na]3+ found 792.60, calcd. 792.49; [2d·2a – 2Br + H]3+ found 785.28, calcd.
785.17; Capsule d·a (C102H116N4O18P4S4): [d·a + 2Na]2+ found 991.93, calcd. 991.80; [d·a + Na +
H]2+ found 980.96, calcd. 980.81; [d·a + 2H]2+ found 969.98, calcd. 969.82; [d·a + Na + 2H]3+ found
654.33, calcd. 654.21; [d·a + 3H]3+ found 646.99, calcd. 646.88.
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Encapsulation of a Rhodium Hydroformylation
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Chapter 6

6.1

Introduction

Enzymes, nature’s creation of catalysts, encapsulate multiple functionalities within their
cavity where the catalytic conversion takes place, and as a result they can be extremely active
and selective for a range of chemical conversions. The special microenvironment in the substrate
binding pocket and the catalytically active site result for example in substrate preorganization,
which restricts substrate motion. Also (covalent) binding of the transition state and desolvation
of the substrate contribute greatly to an extraordinarily catalytic activity.1 Enzymes have served
as the major source of inspiration for supramolecular catalysis, with a major focus on host-guest
catalysis.2 Self-assembled nanocapsules with well-defined cavities can encapsulate smaller guest
molecules and have been applied as nanosized reaction chambers, i.e. nanoreactors, for chemical
transformations.3 Rebek and co-workers have reported that the cavity of a self-assembled
hydrogen-bonded “softball” capsule can act as a catalyst for the bimolecular Diels–Alder
reaction, which resulted in a tenfold rate enhancement.3c Raymond, Bergman and co-workers
have encapsulated a cationic transition metal complex (iridium or rhodium) within a tetrahedral
coordination cage, based on metal-ligand interactions, via non-directional noncovalent bonds.
This encapsulated active-site was successfully used for thermal C–H bond activation of
aldehydes and ethers (Ir), and allylic alcohol isomerization reactions (Rh), which resulted in
substrate size and shape selectivities, and protection of the catalyst against decomposition.4
Alkene hydroformylation, catalyzed by phosphorus-based rhodium complexes, is an
important homogeneously catalyzed reaction in industry for functionalizing hydrocarbons.5a The
regio-, stereo-, and chemoselectivity and overall catalytic activity of the catalyst in the
hydroformylation reaction can be optimized by tuning the electronic and steric properties of the
ligands.5b-d Implementing supramolecular strategies in the design of rhodium-phosphorus
catalysts can drastically change the activity and reactivity of the hydroformylation reaction.2
Reek and co-workers have introduced the ligand-template approach as a new strategy for the
encapsulation of transition metal catalysts.6 A hemispherical ligand-template capsule is created
around the transition metal by applying pyridylphosphine ligands which coordinate to the
transition metal via the phosphorus atom, and at the same time the nitrogen atoms of the pyridyl
groups selectively coordinate to Zn(II)-porphyrins or Zn(II)-salphens. When tris(mpyridyl)phosphine is applied as template ligand, the created steric hindrance around the metal
results in decoordination of one of the two pyridylphosphine ligands. The encapsulated rhodium
complex has a tenfold higher reactivity and unusual regioselectivity in the hydroformylation of
terminal and internal alkenes. The unusual selectivity and increased rate observed for the
encapsulated rhodium is caused by modification of the catalytically active species as well as by
the novel nano-environment around the rhodium imposing steric restriction which influence the
individual steps in the catalytic cycle. Monflier and co-workers have demonstrated that inclusion
of a sulfonated xantphos in a cyclodextrin-based cavity increases the steric hindrance around the
rhodium, compelling the alkene to react preferentially by its terminal carbon, which resulted in
high regioselectivity for the linear aldehyde in the hydroformylation reaction.7 Van Leeuwen,
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Nolte and co-workers have applied the phosphine substituted “molecular basket” based on
diphenylglycoluril framework in the rhodium catalyzed hydroformylation of various
allylbenzene substituted substrates.2,8 Substrates can bind inside the basket’s cavity while the
rhodium is situated above the cavity. The most strongly bound substrates gave the highest rate
due to the raised effective molarity, but after 30% conversion product inhibition took place.
The generally accepted dissociative mechanism for alkene hydroformylation catalyzed by
phosphine based rhodium complexes, first proposed by Heck and Breslow for cobalt, is depicted
in Scheme 1.5b,9 With bidentate phosphine ligands, the catalytic cycle begins with CO
dissociation from the trigonal-bipyramidal [HRh(PP)(CO)2] 1 to form the square-planar 16electron complex [HRh(PP)(CO)] 2. Alkene association yields the 18-electron complex 3, which
undergoes hydride-migration to form either the linear or the branched rhodium-alkyl complexes
4 and 4’, respectively. Association of CO provides the rhodium complexes 5 and 5’,
respectively, and migratory insertion of CO affords the corresponding rhodium-acyl complexes 6
and 6’. Hydrogenolysis of the rhodium-acyl complexes gives the respective linear and branched
aldehyde and regenerates the rhodium complex 2. Wide bite angle ligands, such as xantphos, are
known to give high selectivity in the hydroformylation of alkenes for the linear aldehyde.5d
In this Chapter we investigate whether encapsulation of a rhodium catalyst based on a
wide bite angle diphosphine ligand (xantphos) influences its stability and its catalytic properties
in the hydroformylation reaction, e.g. activity, substrate selectivity, product regioselectivity and
product chemoselectivity. The novel nano-environment around the catalyst is created by rhodium
encapsulation within a capsule formed by ionic interactions and composed of a tetracationic
xantphos-type ligand and a tetraanionic calix[4]arene. We discuss the mechanism of the
encapsulated rhodium catalyst in the hydroformylation reaction on the basis of molecular
modeling and a kinetic study.

Scheme 1 Dissociative mechanism for alkene hydroformylation.
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6.2

Diphosphine capsule

Supramolecular capsules are composed of two or more, not necessarily identical, building
blocks programmed to self-assemble in solution into the desired structure.3a,10 We have
previously reported the ionic-based diphosphine capsule A·C composed of the tetracationic
xantphos-type diphosphine A and the complementary tetraanionic calix[4]arene C (Scheme 2).11
Mixing methanol solutions of the neutral building blocks tetraamine-diphosphine a and
tetrasulfonicacid-calix[4]arene C-SO3H results in quantitative protonation of a by C-SO3H,
leading to capsule A·C. The observed single set of proton resonances for the free and associated
building blocks in the 1H NMR spectrum of capsule A·C, indicates a fast exchange process on
the NMR time scale between the building blocks that are in the monomeric form (free) and those
in the capsular form. Upon capsule formation the diethylammoniummethyl substituents of A
show significant upfield shifts in the proton NMR spectrum with respect to those of
tetraammonium-diphosphine A-HOTs (in CD3OD: Δδ(CH2CH3) = 0.37, Δδ(CH2CH3) = 0.34
and Δδ(NCH2) = 0.25 ppm). This indicates that the substituents are partially included inside the
hydrophobic cavity of the capsule.12 The 2D NOESY spectrum of capsule A·C shows an
intermolecular NOE contact between the NH+(CH2CH3)2 protons of A and the aromatic protons
of C, confirming the 1:1 capsular structure of A·C (Figure 1).13 The electronspray-ionization
mass spectrum (ESI-MS) of capsule A·C shows a prominent ion peak of the capsule at m/z
977.06 corresponding to [A·C + 2H]2+, confirming capsule formation and stability in the gasphase (Figure 1).14 Encapsulation of a transition metal atom within capsule A·C can be achieved
by using the metal complex of the tetracationic diphosphine ligand for the assembly process, or
by the reaction of a transition metal precursor and the diphosphine capsule A·C.11c The
encapsulated metal is still available for catalytic transformation as it is not involved in the
assembly process.11a

Scheme 2 Self-assembly of capsule A·C (a), and molecular structure of A-HOTs (b).
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Figure 1 2D NOESY spectrum (left) and ESI-MS spectrum (right) of diphosphine capsule A·C.

6.3

Rhodium capsules

The formation of free and encapsulated rhodium(I)-hydrides, the precursor to the active
species in the hydroformylation reaction, was studied in situ by high-pressure (HP) NMR and IR
spectroscopy in methanol.
Catalyst precursor: cationic rhodium species
The precursor of the rhodium hydride species [Rh(diphosphine)(CO)(acac)] is formed by
mixing solutions of [Rh(acac)(CO)2] (acac = acetylacetonate) and a diphosphine ligand. We
observed that mixing methanol solutions of [Rh(acac)(CO)2] with the tetracationic diphosphine
A-HOTs resulted in the formation of the cationic rhodium species [Rh(A-HOTs)(CO)]+ (B1)
(Scheme 3a), and that mixing methanol solutions of [Rh(acac)(CO)2] with the corresponding
diphosphine capsule A·C resulted in the formation of the cationic rhodium capsule
[Rh(A)(CO)]+·C (B1·C) (Scheme 3b). The formation of these species was evidenced by 31P{1H}
NMR and IR spectroscopy. The 31P{1H} NMR spectra show a doublet at 38.3 ppm (JP-Rh = 122
Hz) for B1 (Figure 2), and a doublet at 38.2 ppm (JP-Rh = 126 Hz) for capsule B1·C (Figure 3).
These phosphorus signals are in good agreement with the doublet at 37.2 ppm (JP-Rh = 122 Hz)
reported for the similar [Rh(xantphos)(CO)]+[BF4]– complex reported by van Leeuwen and coworkers.15a-b In the 31P{1H} NMR spectrum of capsule B1·C some additional broad signals at
17.4, 11.0 and –1.5 ppm were observed. The signal at 11.0 ppm could be assigned to capsule
[Rh(A)(CO)(acac)]·C. The carbonyl vibration of B1 and B1·C in CH3OH were observed in the IR
spectra at 2010 cm–1 for both species.15a-b
The cationic rhodium species are formed by protonation of the intermediate species
[Rh(A-HOTs)(acac)(CO)] and capsule [Rh(A)(acac)(CO)]·C. One of the acidic ammonium
groups of the tetraammonium-diphosphine protonates acetylacetonate to acetylacetone, H(acac),
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upon which acetylacetone dissociates and the cationic rhodium species is formed (Scheme 3).
The counterions of the cationic rhodium species are probably a tosylate anion (OTs–) for B1 and
one of the four sulfonyl monoanions (R–SO3–) of tetrasulfonatocalix[4]arene C for capsule B1·C.
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Scheme 3 Formation of cationic rhodium species B1 and capsule B1·C, rhodium hydrides B2 and
capsule B2·C, and rhodium-dimer B3 from: diphosphine A-HOTs (a) and capsule A·C (b).

Rhodium hydride
Pressurizing a methanol solution of the cationic rhodium species B1 with CO/H2 (1:1)
provided the rhodium-hydride species [HRh(A-HOTs)(CO)2] (B2) (Scheme 3a). Pressurizing a
methanol solution of the cationic rhodium capsule B1·C with CO/H2 (1:1) provided the rhodiumhydride capsule [HRh(A)(CO)2]·C (B2·C) (Scheme 3b), as is evidenced by HP NMR and HP IR
spectroscopy.15,16 The 31P{1H} HP NMR spectra show a characteristic doublet at 20.6 ppm (JP-Rh
= 129 Hz) for B2 (Figure 2), and a doublet at 20.2 ppm (JP-Rh = 127 Hz) for capsule B2·C (Figure
3).17 In the 1H HP NMR spectra of B2 and B2·C the hydride resonance was observed as a broad
singlet at –9.38 respectively –9.39 ppm (Figure 4). Both cationic rhodium species transform into
the rhodium(I)-hydrides in one hour (at 20 °C) and remain stable for at least sixteen hours.
Heterolytic cleavage of dihydrogen at the cationic rhodium species results in the rhodiumhydride species and a proton which reprotonates the amine of the diphosphines into the
ammonium moiety (Scheme 3).18a-c
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Figure 2 31P{1H} NMR spectra in CD3OD, Rh/PP = 1/1, [Rh] = 38 mM. Top: cationic-Rh B1.
Bottom: Rh-hydride B2 and Rh-dimer B3 (1:1) (20 bar CO/H2).
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Figure 3 31P{1H} NMR spectra in CD3OD, Rh/PP = 1/1, [Rh] = 38 mM. Top: cationic-Rh
capsule B1·C. Bottom: Rh-hydride capsule B2·C (20 bar CO/H2).
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indicate the B2 building block.
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[HRh(diphosphine)(CO)2] can exist in two isomeric structures in which the diphosphine
ligand coordinates in a diequatorial (ee) or an equatorial-apical (ea) fashion (Scheme 4).17c,18d,17d
The carbonyl bands of the rhodium hydrides are observed in the HP IR spectrum of B2 at 1947,
1972 and 1997 cm–1, and in the HP IR spectrum of capsule B2·C at 1947, 1970 and 1996 cm–1.
The absorption bands at 1997 cm–1 of B2 and 1996 cm–1 of B2·C are partly obscured by overlap
with strong absorption bands of the solvent (CH3OH, 20 bar CO/H2). Comparison of the
observed carbonyl bands of B2 and B2·C with those observed by van Leeuwen and co-workers
for the similar [HRh(a)(CO)2] complex in C6D6 (1938, 1970 and 1990 cm–1) leads to the
conclusion that both ee- and ea-complex isomers are present in solution.17b-c,17d The HP IR and
HP NMR results show the existence of a dynamic equilibrium between the ee- and ea-isomers of
B2. The same dynamic equilibrium between the ee- and ea-isomers is also observed for capsule
B2·C.

Scheme 4 ee-ea equilibrium of a rhodium trigonal bipyramidal complex.
Rhodium-dimer
Upon pressurizing the cationic rhodium species B1 (at 38 mM concentration) with 20 bar
syn gas, the carbonyl-bridged dimer [Rh(A-HOTs)(CO)(μ-CO)]2 B3 was formed next to the
rhodium-hydride B2 in a ratio of one-to-one, see Scheme 3. The 31P{1H} HP NMR spectrum of
B3 consists of two apparent doublets (1:1) at 9.2 ppm (JP-Rh = 152 Hz) and 0.4 ppm (JP-Rh = 150
Hz), see Figure 2. The rhodium-dimer [Rh(diphosphine)(CO)(μ-CO)]2 is inactive in the
hydroformylation reaction and is in equilibrium with the rhodium-hydride. This equilibrium
depends on the partial CO and H2 pressures.15c In the HP NMR experiments, the rhodium-dimer
species was clearly observed when the free ligand A-HOTs was used, but scarcely for capsule
A·C (B3·C: 9.2 d and 0.1 d), see Figure 3. The 31P{1H} HP NMR spectra reported in Figure 2
and Figure 3 remained unchanged for at least 16 h. The steric hindrance around the encapsulated
rhodium metal prohibits capsule B2·C to form a rhodium-dimer species. The high concentration,
small gas volume and different metal-ligand ratio used in HP NMR experiments ([Rh] = 38 mM,
PP/Rh = 1) compared to those used in catalytic experiments result in different monomer/dimer
equilibrium. Indeed, no rhodium-dimers were observed in the HP IR experiments of A-HOTs or
capsule A·C for which the conditions ([Rh] = 1 mM, PP/Rh = 4) resemble more closely the
hydroformylation conditions.16b In the HP NMR experiments also small amounts of phosphine
oxide, free ligand and other species (~14 d ppm) were observed for A-HOTs as well as for
capsule A·C.
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Capsule stability
The formation of the cationic rhodium species, rhodium-hydrides and rhodium-dimers
with the ammonium-diphosphine A-HOTs or capsule A·C as the ligand, was evidenced by (HP)
NMR and (HP) IR studies. The 1H NMR spectra of B1, B2 and B3 show downfield shifts for the
diethylammoniummethyl substituents, CH2NH+(CH2CH3)2, with respect to those of the
comparable [HRh(a)(CO)2] species, containing neutral diethylaminomethyl substituents.17b This
confirms that the ammonium moieties of the rhodium-diphosphine species B1, B2 and B3 remain
intact and do not protonate the hydride species. We have shown in Section 6.2 that upon
formation of capsule A·C the diethylammoniummethyl substituents of A show significant
upfield shifts in the 1H NMR spectrum with respect to those of free A-HOTs.11a The 1H NMR
spectra of capsules B1·C and B2·C also show upfield shifts for their diethylammoniummethyl
substituents with respect to those of B1 and B2, e.g. for capsule B1·C Δδ(CH2CH3) = 0.25,
Δδ(CH2CH3) = 0.22 and Δδ(NCH2) = 0.16 ppm. This confirms that the capsules remain intact
upon inclusion of a rhodium metal.

6.4

Hydroformylation catalyzed by encapsulated rhodium

Hydroformylation experiments were carried out in the AMTEC SPR16 robot, consisting
of sixteen parallel reactors and a mass-flow controller, suited for application of different reaction
conditions in each individual reactor.19 Hydroformylation of styrene, 1-octene and 4,4,4triphenylbut-1-ene was carried out in 8 ml methanol at 60 °C under 20 bar of CO/H2 (1:1) using
a 1.00 mM solution of rhodium-catalyst prepared from [Rh(acac)(CO)2] and 5 equivalents of
ligand (Scheme 5). Reactions were all started with incubation of the catalyst under 16 bar of
CO/H2 (1:1) for 1 h at 80 °C. Reaction rates and turnover frequencies (TOF) were determined
from the gas-uptake profiles and the product distribution was monitored by gas chromatography.
In this section we describe the effect of rhodium encapsulation on its catalytic properties in the
hydroformylation reaction. In order to confirm that rhodium encapsulation is responsible for the
observed results rather than the acidic phosphine ligand or free calix[4]arene, we have conducted
control experiments which are described in the first part of this section. In the next section (6.5) a
discussion concerning the mechanism of the hydroformylation reaction catalyzed by the
encapsulated rhodium is presented.

Scheme 5 Rhodium-catalyzed alkene hydroformylation.
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Control experiments
Effect of acidic diphosphine. The acidic ammonium substituents and tosylate counterions of
diphosphine A-HOTs facilitate solubility in polar protic solvents such as methanol, isopropanol
and water. As can be seen in Table 1 (entry’s 1–2) and Figure 5, the rhodium catalyst based on
tetraammonium diphosphine A-HOTs is more active than the rhodium catalyst based on the
corresponding tetraamine diphosphine a in the hydroformylation of styrene in methanol (TOF
after 5% conversion: 85.2 and 31.1, respectively). The product regioselectivities of A-HOTs and
a are slightly different: selectivities for the branched aldehyde are 59% and 57%, respectively.
The electronic effect of the ammonium groups of A-HOTs on the phosphorus atoms is
negligible because of the presence of the benzylic methylene-spacer, as is confirmed by 31P{1H}
NMR data in CD3OD: A-HOTs: –16.9 (s) and a: –18.3 (s) ppm.
Table 1 Effect of calix[4]arene C-SO3Na and of acidic diphosphine A-HOTs on the rhodiumcatalyzed hydroformylation of styrene.a
conversion (%)b

TOF d

t = 10 h

t = 20 h

t = 30 h

b/l c
(%)

a

30.3

49.5

63.1

57/43

31.1

28.7

2

A-HOTs

64.4

87.1

95.5

59/41

85.2

81.2

3

a + C-SO3Na e

30.7

50.4

63.7

57/43

31.9

29.9

entry

ligand

1

at 5% conv at 10% conv

a

Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1.00 mM, [styrene] = 873 mM, ligand/Rh = 5, CO/H2
(1:1) = 20 bar, 60 °C, 8 ml methanol. The reaction was stopped after 35 h. b Conversion of substrates into
aldehydes and corresponding enol ethers (enol ethers are only formed with A-HOTs). Conversion is
determined by syngas uptake. c branched to linear ratio of aldehydes and corresponding enol ethers.
d
TOF = turnover frequency (mol product)·(mol Rh)–1·h–1. e mol ratio of a/C-SO3Na is 1/1.

Figure 5 Kinetic profiles: effect of calix[4]arene C-SO3Na and of acidic diphosphine A-HOTs on the

Rh-catalyzed hydroformylation of styrene. Conversion is determined by syngas uptake. Reaction
conditions: [Rh] = 1 mM, [L] = 5 mM, [S] = 873 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol.
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Hydroformylation of styrene, 1-octene and 4,4,4-triphenylbut-1-ene in methanol
catalyzed by the Rh-complex based on A-HOTs resulted in branched and linear aldehydes and
their corresponding branched and linear enol ethers with a methoxy substituent (identified by
GC-MS), see Scheme 6. Changing the solvent from methanol to isopropanol resulted in
aldehydes and their corresponding enol ethers with an i-propoxy substituent. The percentage of
enol ethers in the products continued to grow after the hydroformylation reaction had been
stopped (with a maximum of 47% for styrene, 70% for 1-octene and 40% for 4,4,4-triphenylbut1-ene). The products of 1-octene hydroformylation catalyzed by the Rh-complex based on AHOTs also contained 8–12% of two unidentified byproducts which might be assigned to the
corresponding hemiacetals, acetals or the hydroformylation products of the enol ethers. We have
not observed alcohol formation during the hydroformylation reactions.15b Remarkably, alkene
hydroformylation in methanol catalyzed by Rh-complexes based on the tetraamine ligand a and
on capsule A·C did not produce enol ethers or other unidentified byproducts. Various researchers
reported consecutive hydroformylation-acetalization in alcoholic solvents to give the
corresponding acetals.20 El Ali and co-workers reported the formation of small amounts of enol
ethers next to the acetals.20a-b Nucleophilic addition of an alcohol to the formed aldehyde,
catalyzed by an acid, gives a hemiacetal which can further react to an acetal, or can undergo
dehydration to give the enol ether (Scheme 6). Capsule A·C and A-HOTs are based on the same
tetraamonium diphosphine A, but capsule A·C yields solely aldehydes. This shows that under the
used conditions, the rhodium catalyst based on capsule A·C has a remarkable higher product
selectivity compared to the rhodium catalyst based on A-HOTs. This is probably caused by the
strong interaction between A and C and therefore the unavailability of the ammonium groups of
capsule A·C to catalyze the enol ethers formation.

Scheme 6 Alkene hydroformylation-acetalization and formation of enol ether in methanol (only
shown for the linear aldehyde).
Effect of calix[4]arene. Concave calix[4]arenes contain an open cavity wherein smaller
molecules can be encapsulated and have shown to influence activities and selectivities of several
reactions.21 The tetrasodium salt of tetrasulfonated calix[4]arene (C-SO3Na) and the neutral
tetraamine-diphosphine a do not form a capsule and allow us to study the influence of
unassociated calix[4]arene on the catalytic performance of the rhodium complex based on ligand
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a. As can be seen in Table 1 (entry’s 1 and 3) and Figure 5, the activity and product
regioselectivity of the Rh-complex based on ligand a remains the same in the presence of CSO3Na in the hydroformylation of styrene in methanol. Therefore, the capsule, rather than
unassociated calix[4]arene, is responsible for the new activities and selectivities described in this
chapter (vide infra).

Catalyst encapsulation: effect on activity and regioselectivity
Encapsulation of the rhodium metal within capsule A·C results in a significant drop in
activity compared to the rhodium catalyst based on A-HOTs, in the hydroformylation of the
small styrene and 1-octene, as well as the sterically demanding 4,4,4-triphenylbut-1-ene (Table 2
and Figure 6).22 The turnover frequency (TOF) values at 5% conversion decrease due to rhodium
encapsulation; for styrene from 45.4 to 2.5, for 1-octene from 52.1 to 0.8 and for 4,4,4triphenylbut-1-ene from 21.7 tot 1.1. Product regioselectivity in the hydroformylation reaction,
i.e. branched to linear ratio of the aldehydes, is also affected by catalyst encapsulation. The
selectivity for the branched aldehyde has increased upon rhodium encapsulation for styrene from
59% to 75% and for 1-octene from 2% to 4% (Table 2, entry’s 1–4). Styrene usually has a high
preference for the formation of the branched aldehyde due to the stability of the benzylic
rhodium species, induced by the formation of a stable η3 complex.23 Hydroformylation of 1octene catalyzed by rhodium complexes based on xantphos-type ligands generally give very high
selectivities for the linear aldehyde.17a,17c-d Therefore, the observed increased selectivity for the
branched aldehyde in the hydroformylation of 1-octene upon catalyst encapsulation, is
significant. Surprisingly, hydroformylation of 4,4,4-triphenylbut-1-ene, catalyzed by the Rhcomplex based on A-HOTs, resulted in a decrease of linear aldehyde during the course of the
reaction. After 10% conversion the selectivity provided by the catalyst based on A-HOTs was
89% for the linear aldehyde, and after 86% conversion the selectivity for the linear aldehyde
decreased to 55% (Table 2, entry 5). Contrary, the encapsulated rhodium catalyst has a 100%
selectivity for the linear aldehyde, which remained constant during the whole reaction (Table 2,
entry 6). The new activities and product regioselectivities observed for the encapsulated catalyst
show that the capsule remains intact during the catalysis.
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Table 2 Effect of rhodium encapsulation within diphosphine capsule A·C on the catalyst activity
and regioselectivity in the hydroformylation of styrene, 1-octene and 4,4,4-triphenylbut-1-ene.a
conversion (%)b
[sub]
substrate
(mM) t = 10 h t = 20 h t = 30 h

TOF d
b/l c
(%) at 5% conv at 10% conv

entry

ligand

1

A-HOTs

styrene

436

66.7

88.3

95.9

59/41

45.4

43.1

2

capsule A·C

styrene

436

6.9

11.4

15.5

75/25

2.5

2.0

3

A-HOTs

1-octene

478

65.7

86.9

94.7

2/98

52.1

48.5

capsule A·C 1-octene
triphenyl
A-HOTs
butene
triphenyl
capsule A·C
butene

478

2.5

4.1

5.7

4/96

0.8

-

396

45.3

69.8

82.7

-f

21.7

20.3

396

2.9

5.4

7.9

0/100

1.1

0.7

4
5e
6e
a

Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1.00 mM, ligand/Rh = 5, CO/H2 (1:1) = 20 bar, 60 °C, 8
ml methanol. The reaction was stopped after 35–43 h. b Conversion of substrates into aldehydes and
corresponding enol ethers (enol ethers are only formed with A-HOTs). The products of 1-octene
hydroformylation with A-HOTs also contained 5–8% of isomerization and hydrogenation products, and
8–12% of two unidentified byproducts which were used to calculate the conversion. The products of 1octene hydroformylation with capsule A·C also contained 1% of isomerization and hydrogenation
products. Conversion is determined by syngas uptake. c branched to linear ratio of aldehydes and
corresponding enol ethers. d TOF = turnover frequency (mol product)·(mol Rh)–1·h–1. e Reaction mixture
contained 2 ml of dichloromethane. f Amount of formed linear aldehyde + linear enol ether decreased
from 89% (after 10% conversion) to 55% (after 86% conversion).

Figure 6 Kinetic profiles: effect of rhodium encapsulation within diphosphine capsule A·C on the catalyst
activity in the hydroformylation of styrene, 1-octene and 4,4,4-triphenylbut-1-ene. Conversion is
determined by syngas uptake. Reaction conditions: [Rh] = 1 mM, [L] = 5 mM, [styrene] = 436 mM, [1octene] = 478 mM, [4,4,4-triphenylbut-1-ene] = 396 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol.
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Catalyst encapsulation: substrate selectivity
The drop in activity by catalyst encapsulation is more than three times higher for the
small 1-octene compared to styrene and the bulky 4,4,4-triphenylbut-1-ene (drop in TOF at 5%
conversion: 65%, 18% and 20%, respectively) (Table 2). Apparently, the capsule does not
display substrate selectivity solely on basis of size. According to the TOF values, the nonencapsulated catalyst based on A-HOTs has a higher preference for hydroformylation of 1octene than styrene, and the encapsulated catalyst based on capsule A·C has a higher preference
for hydroformylation of styrene than 1-octene (Table 3 entry’s 3–6). A substrate competition
study in which a mixture of styrene and 1-octene (mol ratio = 10/11) is hydroformylated by a
rhodium catalyst based on A-HOTs or capsule A·C made it possible to study the substrate
selectivity properties of the encapsulated catalyst. After a reaction time of nine hours, the
rhodium-catalyst based on A-HOTs gave a conversion of 60.2% for styrene and 68.2% for 1octene while the rhodium-catalyst based on capsule A·C gave a conversion of 8.1% for styrene
and 4.4% for 1-octene (Table 3 entry’s 1–2 and Figure 7). The ratio between styrene conversion
and 1-octene conversion is 0.88 for A-HOTs and 1.84 for capsule A·C (after 9 h), meaning that
the affinity of the encapsulated catalyst for the compact C8 molecule of styrene is two times
higher than that of the non-encapsulated catalyst. These results show that the encapsulated
catalyst is substrate selective because it discriminates between substrates, on the basis of shape
and size.
Table 3 Substrate competition study by simultaneous hydroformylation of styrene and 1-octene
catalyzed by rhodium complexes based on capsule A·C and diphosphine A-HOTs.a
entry

ligand

1e

A-HOTs

substrate

[sub]
(mM)

conversion (%)b
t=9h
60.2
+
68.2

t = 21 h
86.6
+
90.1

t = 31 h
94.2
+
95.7

b/l c
(%)

TOF d
at 5% conv

+

styrene
1-octene

+

436
478

2 e capsule A·C

+

styrene
1-octene

+

436
478

+

3f

A-HOTs

styrene

436

63.2

89.3

96.2

59/41

45.4

4f

A-HOTs

1-octene

478

62.2

88.0

95.1

2/98

52.1

5 f capsule A·C

styrene

436

6.3

11.8

15.6

75/25

2.5

6 f capsule A·C

1-octene

478

2.4

4.2

5.8

4/96

0.8

a

8.1
4.4

+

13.6
7.0

+

18.1
10.0

+

61/39
3/97

-

+

75/25
5/95

-

Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1.00 mM, ligand/Rh = 5, CO/H2 (1:1) = 20 bar, 60 °C, 8
ml methanol. The reaction was stopped after 35–41 h. b Conversion of substrates into aldehydes and
corresponding enol ethers (enol ethers are only formed with A-HOTs). Hydroformylation of 1-octene
also resulted in isomerization and hydrogenation products, and in two unidentified byproducts (the later
are only formed with A-HOTs), which were all used to calculate the conversion. c branched to linear ratio
of aldehydes and corresponding enol ethers. d TOF = turnover frequency (mol product)·(mol Rh)–1·h–1.
e
Conversion is determined by GC data of the periodic samplings. f Conversion is determined by syngas
uptake.
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Figure 7 Kinetic profiles: substrate competition study by simultaneous hydroformylation of
styrene and 1-octene catalyzed by rhodium complexes based on capsule A·C and diphosphine AHOTs. Conversion is determined by GC data of the periodic samplings. Reaction conditions:
[Rh] = 1 mM, [L] = 5 mM, [styrene] = 436 mM, [1-octene] = 478 mM, CO/H2 (1:1) = 20 bar, 60
°C, methanol.
Catalyst encapsulation: kinetic study
The kinetics of styrene, 1-octene and 4,4,4-triphenylbut-1-ene hydroformylation
catalyzed by rhodium complexes based on A-HOTs and capsule A·C was studied by varying the
substrate concentrations. The reaction rates and turnover frequencies were determined from the
gas-uptake profiles and were used to calculate the orders in substrate concentrations. No
incubation periods were observed after typical incubation of the catalysts for 1 h at 80 °C was
applied. As can be seen in Table 4 all hydroformylation reactions catalyzed by encapsulated as
well as non-encapsulated catalysts, have positive order dependencies in substrate concentration.
The first-order dependencies in styrene concentration for A-HOTs (0.95) and in 4,4,4triphenylbut-1-ene for capsule A·C (1.01) imply that Type I kinetics is applicable.5b,24 As can be
seen in Equation 1, a reaction with Type I kinetics is first order in the alkene concentration, first
order in the rhodium concentration, zero order in hydrogen, and negative order in ligand
concentration (phosphine and/or carbon monoxide).

Rate(type-I) =

A[alkene][ Rh]
B  [ L]

(Equation 1)

The observed positive orders in substrate concentration for alkene hydroformylation by
rhodium catalysts based on A-HOTs and on capsule A·C indicate that all reactions involve a rate
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determining alkene coordination followed by rapid alkene insertion into the Rh-H bond, or a fast
alkene coordination followed by rate determining hydride migration, or an intermediate case in
which the combination of the two is slower than any other step of the cycle.5b-c,24 We have not
determined the orders in rhodium, ligand, CO and H2, and therefore we cannot exclude that other
steps in the catalytic cycle may contribute slightly to the rate equation. Remarkably, styrene
hydroformylation catalyzed by a rhodium complex based on A-HOTs has a first-order (0.95)
dependency in substrate concentration while styrene hydroformylation catalyzed by a rhodium
complex based on capsule A·C has an almost second-order (1.70) dependency in substrate
concentration. The exceptionally high order in styrene concentration found for the encapsulated
catalyst might suggest that two styrene molecules are involved in the rate limiting step of the
catalytic cycle (vide infra). The orders in 1-octene concentration are less than one for rhodium
complexes based on A-HOTs and on capsule A·C (0.68 and 0.41, respectively), which might
point to saturation kinetics.5c

Table 4 Kinetics for alkene hydroformylation catalyzed by rhodium complexes based on AHOTs and capsule A·C.a
ligand
A-HOTs
capsule A·C
A-HOTs
capsule A·C
A-HOTs
capsule A·C

substrate
styrene
styrene
1-octene
1-octene
triphenylbutene
triphenylbutene

order in substrate
0.95
1.70
0.68
0.41
positive c
1.01

at conversion (%) b
20
15
20
4
8

a

The gas-uptake profiles and ln(TOF) versus ln[substrate] graphs are shown in the experimental section.
The orders in substrate concentrations are determined from the TOF at the indicated conversion.
c
Reaction progress kinetic analysis of the “graphical rate equation” (TOF versus substrate concentration)
for the hydroformylation of 4,4,4-triphenylbut-1-ene catalyzed by a rhodium-catalyst based on A-HOTs
has a straight line, suggesting a positive-order dependency in substrate concentration (only one substrate
concentration was used), see experimental section. 25
b

Reaction progress kinetic analysis
The “graphical rate equation” (TOF versus substrate concentration) of styrene
hydroformylation catalyzed by a rhodium-complex based on A-HOTs at four different initial
styrene concentrations, shows overlapping straight line curves with fixed slopes (Figure 8a).
Reaction progress kinetic analysis indicates that the reaction exhibits a steady state behavior, an
overall first-order kinetics and that no product inhibition or catalyst deactivation occurs.25
Contrary, the “graphical rate equation” for styrene hydroformylation catalyzed by the
encapsulated rhodium-complex based on capsule A·C at four different initial styrene
concentrations, shows bent curves that do not overlap (Figure 8b). The ‘twist’ in the curves, i.e.
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change in the slope after approximately 10–15% conversion, show a non-steady state behavior
for the reaction (at least not during the measured conversions). The graphs do not overlap,
suggesting that product inhibition or catalyst deactivation takes place (vide infra). The “graphical
rate equation” for 1-octene and 4,4,4-triphenylbut-1-ene hydroformylation catalyzed by the
encapsulated rhodium-complex based on capsule A·C, also show bent curves that do not overlap,
suggesting that the encapsulated catalyst experience also for these substrates a non-steady state
behaviour for the reaction as a result of product inhibition or catalyst deactivation.

a.

b.

ligand: A-HOTs
order in styrene: 0.95

ligand: capsule A·C
order in styrene: 1.70

Figure 8 “Graphical rate equations”: styrene hydroformylation catalyzed by rhodium complexes
based on A-HOTs (a) and capsule A·C (b) at four different initial styrene concentrations.
Conversion is determined by syngas uptake. Reaction conditions: [Rh] = 1 mM, [L] = 5 mM,
[styrene] = 436, 655, 873 and 1309 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol.
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Catalyst encapsulation: product inhibition
Reaction progress kinetic analysis indicates that the encapsulated catalyst experiences
catalyst deactivation or product inhibition for all the substrates. In order to find out if product
inhibition takes place we have performed hydroformylation experiments using various mixtures
of the styrene hydroformylation products 2-phenylpropionaldehyde and 3-phenylpropylaldehyde
(2/1 molar ratio) and styrene. As can be seen in Table 5 and Figure 9, the presence of aldehydes
in the beginning of the reaction results in a decrease of the catalytic activity of the rhodium
complex based on capsule A·C. The decrease in catalyst activity was linear with the aldehydesto-styrene ratio. Upon addition of three equivalents of aldehydes with respect to styrene, the TOF
at 10% conversion decreased from 6.0 to 2.4 and the conversion after 30 h decreased from 21.0%
to 11.3% (Table 5 entry’s 1 and 4). In contrast, addition of three equivalents of aldehydes to the
non-encapsulated rhodium catalyst did not alter the catalyst activity (Table 5 entry’s 5–6). These
results show that the encapsulated rhodium catalyst experiences product inhibition in the
hydroformylation of styrene.26 According to reaction progress kinetic analysis, product inhibition
takes place with styrene and 1-octene, substrates that both fit inside the capsule’s cavity, as well
as with 4,4,4-triphenylbut-1-ene which does not fit inside the capsule’s cavity (vide infra
modeling studies). Therefore, we conclude that product inhibition can take place in two ways: a.
the aldehydes interact with the ionic substituents of the capsule’s building blocks and
consequently increase the steric hindrance around the encapsulated catalyst or b. when the
catalytic conversion occurs inside the capsule and the cavity has a higher affinity for the product
than for the substrate (vide infra).

Table 5 Product inhibition study of styrene hydroformylation catalyzed by rhodium complexes
based on capsule A·C and diphosphine A-HOTs.a
entry

ligand

equiv.
aldehydes
present b

t = 10 h

t = 20 h

1

capsule A·C

-

8.6

15.2

21.0

6.9

6.0

2

capsule A·C

0.16

8.0

14.1

19.7

6.2

5.6

3

capsule A·C

0.97

6.6

11.5

16.2

4.7

4.3

4

capsule A·C

3.00

5.3

8.5

11.3

3.2

2.4

5

A-HOTs

-

64.4

87.1

95.5

85.2

81.2

6

A-HOTs

3.00

64.2

86.1

95.1

84.4

79.2

a

conversion (%)c

TOF d

t = 30 h at 5% conv at 10% conv

Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1.00 mM, [styrene] = 873 mM, ligand/Rh = 5, CO/H2
(1:1) = 20 bar, 60 °C, 8 ml methanol. The reaction was stopped after 35 h. b Equivalents aldehydes
present relative to styrene: hydroformylation experiments were performed using various mixtures of the
styrene hydroformylation products 2-phenylpropionaldehyde and 3-phenylpropylaldehyde (2/1 molar
ratio) and styrene (the aldehydes did not contain any stabilizers or other compounds which could have
influenced the catalysis). c Conversion of substrates into aldehydes and corresponding enol ethers (enol
ethers are only formed with A-HOTs). Conversion is determined by syngas uptake. d TOF = turnover
frequency (mol product)·(mol Rh)–1·h–1.
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Figure 9 Kinetic profiles: product inhibition study of styrene hydroformylation catalyzed by a
rhodium complex based on capsule A·C. Conversion is determined by syngas uptake. Reaction
conditions: [Rh] = 1 mM, [L] = 5 mM, [styrene] = 873 mM, CO/H2 (1:1) = 20 bar, 60 °C,
methanol. Equivalents aldehydes (2-phenylpropionaldehyde and 3-phenylpropylaldehyde: 2/1
molar ratio) present relative to styrene.

6.5

Discussion

Molecular modeling
The structures of the rhodium complexes were first calculated using DFT and
subsequently, the optimized structures were used as input to construct the capsule for PM3
calculations. The modeled structures of capsule ee-[HRh(A)(CO)(styrene)]·C with the
diphosphine coordinating to rhodium in a diequatorial (ee) fashion and the double bond of
styrene being in the equatorial plane (in-plane coordination), are depicted in Figure 10. When the
phenyl group of styrene is pointing ‘down’ towards the apical CO then styrene is situated inside
the capsule (Figure 10a), and when the phenyl group of styrene is pointing ‘up’ towards the
apical hydride then styrene is situated outside the capsule (Figure 10b). The modeled structure of
capsule ea-[HRh(A)(CO)(styrene)]·C with the diphosphine coordinating to rhodium in an
equatorial-apical (ea) fashion shows the opposite, i.e. when the phenyl group of styrene is
pointing ‘up’ towards the apical hydride then styrene is situated inside the capsule. Modeling
studies also show that when the phenyl group of styrene is situated outside the capsule, then the
capsule’s cavity can easily accommodate a second non-coordinating styrene molecule or product.
This might explain the observed nearly second-order (1.70) dependency in styrene concentration
for capsule A·C. The modeled structure of capsule ee-[HRh(A)(CO)(1-octene)]·C shows that
when the alkyl group of 1-octene is pointing ‘down’ towards the apical CO then 1-octene is also
situated inside the capsule. Interestingly, the modeled structure of capsule ee155
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[HRh(A)(CO)(triphenylbutene)]·C shows that when the triphenylalkyl substituent of 4,4,4triphenylbut-1-ene is pointing ‘down’ towards the apical CO then triphenylbutene is situated
outside the capsule, unlike styrene and 1-octene. Clearly, the capsule’s cavity is not big enough
to accommodate triphenylbutene.

Figure 10 Molecular and modeled structures of diequatorial capsule ee[HRh(A)(CO)(styrene)]·C with equatorial-coordinating styrene is inside (a) and outside (b) the
capsule (hydrogen atoms of the capsules are omitted for clarity).
Catalyst encapsulation: mechanistic considerations
The activities and regioselectivities displayed by the encapsulated catalyst suggest that
the capsule remains intact during the reaction. Hydroformylation of 4,4,4-triphenylbut-1-ene
catalyzed by encapsulated rhodium resulted in reduced activity and a high regioselectivity for the
linear aldehyde compared to the non-encapsulated catalyst, even though this substrate does not
fit inside the capsule’s cavity. The encapsulated rhodium catalyst showed reduced activities and
higher regioselectivities for the branched aldehydes in the hydroformylation of styrene and 1octene, which do fit inside the capsule’s cavity. These results indicate that the substrates are
maybe, but not necessarily encapsulated during the catalytic cycle.
The almost second-order (1.70) in styrene concentration found for the encapsulated
catalyst suggests that two styrene molecules are involved in the rate limiting step of the catalytic
cycle (alkene complexation/insertion). Molecular modeling studies show that encapsulated
rhodium can coordinate one styrene molecule situated partly outside the capsule, while a second
non-coordinating styrene molecule can be accommodated in the capsule’s cavity. A second
styrene molecule can be necessary when styrene is coordinating to ee-[HRh(A)(CO)(styrene)]·C
in the apical position, which may have a slow hydride-migration due to hindered rotation. The
apical-coordinating styrene can be stabilized by the capsule’s cavity and therefore a second
equatorial-coordinating styrene molecule is needed in order to displace the apical-coordinating
styrene, which can afterwards still be accommodated in the capsule’s cavity. Alternatively, a
second styrene molecule may be involved in displacing the product from the capsule’s cavity.
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More kinetic experiments are required to distinguish between these different theories. Van
Leeuwen en Nolte have proposed cooperative binding of functionalized styrene and resorcinol
inside the cavity of a rhodium metallohost based on diphenylglycoluril framework.8d
Product regioselectivity in the hydroformylation reaction is determined early in the
catalytic cycle during the hydride-migration reaction to form either the linear or the branched
rhodium-alkyl complex.5b,27a Rhodium encapsulation results in a novel nano-environment around
the metal. The new steric restrictions are dictated by the innerside of the capsule and by reducing
the degrees of freedom of the phosphorus aryl groups due to their interactions with the
tetraanionic calix[4]arene. It is likely that the steric constrains induced by the capsule dictate the
orientation of the entering alkene, reduce the rotation freedom during alkene rotation from the inplane coordination to a perpendicular coordination mode, and subsequently influence the
hydride-migration reaction which results in new product regioselectivities.6c,17c,27b-c The steric
restrictions are different for each substrate, depending on the shape and size of the substrate, and
consequently result in different product regioselectivity. Indeed, catalyst encapsulation resulted
in more branched product for styrene and 1-octene (16% and 2% more branched, respectively),
while 4,4,4-triphenylbut-1-ene resulted in more linear product (at least 11% more linear). HP IR
studies suggest that the capsule does not affect the coordination mode of the diphosphine to
rhodium (ee and ea) and therefore the coordination mode (in the resting state) does not
contribute to the observed new regioselectivities of the encapsulated catalyst.17c Molecular
modeling studies are currently in progress to unravel the way encapsulated rhodium give new
product regioselectivities.

6.6

Conclusion

In this Chapter we have demonstrated that a rhodium catalyst with a wide bite angle
ligand known to be active in the hydroformylation reaction, can be encapsulated within a capsule
formed by ionic interactions and composed of a tetracationic xantphos-type ligand and a
tetraanionic calix[4]arene. Reaction of the diphosphine capsule with a rhodium precursor in
methanol and subsequently pressurizing with syn gas afforded the catalyst, i.e. the rhodium
hydride capsule. Encapsulation of the rhodium species protected the metal center against
formation of the non-active rhodium dimer species at high concentrations. The activity of the
encapsulated catalyst in the hydroformylation of styrene, 1-octene and 4,4,4-triphenylbut-1-ene
decreased significantly compared to the non-encapsulated catalyst. The encapsulated catalyst
exhibited high product chemoselectivity as it afforded solely aldehydes in the hydroformylation
reaction in methanol, unlike the non-encapsulated catalyst. Substrate competition experiments
between styrene and 1-octene indicate that the encapsulated catalyst exhibits substrate
selectivity. Catalyst encapsulation also resulted in different product regioselectivities compared
to the non-encapsulated analogue. The catalysis results and molecular modeling studies show
that the substrate is not necessarily encapsulated during the catalytic cycle. The encapsulated
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catalyst does display different regioselectivities and therefore dictates the orientation of the
alkene or reduces the rotational freedom of the substrates required for hydride migration.
Surprisingly, catalyst encapsulation also resulted in a system that displays product inhibition,
likely due to interactions of the aldehydes with the capsule’s ionic substituents and/or due to a
higher affinity of the aldehyde for the capsule’s cavity. The observed positive orders in substrate
concentration for alkene hydroformylation by encapsulated as well as non-encapsulated rhodium
catalysts indicate that all reactions involve a rate determining alkene coordination/hydride
migration. The exceptionally nearly second-order in styrene concentration (1.70) found for the
encapsulated catalyst suggests that two styrene molecules are involved in the catalytic cycle: one
which undergoes hydroformylation and a second non-coordinating styrene molecule
accommodated inside the capsule’s cavity. In conclusion, we have shown that the novel
supramolecular strategy for catalyst encapsulation opens up new opportunities to control the
catalyst stability, activity, substrate selectivity, product regioselectivity and product
chemoselectivity in the hydroformylation reaction.

6.7

Experimental Section

General remarks All reactions were carried out under a dry, inert atmosphere of purified nitrogen or
argon using standard Schlenk techniques, unless stated otherwise. Solvents were dried and distilled under
nitrogen prior to use. Dichloromethane, methanol and isopropanol were distilled from CaH2. Deuterated
solvents were distilled from the appropriate drying agents. Unless stated otherwise, all chemicals were
obtained
from
commercial
suppliers
and
used
as
received.
4,5-Bis[bis(p11b
((diethylamino)methyl)phenyl)phosphino]-9,9-dimethylxanthene a, 4,5-bis[bis(p-((diethylammoniumtosylate)methyl)phenyl)phosphino]-9,9-dimethylxanthene A-HOTs,11c 5,11,17,23-tetrakis(sulfonato)25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene tetrasodiumsalt C-SO3Na11b,28 and 5,11,17,23tetrakis(sulfonicacid)-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene C-SO3H29 were synthesized
according to reported procedures. NMR spectra were recorded on Varian Inova 500, Bruker Avance DRX
300 and Varian Mercury 300 NMR spectrometers. Chemical shifts are given relative to TMS (1H and 13C
NMR) and 85% H3PO4 (31P NMR). Chemical shifts are given in ppm. Electrospray ionization mass
spectrometry (ESI-MS) measurements were carried out on a Q-TOF (Micromass, Waters, Whyttenshawe,
UK) mass spectrometer equipped with a Z-spray orthogonal nanoelectrospray source, using Econo Tips
(New Objective, Woburn, MA) to create an off-line nanospray, at the Department of Mass Spectrometry
of Biomacromolecules at the University of Amsterdam. Infrared spectra were recorded on a Nicolet 510
FT-IR spectrophotometer. High pressure FT-IR experiments were performed in a stainless steel 50 ml
autoclave equipped with INTRAN windows (ZnS), a mechanical stirrer, a temperature controller and a
pressure transducer. Gas chromatographic (GC) measurements were performed on a Shimadzu GC-17A
apparatus (split/splitless, equipped with a FID detector and a BPX35 column: internal diameter of 0.22
mm, film thickness 0.25 μm, carrier gas 70 kPa He). Molecular modeling calculations were performed
using Spartan ‘08 V1.0.3 software (B3LYP LACVP basic set).
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Self-assembly of diphosphine capsule A·C
Methanol solution of the tetraacidic calix[4]arene C-SO3H (1 equiv.) was slowly added to a methanol
solution of the tetraamine diphosphine a (1 equiv.). The solution was stirred for 30 min. at room
temperature and subsequently the solvent was evaporated resulting in capsule A·C. Observed upfield
shifts of the proton resonances (ΔδH) of the CH2NH+(CH2CH3)2 protons of capsule A·C, with respect to
those of the corresponding free A-HOTs, in CD3OD: Δδ(CH2CH3) = 0.37, Δδ(CH2CH3) = 0.34 and
Δδ(NCH2) = 0.25 ppm (A/C = 1/1). ESI-MS (m/z, CH3OH): [A·C + 2H]2+ found 977.06, calcd.
(C103H134N4O21P2S4) 976.90; [A·C + 3H]3+ found 651.74, calcd. (C103H135N4O21P2S4) 651.60.
High pressure NMR experiments
High pressure NMR experiments were performed in a 10 mm outer diameter/8 mm inner diameter
sapphire tube glued into a Ti (6A1-4V) alloy pressure head, which allows measurements up to 140 bar.16a
An additional 1H HP NMR spectrum of capsule B2·C was measured with a New Era enterprises, NE-HP5M, high pressure glass NMR tube of CortecNet with a Teflon closure (25 mM, 0.5 ml CD3OD, 8 bar
syngas) which results in proton spectra with a better resolution. In a typical experiment a solution of
[Rh(acac)(CO)2] (50 μmol) and diphosphine (50 μmol) in 1.3 ml CD3OD was transferred into a 10 mm
sapphire NMR tube flushed with argon. The tube was purged three times with 5 bar of CO/H2 (1:1) and
pressurized to 20 bar of CO/H2. Catalyst formation was followed in time by 31P{1H} and 1H HP NMR,
and was completed within 1 h at 20 °C. The HP NMR spectra remained unchanged for at least 16 h at 20
°C. The experiments were carried out in duplo.
High pressure FT-IR experiments
In a typical experiment a solution of [Rh(acac)(CO)2] (15 μmol) and ligand (60 μmol) in 15 ml CH3OH
was transferred into the high pressure IR autoclave.16b After stirring for 30 min. at 20 °C and before
pressurizing with syngas an IR spectrum was measured of the cationic rhodium species. Subsequently, the
autoclave was purged three times with 10 bar of CO/H2 (1:1) and pressurized to 20 bar. The rhodium
hydride species were formed within 20 minutes at 20 °C. Upon heating the HP IR autoclave 60 °C the
rhodium hydride species remained stable. The experiments were carried out in duplo. Spectra were
recorded every 15 minutes.
[Rh(A-HOTs)(CO)]+: B1
This compound was prepared in situ by stirring a solution of A-HOTs (50 μmol) and [Rh(acac)(CO)2] (50
μmol) in 1.3 ml of CD3OD for 30 min. at 20 °C. 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = 38.3 (d,
JP-Rh = 122 Hz); 1H NMR (300 MHz, CD3OD, 293 K): δ = 8.00 (d, J = 7.5 Hz, 2H, PC6H3), 7.82 (m, 8H,
PC6H4), 7.68 (d, J = 7.5 Hz, 8H, PC6H4), 7.63 (d, J = 8.5 Hz, 8H, OTs–), 7.51 (t, J = 7.3 Hz, 2H, PC6H3),
7.40 (br s, 2H, PC6H3), 7.16 (d, J = 8.2 Hz, 8H, OTs–), 4.19 (s, 8H, CH2N), 3.00 (m, 16H, CH2CH3), 2.29
(s, 12H, CH3, OTs–), 1.77 (s, 6H, C(CH3)2), 1.22 (t, J = 7.1 Hz, 24H, CH2CH3); IR (CH3OH, 293 K, cm–
1
): v = 2010.
Capsule [Rh(A)(CO)]+·C: capsule B1·C
This compound was prepared similarly to B1. 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = 38.2 (d,
JP-Rh = 126 Hz); 1H NMR (300 MHz, CD3OD, 293 K): δ = 7.97-7.05 (br m, 22H, PC6H3 and PC6H4, B1),
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7.49 (s, 8H, HAr, C), 4.74 (br d, 4H, Hax, C), 4.27 (br t, 8H, CH2CH2, C), 4.03 (br s, 8H, CH2N, B1), 3.88
(br t, 8H, CH2CH2, C), 3.53 (q, J = 7.2 Hz, 8H, CH2CH3, C), 3.35 (br d, 4H, Heq, C), 2.78 (br m, 16H,
CH2CH3, B1), 1.72 (br s, 6H, C(CH3)2, B1), 1.19 (t, J = 7.3 Hz, 12H, CH3, C), 0.97 (br t, 24H, CH2CH3,
B1); Observed upfield shifts upon capsule formation, with respect to B1: Δδ(CH2CH3) = 0.25,
Δδ(CH2CH3) = 0.22, Δδ(NCH2) = 0.16 ppm (B1/C = 1/1); IR (CH3OH, 293 K, cm–1): v = 2010.
[HRh(A-HOTs)(CO)2]: B2 and [Rh(A-HOTs)(CO)(μ-CO)]2: B3
This compound was prepared in situ by pressurizing a solution of [Rh(acac)(CO)2] (50 μmol) and AHOTs (50 μmol) in 1.3 ml CD3OD to 20 bar of CO/H2 (1:1) and leaving the NMR tube for 1 h at 20 °C.
In the HP NMR experiment an equivalent amount of a rhodium-dimer B3 was formed next to the
rhodium-hydride B2.
[HRh(A-HOTs)(CO)2] B2: 31P{1H} HP NMR (121.5 MHz, CD3OD, 293 K): δ = 20.6 (d, JP-Rh = 129 Hz);
1
H HP NMR (300 MHz, CD3OD, 293 K): δ = –9.38 (br, HRh), 4.27 (br, CH2N), 3.13 (br, CH2CH3), 1.23
(br CH2CH3). The 1H HP NMR spectrum is a 1:1 mixture of B2 and B3 and displays broad averages
signals, therefore not all the shifts are reported; HP IR (CH3OH, 293 K, cm–1): v = 1947, 1972 and 1997.
[Rh(A-HOTs)(CO)(μ-CO)]2 B3: 31P{1H} HP NMR (121.5 MHz, CD3OD, 293 K): δ = 9.2 (apparent d,
JP-Rh = 152 Hz, 1P), 0.4 (apparent d, JP-Rh = 150 Hz, 1P).
Capsule [HRh(A)(CO)2]·C: capsule B2·C: This compound was prepared similarly to B2. 31P{1H} HP
NMR (121.5 MHz, CD3OD, 293 K): δ = 20.2 (d, JP-Rh = 127 Hz); 1H NMR (300 MHz, CD3OD, 293 K): δ
= –9.39 (br, HRh), 7.83-6.94 (br m, 22H, PC6H3 and PC6H4, B2), 7.48 (s, 8H, HAr, C), 4.72 (d, J = 12.7
Hz, 4H, Hax, C), 4.26 (br t, 8H, CH2CH2, C), 4.13 (br q, 8H, CH2N, B2), 3.86 (br t, 8H, CH2CH2, C), 3.52
(q, J = 6.8 Hz, 8H, CH2CH3, C), 3.36 (br d, 4H, Heq, C), 2.86 (br m, 16H, CH2CH3, B2), 1.64 (br s, 6H,
C(CH3)2, B2), 1.19 (t, J = 7.3 Hz, 12H, CH3, C), 0.94 (br t, 24H, CH2CH3, B2); Observed upfield shifts
upon capsule formation, with respect to the 1/1 mixture of B2 and B3 (therefore these upfield shifts are
only an approximation): Δδ(CH2CH3) = 0.29, Δδ(CH2CH3) = 0.27, Δδ(NCH2) = 0.14 ppm (B2/C = 1/1);
HP IR (CH3OH, 293 K, cm–1): v = 1947, 1970 and 1996.
Hydroformylation experiments
The hydroformylation reactions were carried out in the AMTEC SPR16 robot consisting of 16
parallel reactors equipped with temperature and pressure sensors and a mass-flow controller.19 The
apparatus is suited for monitoring gas-uptake profiles during the catalytic reactions for each reactor
simultaneously (6 data points are recorded per minute). Four to sixteen autoclaves were heated to 110 °C
and flushed with argon (22 bar) five times. Next, the reactors were cooled to 25 °C and flushed again with
argon (22 bar) five times. The autoclaves were charged with the appropriate amount of catalyst precursor
[Rh(acac)(CO)2] (4.0–16.0 µmol) and 5 equivalents of diphosphine ligands or diphosphine capsule in
methanol (4.20–6.80 ml) and the catalyst was incubated under 16 bar of syngas (CO/H2 = 1/1) for 1h at
80 °C. Next, the temperature of the reaction mixtures was decreased to 60 °C and the pressure in the
autoclave was reduced to 2.0 bar. Subsequently, substrate and if necessary methanol, dichloromethane, 2phenylpropionaldehyde and 3-phenylpropionaldehyde were added under a flow of syngas and the reaction
was started by pressurizing the reactor with 20 or 35 bar of syngas (CO/H2 = 1:1). These reaction steps
(pressure release, addition substrate and start of the reaction) were done for all reactors after each other.
The pressure was kept constant during the whole reaction and the reaction mixtures were stirred at 60 °C
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for 34–44 h. The syngas uptake was monitored and recorded for every reactor. During the catalysis ten
periodic samples of 0.1 ml (for GC analysis) were taken for every reactor using the auto-sampler. After
the catalysis the pressure was reduced to 2.0 bar and samples of 0.3 ml (for GC analysis) were taken.
Total reaction volume is 8.00 ml. Styrene and 1-octene were freshly filtrated over basic alumina
(2-phenylpropionaldehyde and 3-phenylpropionaldehyde were used as received). Decane was added as an
external standard after the reaction (volume ratio substrate/decane 2/1). All the samples were analyzed by
gas chromatography. The samples taken from the autoclaves at the end of the reactions were used to
calibrate the gas-uptake profiles and the samples taken from the autoclaves during the reactions with the
auto-sampler were used to monitor the products distribution. Unless stated otherwise, the branched to
linear ratio (b/l) remained constant during the reaction course (b/l ratio of aldehydes and corresponding
enol ethers). The conversion versus time graphs determined by gas-uptake profiles and by GC overlap
and hence are in agreement with each other. The solubility of 4,4,4-triphenylbut-1-ene in methanol is too
low and therefore the reaction mixtures contained 2 ml of dichloromethane. The hydroformylation of
styrene in methanol catalyzed by rhodium complexes based on ligand a (S/C = 873), ligand A-HOTs
(S/C = 873 and 1309) and capsule A·C (S/C = 873 and 1309) were performed in duplo and were
reproducible. The branched and linear aldehydes of styrene: 2-phenylpropionaldehyde and 3phenylpropionaldehyde; of 1-octene: 2-methyloctanal and nonanal; of 4,4,4-triphenylbut-1-ene: 2-methyl4,4,4-triphenylbutanal and 5,5,5-triphenylpentanal.

Kinetic study of the hydroformylation reaction
a.
b.

ligand: A-HOTs

[styrene] (M)

0.4364

0.6545

0.8728

1.3091

TOF (at 20% conv.)

38.26

58.53

72.27

110.99

Figure 11 Gas-uptake profile (a) and plot of ln(TOF) versus ln[styrene] (b): styrene hydroformylation
catalyzed by a rhodium complex based on A-HOTs at four different initial styrene concentrations.
Conversion is determined by syngas uptake. Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1 mM, [L] = 5
mM, [styrene] = 436, 655, 873 and 1309 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol. TOF’s ((mol
product)·(mol Rh)-1·h-1) have been determined from gas-uptake profiles.
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a.
b.

ligand: capsule A·C

[styrene] (M)
TOF (at 15% conv.)

0.4364
1.719

0.6545
3.193

0.8728
5.383

1.3091
11.000

Figure 12 Gas-uptake profile (a) and plot of ln(TOF) versus ln[styrene] (b): styrene hydroformylation
catalyzed by a rhodium complex based on capsule A·C at four different initial styrene concentrations.
Conversion is determined by syngas uptake. Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1 mM, [L] = 5
mM, [styrene] = 436, 655, 873 and 1309 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol. TOF’s ((mol
product)·(mol Rh)-1·h-1) have been determined from gas-uptake profiles.

a.
b.

ligand: A-HOTs

[1-octene] (M)
TOF (at 20% conv.)

0.478
41.52

0.956
63.94

1.434
87.80

Figure 13 Gas-uptake profile (a) and plot of ln(TOF) versus ln[1-octene] (b): 1-octene hydroformylation
catalyzed by a rhodium complex based on A-HOTs at three different initial 1-octene concentrations.
Conversion is determined by syngas uptake. Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1 mM, [L] = 5
mM, [1-octene] = 478, 956 and 1434 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol. TOF’s ((mol
product)·(mol Rh)-1·h-1) have been determined from gas-uptake profiles.
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a.
ligand: capsule A·C

b.

[1-octene] (M)

0.4779

0.9558

1.434

TOF (at 4% conv.)

0.79

1.09

1.23

Figure 14 Gas-uptake profile (a) and plot of ln(TOF) versus ln[1-octene] (b): 1-octene hydroformylation
catalyzed by a rhodium complex based on capsule A·C at three different initial 1-octene concentrations.
Conversion is determined by syngas uptake. Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1 mM, [L] = 5
mM, [1-octene] = 478, 956 and 1434 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol. TOF’s ((mol
product)·(mol Rh)-1·h-1) have been determined from gas-uptake profiles.

a.
b.

ligand: capsule A·C

[triphenylbutene] (M)
TOF (at 8% conv.)

0.3955
0.985

0.5933
1.45

0.7912
1.98

Figure 15 Gas-uptake profile (a) and plot of ln(TOF) versus ln[4,4,4-triphenylbut-1-ene] (b): 4,4,4triphenylbut-1-ene hydroformylation catalyzed by a rhodium complex based on capsule A·C at three
different initial 4,4,4-triphenylbut-1-ene concentrations. Conversion is determined by syngas uptake.
Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1 mM, [L] = 5 mM, [4,4,4-triphenylbut-1-ene] = 396, 593
and 791 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol. TOF’s ((mol product)·(mol Rh)-1·h-1) have been
determined from gas-uptake profiles.
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a.
Ligand: A-HOTs

b.
Ligand: A-HOTs

Figure 16 Gas-uptake profile (a) and “Graphical rate equations” (b): 4,4,4-triphenylbut-1-ene
hydroformylation catalyzed by a rhodium complex based on A-HOTs. Conversion is determined by
syngas uptake. Reaction conditions: [Rh(acac)(CO)2], [Rh] = 1 mM, [L] = 5 mM, [4,4,4-triphenylbut-1ene] = 396 mM, CO/H2 (1:1) = 20 bar, 60 °C, methanol. TOF’s ((mol product)·(mol Rh)-1·h-1) have been
determined from gas-uptake profiles.
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7.1

Introduction

The weak, highly directional and dynamic nature of hydrogen bonds make them suitable
as a noncovalent interaction for the formation of supramolecular capsules.1 Hydrogen bonded
capsules have been successfully applied as nanoreactors for organic transformations, such as the
glycoluril-containing “softball”.2 Rebek and co-workers have reported the self-complementary
tetraglycoluril-resorcin[4]arene which assembles into a homodimeric capsule (Figure 1a).3 The
assembly process is driven by the formation of intermolecular hydrogen bonds between the N–H
and C=O groups of the glycoluril functionalities. The capsule contains a large cavity of ca. 0.95
nm3 with large holes and can reversibly encapsulate guests such as cryptand[2.2.2] and its metal
inclusion complexes. Rebek and later Böhmer have described homodimeric and heterodimeric
capsules composed of two (self) complementary tetraurea-calix[4]arenes (Figure 1b).4 The two
half-spheres associate via hydrogen bonds in apolar solvents and the eight ureas interdigitated in
a head-to-tail array of sixteen intermolecular hydrogen bonds. The self-assembled capsule
contains a closed cavity and can reversible encapsulate guests such as benzene derivatives,
cyclohexane, pyridine, pyrazine and ammonium cations.

Figure 1 Self-assembly of hydrogen bonded homodimeric capsules composed of tetraglycolurilresorcin[4]arene (a) and tetraurea-calix[4]arene (b).

The formation of hydrogen bonded capsules is reversible (with a life time ranging from
microsecond to hours), they can reversibly encapsulate guests and are stable in common organic
solvents. We anticipated that encapsulation of a transition metal within a hydrogen bonded
capsule will open new opportunities to control the activity, stability and selectivity of the
potential homogeneous catalysts. In Chapter 5 we have reported a bis-xantphos capsule formed
by ionic interactions composed of one tetraanionic- and one tetracationic xantphos-type ligand.
In this Chapter we describe the synthesis of novel xantphos-type ligands functionalized with four
identical hydrogen bonding motifs, i.e. a tetraglycoluril-xantphos and a tetraurea-xantphos. In
addition, we describe the assembly properties of these hydrogen bonded ligands in solution.
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7.2

Synthesis of tetraglycoluril-xantphos and tetraurea-xantphos

The hydrogen bonding motifs at the diphosphine ligands are introduced by
functionalizing the four phenyl groups on the phosphorus atoms. Towards this end we have
synthesized tetrabenzylamine- and tetrabenzylhydroxy-xantphos precursors. The starting
material 2,7-di-tert-butyl-4,5-bis(dichlorophosphino)-9,9-dimethylxanthene is synthesized by the
reaction of the lithiated product of the dibromo-xanthene backbone with ClP(NEt2)2 to give the
bis(bisdiethylamino)-bisphosphane, and in a second step reaction with excess PCl3 (Scheme 1a).5
Tetrakis(p-benzonitrile)-xantphos 1 is subsequently prepared by the reaction of the lithiated
product of p-bromobenzonitrile with the bisdichlorophosphine in 57% yield (Scheme 1b).6 This
reaction required a low temperature of –100 °C in order to avoid side reactions of the highly
reactive p-lithiobenzonitrile. Therefore, the more reactive dichlorophosphine is used as the
phosphorus electrophile instead of a diphosphonite. Next, tetrakis(p-benzylamine)-xantphos 2 is
prepared in 83% yield by reduction of the four nitrile groups of tetrakis(p-benzonitrile)-xantphos
1 by LiAlH4 (Scheme 1b).6b All new compounds described in this Chapter have been
characterized by NMR, IR and mass spectroscopy techniques (see Experimental section).
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Scheme 1 Synthesis of the bisdichlorophosphine precursor (a), tetrakis(p-benzonitrile)-xantphos
1 and tetrakis(p-benzylamine)-xantphos 2 (b).

Tetrakis(p-benzylaldehyde)-xantphos 4 is synthesized by the reaction of a diphosphonite
with the lithiated product of 2-(4-bromophenyl)-1,3-dioxolane to give the tetrakis(pbenzylacetal)-xantphos 3, and subsequently acidic hydrolysis of the acetal groups to give 4, as is
described by den Heeten and Wassenaar (Scheme 2a).7,8 The alcohol functionality is introduced
by reduction of tetrabenzaldehyde 4 by sodium borohydride to give the corresponding tetrakis(pbenzylhydroxy)-xantphos 5 in 51% yield (Scheme 2b).8
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Scheme 2 Synthesis of tetrakis(p-benzylacetal)-xantphos 3 and tetrakis(p-benzylaldehyde)xantphos 4 (a), and tetrakis(p-benzylalcohol)-xantphos 5 (b).

Tetraglycoluril-ester-xantphos 7 and tetraglycoluril-amide-xantphos 8 are prepared by
ester and amide bond formation between glycoluril acid 6 and tetrahydroxy-xantphos 5 and
tetraamine-xantphos 2, respectively (Scheme 3). We have synthesized glycoluril acid 6 in eleven
steps and have used a procedure described by Rebek and co-workers as a guide.3,8 For the
condensation reaction between glycoluril acid and the nucleophilic dipshophines we made use of
coupling reagents which activate the carboxyl group towards nucleophilic attack. Coupling of the
tetrahydroxy-xantphos 5 with glycoluril acid 6 was done with the phosphonium reagent PyBOP
to give the tetraglycoluril-ester-xantphos 7. Coupling of the more reactive tetraamine-xantphos 2
with glycoluril acid 6 was done with the carbodiimide EDCI to give the tetraglycoluril-amidexantphos 8. When EDCI was used as the coupling reagent, the workup procedure was easy as the
EDCI could be washed away with water. Unfortunately, when PyBOP was used as the coupling
reagent, the workup procedure was quite difficult because PyBOP behaves very similarly to the
product in conventional work-up procedure. Tetraurea-xantphos 9 is prepared by the reaction of
the tetraamine-xantphos 2 with four equivalents of p-tolyl-isocyanate (Scheme 4).4b
Unfortunately, the tetraurea 9 is poorly soluble in common solvents such as (deuterated)
chloroform, dichloromethane, benzene and tetrahydrofuran, which can be explained by the
presence of four urea groups. Replacing the p-methyl substituent on the urea-phenyl group by
longer alkyl chains will likely enhance the solubility of 9.
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Scheme 3 Synthesis of tetrakis(p-benzyl-glycoluriloate)-xantphos 7 (a) and tetrakis(p-N-benzylglycolurilamide)-xantphos 8 (b).

Scheme 4 Synthesis of tetrakis(tolylurea-p-benzyl)-xantphos 9.

7.3 Aggregation behaviour of the hydrogen bond functionalized diphosphines
In section 7.2 we have described the synthesis of tetraglycoluril-xantphos 7 and 8, and
tetraurea-xantphos 9. Each diphosphine is substituted with four identical self-complementary
hydrogen bonding motifs, i.e. glycoluril or urea groups. The question is whether these
diphosphines will form homodimeric capsules or higher defined aggregates via the formation of
intermolecular hydrogen bonding. According to a molecular modeling study (MMFF-level)
tetraglycoluril-ester-xantphos 7 can form a homodimeric capsule 7·7 via formation of
intermolecular hydrogen bonding between the glycoluril substituents (Figure 2). The glycolurils
from the two diphosphines are arranged alternatingly in an array around the capsule equator. A
total of sixteen hydrogen bonds between the amine and carbonyl functionality’s of the glycolurils
hold the two half-spheres together.
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Figure 2 Molecular modeling picture of hydrogen-bonded homodimeric capsule 7·7 composed
of tetraglycoluril-ester-xantphos 7.

The 1H NMR spectra of the hydrogen bond functionalized diphosphines 7-9 have
provided an indication about the nature of the assemblies present in solution. The 1H NMR
spectrum of tetraglycoluril-ester-xantphos 7 in competitive solvents such as CDCl3/dmso-d6
shows very sharp signals as well as a signal for glycoluril NH protons at 8 ppm, indicating that
the diphosphine is present in its monomeric form (Figure 3a). Rebek and co-workers have
observed for the hydrogen bonded homodimeric capsule based tetraglycoluril-resorcin[4]arene
sharp and concentration independent spectra and a downfield glycoluril NH peak at
approximately 9 ppm in non-competitive solvents such as toluene-d8 and even in more
competitive solvents such as THF-d8.3 The 1H NMR spectrum of 7 in CDCl3 gives moderately
sharp signals but no (downfield) glycoluril-NH signal is observed and the spectra are
concentration dependent (Figure 3b). We assume that the acidic proton of chloroform interacts to
some extent with the glycoluril substituent of 7, which can result in the formation of a more
discrete aggregate, such as a dynamic homodimeric capsule 7·7, or that 7 is present in its
monomeric form. The 1H NMR spectrum of 7 in non-competitive toluene-d8 shows very broad
proton resonances and no downfield glycoluril–NH signal is observed, indicating the formation
of irregular aggregates (Figure 3c).3,8
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Figure 3 1H NMR spectra of 7 in CDCl3/dmso-d6 (a), CDCl3 (b) and toluene-d8 (c). Molecular
structure of 7 for assignment is given below (repetitive groups have been omitted for clarity).
Molecular mechanics calculations on the MMFF level suggest that Buckminsterfullerene
C60 is a good guest for capsule 7·7, which may therefore act as a template for capsule formation.
Upon addition of excess of C60 to a toluene-d8 or a CDCl3 solution of 7 the 1H NMR spectra
remained the same, indicating that C60 did not act as a guest or template to give a discrete dimer.
The 1H NMR spectra of tetraglycoluril-amide-xantphos 8 in CD2Cl2 or CDCl3 show very broad
proton resonances, which become sharper upon addition of dmso-d6, indicating the formation of
irregular aggregates in non-competitive solvents rather than well-defined capsules.
Tetratolylurea-xantphos 9 is poorly soluble in CDCl3, CD2Cl2, C6D6 and THF-d8 and
show very broad proton NMR signals in these solvents, which become sharper upon addition of
dmso-d6. This indicates that also 9 forms irregular aggregates in non-competitive solvent and is
present in its monomeric form in dmso-d6.
The preliminary 1H NMR studies suggest that the relatively flexible, hydrogen-bond
functionalized diphosphines 7-9 form disordered aggregates in non-competitive solvents. The
presence of four self-complementary glycoluril and urea groups have likely induced the
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formation of intramolecular and intermolecular hydrogen bonds, and consequently structures
other than homodimeric capsules are formed. The self-complementary tetraglycolurilresorcin[4]arene and tetraurea-calix[4]arenes, reported by Rebek and co-workers, are based on
rigid C4v symmetric cyclophane scaffolds and do form hydrogen bonded homodimeric capsules
(Figure 1). They also reported the relatively flexible tetraglycoluril-calix[4]arene, which did not
form homodimers but is trapped in the undesired C2v (pinched cone) conformation reinforced by
intramolecular hydrogen bonding.3 Therefore, building block design should be very accurate in
order to form the desired supramolecular structures. It is likely that rigidifying the tetraarylxantphos scaffold of diphosphines 7-9 by ‘removing’ the methylene spacer between the arylphosphorus group and the hydrogen bonding motifs, will induce the formation of defined
supramolecular structures such as a homodimeric capsule. One way to achieve this is by
replacing the tetrakis(p-benzylamine)-xantphos 2 precursor with tetrakis(m-aniline)-xantphos
reported in Chapter 5. Another option is applying diphosphines functionalized with four nonself-complementary hydrogen bonding motifs such as a tetrapyridyl-xantphos and a
tetracarboxylicacid-xantphos, which will result in a hydrogen bonded heterodimeric capsules.9 In
addition, decreasing the attachment points from four to two might also induce the formation of
homodimeric capsules.1a,10

7.4

Conclusions

In this Chapter we have reported novel synthesis routes to xantphos-type ligands
functionalized with four identical hydrogen bonding motifs, i.e. tetraglycoluril-ester-xantphos,
tetraglycoluril-amide-xantphos and tetraurea-xantphos. Preliminary NMR studies imply that the
self-complementary tetraglycoluril-ester-xantphos, tetraglycoluril-amide-xantphos and tetraureaxantphos form disordered aggregates in non-competitive solvents. Likely, a better preorganization of the building blocks is required to form selectively the desired capsules. However,
further study is needed in order to find out the exact nature of the assembly’s in solution.

7.5

Experimental section

General remarks. All reactions were carried out under a dry, inert atmosphere of purified nitrogen or
argon using standard Schlenk techniques, unless stated otherwise. Solvents were dried and distilled under
nitrogen prior to use. Diethyl ether, tetrahydrofuran (THF), hexanes and pentane were distilled from
sodium/benzophenone. Dichloromethane, methanol and acetonitrile were distilled from CaH2. Deuterated
solvents were distilled from the appropriate drying agents. Unless stated otherwise, all chemicals were
obtained from commercial suppliers and used as received. Bis(N,N-diethylamino)chlorophosphine,11 4,5bis(diethoxyphosphonito)-9,9-dimethylxanthene,6a,12 2-(4-bromophenyl)-1,3-dioxolane,7,8,13 and glycoluril
acid 73,8 were synthesized according to reported procedures. NMR spectra were recorded on Varian Inova
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500, Bruker Avance DRX 300 and Varian Mercury 300 NMR spectrometers. Chemical shifts are given
relative to TMS (1H and 13C NMR), 85% H3PO4 (31P NMR) and Cl3CF (19F NMR). Chemical shifts are
given in ppm. High-resolution fast atom bombardment mass spectrometry (HRMS FAB) measurements
were carried out with a JEOL JMS SX/SX 102A and reflector matrix assisted laser

desorption/ionisation (MALDI) mass spectrometry measurements were carried out with a TofSpec 2E
(MicroMass, Waters) with 2,5-dihydroxybenzoic acid (DHB) as the matrix at the Department of Mass
Spectrometry at the University of Amsterdam. Infrared spectra were recorded on a Nicolet 510 FT-IR
spectrophotometer. Molecular modeling calculations were performed using Spartan ’04 V1.0.3

software.

Abbreviations

used:

PyBOP

(benzotriazol-1-yl-oxytripyrrolidinophosphonium

hexafluorophosphate) and EDCI (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride).
Synthesis
2,7-Di-tert-butyl-4,5-bis[bis(diethylamino)phosphonito]-9,9-dimethylxanthene 5
A solution of n-butyllithium (2.5 M in hexanes, 27.48 ml, 68.71 mmol) was
added dropwise to a solution of 2,7-di-tert-butyl-4,5-dibromo-9,9dimethylxanthene (16.50 g, 34.35 mmol) in 250 ml THF at –70 °C. After
stirring the pink suspension for 2 h at –70 °C, a solution of
bis(diethylamino)chlorophosphine (14.48 ml, 68.71 mmol) in 40 ml THF was added dropwise at –70 °C.
The reaction mixture was allowed to warm to room temperature overnight resulting in a clear yellow
solution. The solvents were removed in vacuo and the residue was dissolved in 80 ml hexanes. The
precipitated salts were removed from the solution by filtration. Evaporation of the solvents in vacuo
yielded 2,7-di-tert-butyl-4,5-bis[bis(diethylamino)phosphonito]-9,9-dimethylxanthene as a yellow
powder (22.87 g, 34.09 mmol, 99%). 1H NMR (300 MHz, CDCl3, 293K): δ = 7.33 (br s, 2H, PC6H2), 7.26
(br s, 2H, PC6H2), 3.04 (m, 16H, CH2CH3), 1.57 (s, 6H, C(CH3)2), 1.31 (s, 18H, C(CH3)3), 0.99 (t, J = 6.9
Hz, 24H, CH2CH3); 31P{1H} NMR (121.5 MHz, CDCl3, 293 K): δ = 93.1 (s); 13C{1H} NMR (75 MHz,
CDCl3, 293 K): δ = 149.0 (br s, Cq, CAr), 144.1 (s, Cq, CAr), 129.4 (s, Cq, CAr), 128.8 (s, Cq, CAr), 127.4
(s, CH, CAr), 122.6 (s, CH, CAr), 43.4 (br s, NCH2CH3), 34.9 (s, C(CH3)3), 34.7 (s, C(CH3)2), 33.4 (s,
C(CH3)3), 32.0 (s, C(CH3)2), 14.9 (s, NCH2CH3).
2,7-Di-tert-butyl-4,5-bis(dichlorophosphino)-9,9-dimethylxanthene
A solution of distilled phosphorus trichloride (29.97 ml, 343.5 mmol) in 100 ml
diethyl ether was added to a solution of 2,7-di-tert-butyl-4,5bis[bis(diethylamino)phosphonito]-9,9-dimethylxanthene (22.87 g, 34.09 mmol,
99%) in 200 ml diethyl ether at 0 °C. The reaction mixture was allowed to
warm to room temperature overnight. Next, the reaction mixture was refluxed (50 °C) for 20 h. After
cooling to room temperature the solvents were evaporated in vacuo and the product was crystallized from
120 ml hexanes at –20 °C. After the solvents were removed and the product was dried in vacuo, 2,7-ditert-butyl-4,5-bis(dichlorophosphino)-9,9-dimethylxanthene was received as an off-white powder (12.70
g, 24.23 mmol, 70%). 1H NMR (300 MHz, CDCl3, 293K): δ = 7.90 (br s, 2H, PC6H2), 7.58 (br s, 2H,
PC6H2), 1.66 (s, 6H, C(CH3)2), 1.36 (s, 18H, C(CH3)3); 31P{1H} NMR (121.5 MHz, CDCl3, 293 K): δ =
161.6 (s); 13C{1H} NMR (75 MHz, CDCl3, 293 K): δ = 149.0 (t, J = 13.5, Cq, CAr), 147.7 (s, Cq, CAr),
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129.9 (s, Cq, CAr), 128.1 (s, CH, CAr), 127.2 (s, Cq, CAr), 126.5 (s, CH, CAr), 35.6 (s, C(CH3)3), 35.0 (s,
C(CH3)2), 32.8 (s, C(CH3)3), 31.9 (s, C(CH3)2).
2,7-Di-tert-butyl-4,5-bis[bis(p-benzonitrile)phosphino]-9,9-dimethylxanthene: 1
A solution of 4-bromobenzonitrile (6.35 g, 34.86 mmol) in 450 ml
THF/pentane (4/1) in a three-neck flask equipped with a lowtemperature thermometer, addition funnel, mechanical stirrer, and
nitrogen inlet tube was cooled to –100 °C (liquid nitrogen-pentane
bath). Next, n-butyllithium (2.5 M in hexanes, 13.94 ml, 34.86 mmol) was added in such a rate that the
temperature inside the flask did not momentarily exceed –95 °C. After stirring the yellow solution for 5
more min. a solution of 2,7-di-tert-butyl-4,5-bis(dichlorophosphino)-9,9-dimethylxanthene (4.15 g, 7.92
mmol) in 100 ml THF/pentane (4/1) was added over 1.5 h in such a rate that the temperature inside the
flask did not momentarily exceed –95 °C. While stirring, the orange reaction mixture was allowed to
warm to room temperature overnight. Next morning, the clear brown-red reaction mixture was
hydrolyzed with 10 ml degassed water, and the solvents were removed in vacuo. Subsequently, the crude
product was dissolved in dichloromethane and washed with degassed brine. The organic layer was
separated, and the aqueous layer was extracted with dichloromethane. The combined organic layers were
dried with MgSO4, and the solvent was removed in vacuo. The resulting brown viscous oil was purified
by column chromatography (silica gel: PE/EtOAc, 5% NEt3). The product 1 was obtained as an orange
powder (3.57 g, 4.51 mmol, 57%). 1H NMR (300 MHz, CDCl3, 293K): δ = 7.56 (d, J = 7.8 Hz, 8H,
PC6H4), 7.47 (s, 2H, PC6H2), 7.21 (m, 8H, PC6H4), 6.35 (s, 2H, PC6H2), 1.69 (s, 6H, C(CH3)2), 1.09 (s,
18H, C(CH3)3); 31P{1H} NMR (121.5 MHz, CDCl3, 293 K): δ = –12.3 (s); 13C{1H} NMR (75 MHz,
CDCl3, 293 K): δ = 149.8 (br s), 146.8 (s), 142.8 (t, J = 8.6 Hz), 134.2 (t, J = 10.4 Hz, CH, PC6H4), 131.8
(t, J = 3.3 Hz, CH, PC6H4), 129.5 (s), 128.8 (s, CH, PC6H2), 128.0 (s), 124.8 (s, CH, PC6H2), 118.5 (s),
112.7 (s), 34.9 (s, C(CH3)2), 34.7 (s, C(CH3)3), 32.3 (s, C(CH3)2), 31.2 (s ,C(CH3)3); HRMS (FAB+):
found 791.3054, calcd. for [C51H44ON4P2 + H]+ 791.3069; IR (CH2Cl2, 293 K, cm–1): v = 2231 (CN).
2,7-Di-tert-butyl-4,5-bis[bis(p-((amino)methyl)phenyl)phosphino]-9,9-dimethylxanthene: 2
An orange solution of 1 (1.00 g, 1.26 mmol) in 40 ml THF was
slowly added to a gray suspension of lithium aluminium hydride
(0.24 g, 6.32 mmol) in 50 ml THF. The reaction mixture was
refluxed for 2.5 h. After cooling the reaction mixture to 0 °C, 0.7
ml water, 0.5 ml 20% NaOH , and 2.5 ml water were added successively to precipitate orange solid of the
aluminum residue. The yellow solution was separated by filtration through a celite pad and the orange
solid was washed with THF. The THF solution was dried over MgSO3 and evaporation of the solvent
yielded the product 2 as an orange powder (0.84 g, 1.05 mmol, 83%). 1H NMR (300 MHz, CD2Cl2,
293K): δ = 7.35 (d, J = 2.4 Hz, 2H, PC6H2), 7.15 (s, 16H, PC6H4), 6.54 (q, J = 2.4 Hz, 2H, PC6H2), 3.83
(s, 8H, CH2NH2), 1.90 (bs, 8H, NH2), 1.65 (s, 6H, C(CH3)2), 1.09 (s, 18H, C(CH3)3); 31P{1H} NMR
(121.5 MHz, CD2Cl2, 293 K): δ = –17.5 (s); 13C{1H} NMR (75 MHz, CD2Cl2, 293 K): δ = 150.7 (br t),
145.8 (s), 144.4 (s), 136.2 (br s), 134.4 (t, J = 9.3 Hz), 132.6 (s), 129.7 (s), 128.0 (s), 127.2 (s), 123.7 (s),
46.6 (s, CH2NH2), 35.2 (s, C(CH3)2), 34.8 (s, C(CH3)3), 32.3 (s, C(CH3)2), 31.4 (s, C(CH3)3); HRMS
(FAB+): found 807.4318, calcd. for [C51H60ON4P2 + H]+ 807.4321.
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4,5-Bis[bis(4-(1,3-dioxolan)phenyl)phosphino]-9,9-dimethylxanthene: 3 7,8
A solution of n-butyllithium (2.5 M in hexanes, 9.12 ml, 22.8 mmol)
was added to a solution of 2-(4-bromophenyl)-1,3-dioxolane (5.21 g,
22.8 mmol) in 40 ml THF at –70°C. After stirring for 30 min. at –
70°C a white suspension is obtained. To this suspension, a solution
of 4,5-bis(diethoxyphosphonito)-9,9-dimethylxanthene (2.05 g, 4.55 mmol) in 10 ml THF was added
dropwise. The reaction mixture was stirred for 8 h at –70°C and then allowed to warm to room
temperature overnight. The resulting yellow solution was concentrated in vacuo and partitioned between
50 ml dichloromethane and 50 ml degassed water. After vigorous stirring, the organic layer was separated
and dried over MgSO4. Filtration and evaporation of the solvent gave a pale yellow solid. The crude
product was purified by column chromatography (silica gel: EtOAc/PE 40-60) which afforded the product
3 as a white solid (1.09 g, 1.25 mmol, 27 %). 1H NMR (300 MHz, CDCl3, 293K): δ = 7.39 (d, J = 7.5 Hz,
2H, PC6H3), 7.32 (d, J = 8.1 Hz, 8H, PC6H4), 7.17 (m, 8H, PC6H4), 6.93 (t, J = 7.8 Hz, 2H, PC6H3), 6.52
(d, J = 7.2 Hz, 2H, PC6H3), 5.77 (s, 4H, PC6H4CH), 4.13 (m, 8H, C2H4), 4.03 (m, 8H, C2H4), 1.63 (s, 6H,
C(CH3)2); 31P{1H} NMR (121.5 MHz, CDCl3, 293 K): δ = –17.3 (s); 13C{1H} NMR (75 MHz, CDCl3,
293 K): δ = 180.89, 180.55, 180.45, 180.24, 138.86, 138.65, 137.97, 134.21, 132.39, 130.15, 126.52,
123.66, 103.89, 65.55, 32.07; HRMS (FAB+): found 867.2845, calcd. for [C51H48O9P2 + H]+ 867.2852.
4,5-Bis[bis(p-formylphenyl)phosphino]-9,9-dimethylxanthene: 4 7,8
In a three-necked flask equipped with a reflux condenser was added
subsequently compound 3 (0.65 g, 0.75 mmol), 25 ml THF, ptoluenesulfonic acid monohydrate (15 mg, 0.08 mmol) and 3 ml
degassed water. The resulting suspension was refluxed for 2 h. A clear
solution is obtained which is concentrated in vacuo. The resulting white solid is dissolved in 30 ml
dichloromethane and washed with degassed water (2 x 20 ml). The organic layer is dried over MgSO4,
filtrated and concentrated in vacuo. The crude is washed with hexanes to obtain the product 4 as a white
solid (0.45 g, 0.65 mmol, 86 %). 1H NMR (300 MHz, CDCl3, 293K): δ = 9.94 (s, 4H, C(O)CH), 7.69 (d, J
= 7.8 Hz, 8H, PC6H4), 7.51 (d, J = 7.8 Hz, 2H, PC6H3), 7.28 (m, 8H, PC6H4), 7.03 (t, J = 7.8 Hz, 2H,
PC6H3), 6.45 (d, J = 7.5 Hz, 2H, PC6H3), 1.71 (s, 6H, C(CH3)2); 31P{1H} NMR (121.5 MHz, CDCl3, 293
K): δ = –14.3 (s); 13C{1H} NMR (75 MHz, CDCl3, 293 K): δ = 192.08, 180.13, 144.67, 136.49, 134.46,
134.32, 134.19, 132.22, 130.61, 129.53, 127.83, 124.48, 32.12.
4,5-Bis[bis(p-phenylmethanol)phosphino]-9,9-dimethylxanthene: 5 7,8
Compound 4 (0.45 g, 0.65 mmol) was suspended in 15 ml methanol.
To this suspension, NaBH4 (0.10 g, 2.60 mmol) was added and the
resulting clear solution was stirred for 2 h at room temperature. After
concentration the solution in vacuo, 15 ml degassed water was added
and the suspension was vigorously stirred for 15 min. The precipitated mixture was carefully decanted
and the resulting white precipitate was washed with a 1:1 mixture of MeCN/DCM. After drying in vacuo
the product 5 was obtained as a white powder (0.23 g, 0.33 mmol, 51 %). 1H NMR (300 MHz, CD3OD,
293 K): δ = 7.48 (d, J = 8.1 Hz, 2H, PC6H3), 7.23 (d, J = 7.8 Hz, 8H, PC6H4), 7.11 (m, 8H, PC6H4), 6.94
(t, J = 7.7 Hz, 2H, PC6H3), 6.47 (d, J = 7.2 Hz, 2H, PC6H3), 4.58 (s, 8H, PC6H4CH2), 1.61 (s, 6H,
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C(CH3)2); 31P{1H} NMR (121.5 MHz, CD3OD, 293 K): δ = –18.4 (s); 13C{1H} NMR (76 MHz, CD3OD,
293 K): δ = 143.28, 137.66, 135.30, 135.18, 135.03, 133.00, 131.73, 127.99, 127.76, 124.71, 65.10,
31.98; HRMS (FAB+): found 699.2430, calcd. for [C43H40O5P2 + H]+ 699.2429.
4,5-Bis[bis(p-benzyl-glycoluriloate)phosphino]-9,9-dimethylxanthene: 7 8
Compound 5 (92 mg, 130 μmol), glycoluril acid 6 (0.377
O
O
g, 0.66 mmol) and PyBOP (0.342 g, 0.66 mmol) were
O
O
O
N
NH
HN
N
P
P
Ar
Ar
Ar
Ar
O
O
mixed in 40 ml dichloromethane. To this suspension 200
N
NH
HN
N
2
2
μl triethylamine was added and the reaction mixture was
O
O
Ar = C7H15
stirred for 19 h at room temperature. The reaction was
quenched with 20 ml brine and the aqueous layer was removed. The organic layer was washed
subsequently with 20 ml 1M HCl, 20 ml sat. aq. NaHCO3 and 20 ml brine. The organic layer was dried
on MgSO4, filtered, and the solvent was removed in vacuo. The resulting solid was further purified by
chromatotron chromatography (silica gel: 80% EtOAc/PE 40-60 → 50% i-PrOH/EtOAc) to yield 7 as a
white solid (80 mg, 27 μmol, 29 %). 1H NMR (500 MHz, dmso-d6/CDCl3, 293 K): δ = 8.00 (s, 8H,
NC(O)NH), 7.51 (d, J = 7.0 Hz, 2H, PC6H3), 7.23 (m, 8H, HAr), 7.15 (m, 8H, HAr), 7.10 (d, J = 8.0 Hz,
8H, HAr), 7.06 (m, 2H, PC6H3), 6.97 (d, J = 6.5 Hz, 8H, HAr), 6.92 (d, J = 8.0 Hz, 8H, HAr), 6.87 (d, J =
8.0 Hz, 8H, HAr), 6.57 (d, J = 4.0 Hz, 2H, PC6H3), 5.11 (s, 8H, CH2O), 4.35 (d, J = 11.0 Hz, 8H,
C(O)CHCHH’), 2.96 (t, J = 11.8, 8H, C(O)CHCHH’), 2.78 (m, 4H, C(O)CHCHH’), 2.43 (m, 16H,
CH2C6H13), 1.71 (s, 6H, C(CH3)2), 1.45 (m, 16H, CH2C6H13), 1.29 (m, 48H, CH2C6H13), 1.22 (m, 16H,
CH2C6H13), 0.93 (t, J = 6.8 Hz, 24H, CH2C6H13); 31P{1H} NMR (202 MHz, dmso-d6/CDCl3, 293 K): δ =
–18.4 (s); 13C{1H} NMR (126 MHz, dmso-d6/CDCl3, 293 K): δ = 169.15, 158.01, 141.92, 141.62, 134.40,
133.15, 132.67, 129.47, 128.87, 127.08, 126.62, 126.31, 126.28, 126.19, 81.24, 64.87, 36.37, 33.96,
33.89, 30.49, 30.05, 29.94, 27.75, 27.73, 27.63, 21.35, 12.94; MS (FAB+): found 2951.0, calcd. for
[C179H216N16O17P2 + Na]+ 2946.6.
2,7-Di-tert-butyl-4,5-bis[bis(p-N-benzyl-glycolurilamide)phosphino]-9,9-dimethylxanthene: 8
To a solution of 2 (30.0 mg, 37.2 μmol) in 15 ml
dichloromethane glycoluril acid 6 (106.8 mg, 185.9 μmol)
was added and the solution was stirred for 1 h at room
temperature. Next, EDCI (35.6 mg, 185.9 μmol) was added
and the reaction mixture was stirred overnight at room temperature. Next morning, the organic layer was
washed subsequently with brine, 1M HCl, sat. aq. NaHCO3 and brine again. The organic layer was dried
on Na2SO4, filtered and the solvent was removed in vacuo. The resulting yellow solid was purified by
dissolving the crude product in as less as possible dichloromethane and then precipitating the product
with methanol. Drying of the precipitate in vacuo resulted in the product 8 as a yellow powder. 1H NMR
(500 MHz, dmso-d6/CD2Cl2, 298 K): δ = 8.68 (br s, 4H, CH2NH), 8.20 (s, 8H, NC(O)NH), 7.40 (br s, 2H,
PC6H2), 7.20-6.70 (br m, 48H, PC6H4 + C6H4), 6.47 (br s, 2H, PC6H2), 4.21 (br s, 8H, CH2NH), 4.01 (m,
8H, C(O)CHCHH’), 2.82 (t, J = 11.5 Hz, 8H C(O)CHCHH’), 2.35 (m, 20H, C(O)CHCHH’ + CH2C6H13),
1.59 (s, 6H, C(CH3)2), 1.40-0.80 (m, 122H, C(CH3)3, CH2C6H13); 31P{1H} NMR (202 MHz, dmso-d6/
CD2Cl2, 298 K): δ = –17.9 (s); HRMS (MALDI+): found 3064.609, calcd. for [C187H236N20O13P2 + H +
2O]+ 3064.787.
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2,7-Di-tert-butyl-4,5-bis[bis(p-(p-tolylurea)benzyl)phosphino]-9,9-dimethylxanthene: 9
To a solution of 2 (109.0 mg, 135.1 μmol) in 15 ml
dichloromethane p-tolyl-isocyanate (74.9 μl, 594.3 μmol) was
added, which resulted in some yellow precipitation. The
reaction mixture was stirred overnight at room temperature. The
reaction mixture was concentrated to 2 ml by evaporation in vacuo. Addition of 10 ml methanol resulted
in a yellow precipitation which was filtered and washed with methanol. Drying in vacuo resulted in the
product 9 as a yellow powder (64.6 mg, 48.2 μmol, 36%). 1H NMR (300 MHz, dmso-d6, 298 K): δ = 8.36
(s, 4H, NH-tolyl), 7.60-6.98 (m, 28H, HAr), 6.50 (br s, 4H, CH2-NH), 4.27 (br s, 8H, CH2-NH), 2.19 (s,
12H, C6H4-CH3), 1.61 (s, 6H, C(CH3)2), 1.02 (s, 18H, C(CH3)3); 31P{1H} NMR (121.5 MHz, dmso-d6,
298 K): δ = –17.8 (s); 13C{1H} NMR (75 MHz, dmso-d6, 298 K): δ = 155.8 (s), 154.5 (s), 149.7 (br s),
145.5 (s), 141.3 (s), 138.3 (s), 137.1 (s), 135.8 (t, J = 6.0 Hz), 133.9 (t, J = 10.5 Hz), 132.0 (br s), 131.6
(s), 130.3 (s), 129.5 (s), 127.5 (s), 118.3 (s), 43.0 (s, PC6H4-CH2), 34.8 (s, C(CH3)2), 34.6 (s, C(CH3)3),
31.5 (s, C(CH3)3), 31.3 (s, C(CH3)2), 20.8 (s, C6H4-CH3); HRMS (FAB+): found 1339.6454, calcd. for
[C83H88N8O5P2 + H]+ 1339.6431.
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Summary

Summary
Homogeneous transition metal catalysis is applied in industry for the production of bulk
and fine chemicals and leads to new and more efficient synthetic pathways. The key point in
optimizing these homogeneous catalyzed reactions lies in controlling the environment around the
transition metal catalyst, which depends on the ligands. Implementing supramolecular strategies
in transition metal catalysis results in new means for influencing the nano-environment around
the active site. In this thesis we describe a new strategy in supramolecular transition metal
catalysis, which comprises the encapsulation of a transition metal inside a self-assembled
capsule. This hetero-dimeric capsule is based on one functionalized traditional ligand (or the
metal complex thereof) and one calix[4]arene. The capsule’s building blocks associate with one
another by the formation of noncovalent bonds. In this thesis we also report that the novel nanoenvironment created around the encapsulated catalyst influences its catalytic performance. In
Chapter 1 (review) we described the application of self-assembled nanocapsules with welldefined cavities as nanoreactors for organic and metal catalyzed transformations.
In Chapters 2 and 3 we described the self-assembly and characterization of novel heterodimeric diphosphine capsules formed by multiple ionic interactions and composed of a
tetracationic diphosphine ligand and a complementary tetraanionic calix[4]arene (Scheme 1).
Encapsulation of a palladium atom within the diphosphine capsule is achieved by using the metal
complex of the tetracationic diphosphine ligand for the assembly process (Scheme 1). In this
templated approach to metal encapsulation, the transition metal complex is an integrated part of
the capsule with the transition metal located inside the capsule and it is not involved in the
assembly process. We showed that the encapsulated palladium retains its reactivity. The scope of
the diphosphine- and the metallo-diphosphine capsules is easily extended by applying
tetracationic diphosphine ligands with different backbones and cationic binding motifs. These
tetracationic building blocks with different flexibilities and shapes, readily associate into
capsules with the proper capsular structure.

+

metallo-diphosphine complex
(or diphosphine ligand)

methanol

calix[4]arene

Metallo-diphosphine capsule
(or diphosphine capsule)

Scheme 1 Self-assembly of a metallo-diphosphine capsule.
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In Chapter 4 we demonstrated that the coordination geometry around a platinum atom
can be controlled by a diphosphine capsule composed of a tetracationic xantphos-type ligand and
a tetraanionic calix[4]arene. Reaction of the diphosphine capsule with a platinum precursor
yields the bis-calix[4]arene bisligated trans-platinum capsule, while the same diphosphine in the
absence of calix[4]arene prefers the formation of the monoligated cis-platinum complex (Scheme
2). The two calix[4]arenes stabilize the kinetic product (trans-Pt), and thereby slow the
formation of the thermodynamic product (cis-Pt).

Scheme 2 Control of the coordination geometry around platinum by a diphosphine capsule.
In Chapter 5 we demonstrated that the approach for metal encapsulation inside ionicbased diphosphine capsules, can easily be extended to give bismetallo-capsules. We reported on
the encapsulation of a rhodium metal inside a diphosphine capsule composed of a novel
tetraanionic diphosphine ligand and a tetracationic calix[4]arene (Figure 1a). In addition, we
described bis-diphosphine capsules, composed of two oppositely charged diphosphine ligands
(Figure 1b). Replacing the two oppositely charged ligands with their corresponding transition
metal complexes results in the simultaneous encapsulation of two different transition metals in
one cavity (Figure 1c). These bismetallo-capsules are potentially useful as bimetallic catalysts.

Figure 1 Metallo-diphosphine capsule (a), bis-diphosphine capsule (b), bis-metallo capsule (c).
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In Chapter 6 we described the encapsulation of a rhodium catalyst within a diphosphine
capsule composed of a tetracationic xantphos-type ligand and a tetraanionic calix[4]arene, and its
application as a homogeneous catalyst for the hydroformylation of styrene, 1-octene and 4,4,4triphenylbut-1-ene (Scheme 3). Catalyst encapsulation protects the metal center against rhodium
dimer formation, induce substrate selectivity and product chemoselectivity and results in lower
activity and in different product regioselectivities compared with the non-encapsulated analogue.
Catalysis results and molecular modeling studies show that the substrate is not necessarily
encapsulated during the catalysis. The restricted nano-environment around the rhodium catalyst
dictates the orientation of the alkene and reduces the substrate’s rotational freedom which is
required for the selectivity determining hydride migration. The product inhibition observed upon
catalyst encapsulation is likely caused by interactions of the aldehydes with the capsule’s ionic
substituents and/or due to a higher affinity of the aldehyde for the capsule’s cavity compared to
the alkene. A kinetic study shows an exceptional almost second-order in styrene concentration
(1.70) for the encapsulated catalyst, which suggests that two styrene molecules are involved in
the catalytic cycle: one which undergoes hydroformylation and a second non-coordinating
styrene molecule accommodated inside the capsule’s cavity.

Scheme 3 Alkene hydroformylation catalyzed by encapsulated rhodium.
In Chapter 7 we reported the synthesis of novel xantphos-type ligands functionalized
with four identical hydrogen bonding motifs, i.e. tetraglycoluril-xantphos and tetraurea-xantphos
(Figure 2). In non-competitive solvents the self-complementary ligands form disordered
aggregates. Apparently, a better pre-organization of the building blocks is required to form
selectively defined supramolecular architectures such as dimeric capsules. However, further
study is needed in order to find out the exact nature of the assembly’s in solution.
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Figure 2 Tetraglycoluril-xantphos and tetraurea-xantphos.
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In this thesis we have successfully introduced a new supramolecular strategy in transition
metal catalysis for creating a well defined nano-environment around a transition metal catalyst.
Encapsulation of a transition metal catalyst inside a self-assembled capsule influences the
catalyst’s performance in the hydroformylation reaction. The capsules presented here are
accessible by using building blocks with different shapes and flexibilities, and therefore can be
broadly applied. The approach for metal encapsulation presented in this thesis can be extended to
create a specific, defined cavity around catalyst and substrate, which may mimic the cavity of an
enzyme, and this way introduce new opportunities for catalysis.
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Samenvatting
Homogene overgangsmetaal-katalyse wordt toegepast in de industrie voor het produceren
van bulk- en fijnchemicaliën en maakt nieuwe en efficiëntere synthese-routes mogelijk. Het
belangrijkst voor de optimalisatie van deze homogene gekatalyseerde reacties ligt in de controle
van de omgeving rond de overgangsmetaal-katalysator en de omgeving hangt af van de liganden.
Het implementeren van supramoleculaire strategieën in overgangsmetaal-katalyse resulteert in
nieuwe middelen om de nano-omgeving rond the ‘active site’ te beïnvloeden. In dit proefschrift
beschrijven we een nieuwe strategie in supramoleculaire overgangsmetaal-katalyse betreffende
de inkapseling van een overgangsmetaal in een zelfgeassembleerde capsule. Deze hetero-dimere
capsule is gebaseerd op één gefunctionaliseerd traditioneel ligand (of het metaalcomplex
daarvan) en één calix[4]areen. De bouwstenen van de capsule associëren door de vorming van
niet-covalente bindingen. In dit proefschrift rapporteren we ook dat de nieuwe nano-omgeving
die gecreëerd is rond de ingekapselde katalysator, de katalytische prestatie hiervan beïnvloedt. In
Hoofdstuk 1 (review) beschrijven we de toepassing van zelfgeassembleerde nanocapsules met
goedgedefinieerde holten als nano-reactiekamers voor organische en metaal-gekatalyseerde
transformaties.
In Hoofdstukken 2 en 3 beschrijven we de zelfassemblage en karakterisatie van nieuwe
hetero-dimere difosfine-capsules. Deze capsules worden gevormd door meervoudige ionische
interacties en bestaan uit een tetrakationisch difosfine ligand en een complementair
tetraanionisch calix[4]areen (Schema 1). De inkapseling van een palladium atoom binnen de
difosfine-capsule is bereikt door het gebruik van een metaal complex van de tetrakationisch
difosfine ligand voor de assemblage proces (Schema 1). In deze templaat-methode voor metaalinkapseling, is het overgangsmetaalcomplex een geïntegreerd deel van de capsule met het
overgangsmetaal gesitueerd binnen de capsule, en het metaal is niet betrokken bij het
assemblage-proces. We hebben aangetoond dat het ingekapselde palladium zijn reactiviteit
behoudt. Het onderzoeksgebied van de difosfine- en de metaal-difosfine-capsules is gemakkelijk
uit te breiden door de toepassing van tetrakationische difosfine liganden met verscheidende
structuren en kationische bindingsmotieven. Deze tetrakationische bouwstenen, met
uiteenlopende flexibiliteiten en vormen, associëren makkelijk tot capsules met de juiste capsule
structuur.
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+

metaal-difosfine complex
(of difosfine ligand)

methanol

calix[4]areen

metaal-difosfine capsule
(of difosfine capsule)

Schema 1 Zelfassemblage van een metaal-difosfine-capsule.

In Hoofdstuk 4 hebben we aangetoond dat de coördinatie-geometrie rond een platina
atoom gecontroleerd kan worden door middel van een difosfine-capsule bestaande uit een
tetrakationisch xantphos-type ligand en een tetraanionisch calix[4]areen. Reactie van de
difosfine-capsule met een platina uitgangsstof resulteert in de bis-calix[4]areen “bisligated”
trans-platina-capsule, terwijl hetzelfde difosfine in de afwezigheid van calix[4]areen de vorming
van het “monoligated” cis-platina complex prefereert (Schema 2). De twee calix[4]arenen
stabiliseren het kinetische product (trans-Pt), en daardoor wordt de vorming van het
thermodynamische product (cis-Pt) vertraagd.

Schema 2 Controle van de coördinatie geometrie rond platina d.m.v. een difosfine-capsule.
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In Hoofdstuk 5 hebben we gedemonstreerd dat de methode voor metaal-inkapseling in
ionische difosfine-capsules makkelijk uitgebreid kan worden naar bismetaal-capsules. We
beschreven de inkapseling van een rhodium metaal in een difosfine-capsule bestaande uit een
nieuw tetraanionisch difosfine ligand en een tetrakationisch calix[4]areen (Figuur 1a). Daarnaast,
beschreven we bis-difosfine-capsules bestaande uit twee tegengestelde-geladen difosfine
liganden (Figuur 1b). Vervanging van de twee tegengesteld-geladen liganden met hun
corresponderende overgangsmetaalcomplexen resulteert in de gelijktijdige inkapseling van twee
verschillende overgangsmetalen in één holte (Figuur 1c). Deze bismetaal-capsules zijn potentieel
te gebruiken als bis-metaal katalysatoren.

Figuur 1 Metaal-difosfine-capsule (a), bis-difosfine-capsule (b), bis-metaal-capsule (c).
In Hoofdstuk 6 beschrijven we de inkapseling van een rhodium katalysator binnen een
difosfine-capsule bestaande uit een tetrakationisch xantphos-type ligand en een tetraanionisch
calix[4]areen, en zijn toepassing als homogene katalysator voor de hydroformylering van
styreen, 1-okteen en 4,4,4-trifenylbut-1-een (Schema 3). Inkapseling van de katalysator
beschermt het metaalcentrum tegen de vorming van rhodium-dimeren, geeft substraat- en
product-chemoselectiviteit, en resulteert in lagere activiteit en in nieuwe productregioselectiviteit vergeleken met het niet-geinkapselde analoog. De katalyse resultaten en de
moleculaire modeling studies laten zien dat het substraat niet per se ingekapseld is tijdens de
katalyse. De beperkte nano-omgeving rond de rhodium katalysator dicteert de oriëntatie van het
alkeen en reduceert de rotatievrijheden van het substraat die noodzakelijk zijn voor de
selectiviteit bepalende hydride migratie. De product-remming waargenomen bij de ingekapselde
katalysator wordt waarschijnlijk veroorzaakt door interacties van de aldehyden met de ionische
substituenten van de capsule en/of door de hogere affiniteit van het aldehyde voor de capsule
vergeleken met die van het alkeen. Een kinetische studie laat een uitzonderlijke bijna tweedeorde (1.70) in styreen-concentratie zien voor de ingekapselde katalysator, wat suggereert dat
twee styreen moleculen betrokken zijn bij de katalytische cyclus: één die de hydroformylering
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ondergaat en een tweede niet-coördinerend styreen molecuul dat zich binnen de holte van de
capsule bevindt.

Schema 3 Alkeen hydroformylering gekatalyseerd door een ingekapselde rhodium.
In Hoofdstuk 7 rapporteerden wij de synthese van nieuwe xantphos-type liganden
gefunctionaliseerd met vier identieke waterstofbrug-vormende motieven, d.w.z. tetra-glycolurilxantphos and tetra-ureum-xantphos (Figuur 2). In niet-competitieve oplosmiddelen vormen de
zelfcomplementaire liganden ongeordende aggregaten. Blijkbaar, is een betere preorganisatie
van de bouwstenen noodzakelijk om op een selectieve manier gedefinieerde supramoleculaire
architecturen te vormen zoals dimere capsules. Hoe dan ook, verdere studie is nodig om achter
de exacte aard van de aggregaten in oplossing te komen.

Figuur 2 Tetra-glycoluril-xantphos and tetra-ureum-xantphos.
In dit proefschrift hebben we met succes een nieuwe supramoleculaire strategie
geïntroduceerd in overgangsmetaal-katalyse voor het creëren van een goedgedefinieerde nanoomgeving rond een overgangsmetaal-katalysator. Inkapseling van een overgangsmetaalkatalysator in een zelfgeassembleerde capsule beïnvloedt de prestatie van de katalysator in de
hydroformyleringsreactie. De hier gepresenteerde methode is toegankelijk voor bouwstenen met
uiteenlopende vormen en flexibiliteit, en is daarom breed toepasbaar. De methode voor metaalinkapseling geïntroduceerd in dit proefschrift kan uitgebreid worden met het ontwerpen van
specifieke, gedefinieerde ruimten rond katalysator en substraat, die de holte van een enzym
nabootsen, hetgeen nieuwe mogelijkheden voor katalyse creëert.
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