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Preface

In recent years supramolecular, homogeneous catalysis has undergone a renais-
sance and the activities in this area are growing rapidly. In the seventies, supramo-
lecular catalysis was largely equivalent to mimicking enzymes via host-guest
catalysis and the reactions studied were mainly of the types also occurring in
enzymes, such as hydrolysis or oxidation reactions. Occasionally enormous accel-
erations were noted, or changes in selectivity, but applications in synthetic chemistry
remained elusive. Of the non-enzymatic reactions, the Diels-Alder reaction was also
studied successfully. Progress into other directions, amongst them organometallic
catalysis, was slow mainly due to the tedious synthesis of host molecules equipped
with catalytic entities. Organometallic catalysts have played a key role in the synth-
eses of chemical commodities as well as fine chemicals since the late 1960s and in
the last decade its contribution to fine chemical syntheses has rapidly grown. In view
of the required better use of feedstocks and the change in feedstocks, the role of
selective catalysis will become even more important. Enzymes remain a source of
inspiration, but more convenient routes to catalyst systems based on organometallic
catalysts and containing supramolecular features, such as host-guest interaction, are
needed.

In the last decade several new approaches have been introduced which avoid
the use of elaborate syntheses. Both cavities and ligands are prepared via asse-
mbly processes which speed up the process enormously and assembly also leads to a
large number of catalyst systems where only a limited number of building blocks
have to be synthesized. In just a few years time this has led to an outburst of
“supramolecular” catalysts, of astounding beauty, with unprecedented selectivities,
or with high practicality. Of the latter group a few hold even promise for industrial
application.

To highlight the recent advances in supramolecular catalysis, the Catalan Institu-
tion for Research and Advanced Studies (ICREA foundation) and the Institute of
Chemical Research of Catalonia (ICIQ) organized the Conference on Supramolecular
Approaches to Catalysis (SUPRAcat, March 2008, Barcelona). The conference
brought together some of the leading and internationally recognized researchers in
the field to discuss the development of these novel supramolecular catalysts and to

XI
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Preface

identify future directions for this exciting area of research. This book was inspired by
the conference and a selection of the presenting speakers has contributed to this
work. The organizers of the conference, Pablo Ballester and Anton Vidal, wrote the
introductory chapter, thus highlighting basic concepts, different approaches, and a
few of the many successes. The remaining nine chapters of the book give a cross
section of the field and many aspects of modern supramolecular catalysis are dealt
with.

I am very grateful to all contributors, their fast responses, and their willingness to
participate in this project on such a short notice.

Thanks should also go to the publisher, Wiley-VCH, for the support provided in
the compilation of this book. I would especially like to thank the team of Dr. Manfred
Kohl, Lesley Belfit and Axel Eberhard for all their hard work.

anuary 2008 Piet W.N.M. van Leeuwen
]
lanagona and Amsterdam
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1
Introduction to Supramolecular Catalysis

Pablo Ballester and Anton Vidal-Ferran

1.1
Introduction

Much of the inspiration for the design of supramolecular catalytic system arises from
the observation and understanding of enzyme catalysis [1-3]. However, synthetic
models usually contain only one or few of the features that are present in the
biologically enzymatic systems. In contrast, supramolecular enzyme model systems
are smaller and structurally simpler than enzymes. The fact that the synthetic
systems are simpler than the biological ones does not limit the detail of questions
that may be investigated; instead, using these simpler systems it is possible to
estimate the relative importance of different factors contributing to catalysis. A
further advantage of the use of supramolecular models for studying catalysis is that
the compounds can be synthetically manipulated to study a specific property. In the
biological realm of catalysis it is a tremendous task to discern a particular factor
responsible for the catalytic efficiency of the enzyme.

Supramolecular systems can be considered as new tools of modern physical
organic chemistry. The study of catalytic processes using supramolecular model
systems aims to explain the observed rate enhancement in terms of structure and
mechanism. In some cases, the model systems may even provide a simplified
simulation of the action of an enzyme and lead to further understanding of the
different mechanism by which enzymes are able to achieve impressive reaction rate
accelerations and turnover numbers.

Catalysis is a longstanding proposed application of supramolecular chemistry and
the production of supramolecular systems capable of mimicking the catalytic ability
of natural enzymes is one of the ultimate goals of self-assembly research. Supramo-
lecular chemists have approached these challenging endeavors from different
perspectives. On the one hand, many model systems have been designed that make
use of the binding energy to achieve catalysis. Within this approach two types of
systems can be differentiated: (a) molecular receptors in which a catalytic site is
placed close to a binding site that has been designed to bind selectively the reactant,
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and (b) molecular receptors that promote the reaction of two simultaneously
complexed reactants, forming a multimolecular (ternary or higher order) complex,
which is held together by weak and reversible interactions.

When two reacting functionalities are brought in close proximity, i.e., by binding to
a template/receptor or by inclusion into a molecular vessel, the observed rate
acceleration may be a simple effect due to an increase in the effective local
concentration [4]. The entropic advantage of an “intramolecular” over an intermo-
lecular reaction can be quantified by measuring the effective molarity EM = kipramol./
Kintermot. [3]- The EM value can tell us how catalytic efficiency relates to structure in a
system designed to bring functional groups together in close proximity. Although,
Page and Jenks have estimated that the entropy changes in solution may have an
effective concentration of about 6 x 10®M, and high EMs have been measured for
simple cyclization reactions, with rare exceptions the simple approximation of
reactants caused by synthetic supramolecular catalytic systems achieve rate accel-
erations that are tiny by comparison with enzymes (EM < 10 M). The low efficiency of
this mechanism of catalysis for two-substrate reactions is probably because the
molecules of the bimolecular or ternary complexes are not tightly bound — there is
residual entropy in the complex due to vibrations. As soon as the molecules become
linked in the TS there is still a large loss of entropy not overcome by the binding
energy.”

A key feature of enzymes is their ability to bind, and thus stabilize, selectively the
transition state and intermediates for a particular reaction. So the problem of catalysis
can be defined in terms of the molecular recognition of transition states. We will see
below that many supramolecular models often fail to reproduce the turnover ability of
enzymes due to inhibition by strongly-bound products. More sophisticated synthetic
hosts have been designed to achieve catalysis not only by placing converging binding
sites in such a way that reactant molecules are brought together in close proximity
(entropy of activation is reduced or partially compensated by the favorable binding
energy) but also by stabilization of the intermediate or transition state.” However,
even from these more elaborated structures very few efficient supramolecular catalysts
have emerged [5]. Sanders has pointed out that it is probably the fear of entropy that has
taken supramolecular chemist too far in the direction of rigidity and preorganization.
Rigid structures with a slightly mismatch to the TS will not be effective catalysts.
Furthermore, the use of large and rigid molecular components in the construction of
catalytic supramolecular systems makes it difficult to achieve the sub-angstrom
adjustments required for perfect TS stabilization. However, to the best of our knowl-

* In enzyme catalysis entropy is probably one of
the most important factors. Enzyme reactions
take place with substrates that are nanoconfined
in the active sites and form a very tight enzy-
me-substrate complex. The catalytic groups are
part of the same molecule as the substrate so
there is no loss of transition or rotational entropy
in the TS.

 Simply bringing together the reactant groups of
the molecules makes productive encounters

more probable but the most effective system will
be one in which the flexibility of different
binding geometries is eliminated and only

the transition state like geometry is prescribed.
The binding forces for the formation of a bond
between two reactants are the intrinsic reactivity
of the functional groups and the way

the groups are brought together — this second
factor is responsible of the efficiency of the
catalysis.
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edge, this point has not been tested so far, mainly due to the difficult design and synthesis
effort required. The construction of self-assembled catalyst in which all recognition
motifs, both between the catalyst subunits and between substrate and catalyst, are
kinetically labile could provide a feasible approximation to approach the issue of
rigidity of the catalytic supramolecular system [6]. The better fit to the transition state
accomplished by a flexible supramolecular system is achieved at the expense of a larger
loss of vibrational and rotational entropy on going from a not rigid and conformationally
unrestricted complex to the fixed geometry of the TS.

Desolvation of the reacting polar groups is also a mechanism by which enzymes
achieve rate accelerations. The desolvation of functional groups takes places during
the inclusion of the reactants within the catalytic apparatus of the active site. This is
another way of looking at the selective stabilization of the TS, in terms of a “specific”
solvation of the reactants by the enzyme residues of the active site, which replaces the
random solvation by the solvent molecules and the inherent enthalpic and entropic
cost associated with their reorganization in the TS.

1.2
Design Approaches to Supramolecular Catalysis

1.2.1
Molecular Receptors that Place a Binding Site Close to a Catalytic Center

Early examples of two-substrate supramolecular catalysis emerge from the work of
Bender et al., who studied the hydrolysis of m-tert-butylphenyl acetate in the
presence of 2-benzimidazoleacetic acid with a-cyclodextrin [7]. Breslow, Knowles
and others further extended the use of cyclodextrins as enzyme models. In this
regard, Breslow’s group synthesized a B-cyclodextrin (cycloheptaamylose) carrying
two imidazole groups to model ribonuclease A [8]. More recently, Kim et al. have
used a series of functionalized B-cyclodextrins with different polyazamacro-
cycles [9]. The Zn-complexes of these molecules are carboxypeptidase mimics,
with the hydrophobic cavity of the cyclodextrin acting as a binding site for the
aromatic residue of p-nitrophenyl acetate and the Zn(II) metal center complexed by
the azamacrocycle being the catalytic site. The doughnut-shaped structure of the
cyclodextrins is rather inflexible and it has twelve hydroxyl groups on the top side
and six primary hydroxyl groups at the bottom. The torus is slightly more open on
the side of the secondary OH groups, but B-cyclodextrins with a cavity diameter of
about 7 A display an efficient binding of the substrate from the side of the primary
OH groups. The binding geometry of the complex places the reactive acetate group
of the organic substrate close to a nucleophilic water molecule bound to the
chelated Zn(II). The reported EMs are in the range 0.2-0.3M and are based on
measurements of key =Ky, for the decomposition of the productive ternary
complex shown in Figure 1.1 and ki, for the reaction of p-nitrophenyl acetate
and the corresponding Zn(lI) complex of the polyazamacrocycle. Two basic
assumptions are implicit in the reliability of the calculated EMs: (a) the pK, and
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Figure 1.1 Molecular structure of functionalized B-cyclodextrin
and the corresponding binary complex with p-nitrophenyl acetate.

nucleophilicity of the bound water is unchanged upon linking the macrocycle to the
cyclodextrin and (b) the reactivity of the p-nitrophenyl acetate does not change on
complexation.

Recent examples of this kind of methodology can be found, for example, in the
work of Rebek et al. [10] The catalyst used is a cavitand armed with a Zn salen-type
complex (Figure 1.2). The cavitand adopts a vase-like conformation that is stabilized
by a seam of hydrogen bonds provided by the six secondary amides. The structure of
the catalyst permits a slow dynamic exchange between free and bound guest
(reactant) on the 'H NMR time-scale that is controlled by the folding and unfolding
of the cavitand.

When the guest used is p-nitrophenylcholine carbonate (PNPCC) the Lewis acid
zinc(II) activates the well-positioned carbonyl group in the PNPCC@ Zn-cavitand
towards reactions with external nucleophiles. The energy minimized structure of the
PNPCC@Zn-cavitand complex shows that cation—7 interactions and C=0---Zn
coordination bond occurs simultaneously.

Kinetic studies revealed that the hydrolysis of PNPCC by water present in
commercial CH,Cl, buffered with CF;CO,H/EtN(i-Pr), was catalyzed in the
presence of the Zn-cavitand. The hydrolysis of the carbonate is slow under these
reaction conditions and only ca. 30% pf PNPCC is decomposed after 5h. The
acceleration of the reaction rate is more than 50-fold when 1 equiv of cavitand is
present.
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0] [0}
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@ PNPCC

Figure 1.2 (a) Molecular structure of Rebek’s Zn-cavitand and
p-nitrophenylcholine carbonate (PNPCC). (b) CAChe minimized
structure of the PNPCC@Zn-cavitand complex.

Another example of a synthetic catalyst capable of orienting the substrate
towards the reaction center has been described recently by Crabtree and coworkers
(Figure 1.3) [11]. The authors combined molecular recognition through hydrogen
bonds and C—H activation to obtain high turnover catalytic regioselective functio-
nalization of sp> C—H bonds remote from the —COOH recognition group. The
catalyst contains a di-pi-oxo dimanganese catalytic core and two ligands that are based
on the covalent connection of a Kemp’s triacid unit with a terpy group through a
phenylene linker. The Kemp’s triacid unit provides a well-known U-turn motif having
a —COOH group suitably oriented for the molecular recognition of another —-COOH
function.

Molecular modeling studies allowed to predict from the proposed geometry of the
H-bonded complex with ibuprofen — 2-(4-isobutylphenyl)propionic acid — which
C—H (indicated by to arrows) in the substrate would be expected to come closest to
the active site and consequently became oxidized. If the oxidation operates via the
catalyst-substrate complex predicted by the model complex, then the regioselective
product should be the major component of the reaction mixture. When ibuprofen
was treated with the catalyst, the selectivity for the regioselective product (97.5:2.5)
was raised more than 10-fold when compared to the value obtained with a catalyst
lacking the —COOH group (77 : 23). Oxidation of an alkyl carboxylic acid using the
same catalysts led not only to regioselective oxygenation but also to diastereoselection
of a single isomer. With a 0.1% catalyst-to-substrate ratio, a total turnover number of
580 was attained without loss of regioselectivity.

5
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Figure 1.3 (a) Molecular structure of Crabtree’s ligand and
oxidation products of ibuprofen with the synthetic di-p-oxo
dimanganese catalyst. (b) Molecular model of the supramolecular
catalyst (CAChe minimized) docked with ibuprofen.

Warnmark et al. [12] have reported the formation of a dynamic supramolecular
catalytic system involving a hydrogen bonding complex between a Mn(I1I) salen and a
Zn(II) porphyrin (Figure 1.4). The salen sub-unit acts as the catalytic center for
the catalytic epoxidation of olefins while the Zn-porphyrin component performs as
the binding site. The system exhibits low selectivity for pyridine-appended styrene
derivatives over phenyl-appended derivatives in a catalytic epoxidation reaction. The

CioH210, OC1qHp4
4
M = MnClI B
Wl O Q O o
CeHis ( \ CeHis ¢
J N +Bu tBu
O“‘ H‘.\ OC1oHz1

(a) OC1oHa1
Figure 1.4 (a) Molecular structure of the supramolecular
macrocyclic heterodimer catalyst used by Warnmark et al. (b)
CAChe minimized 3D representation of a substrate bound inside
the hydrogen bonded macrocycle. Long alkyl chains are reduced to
a methyl group for clarity. The substrate and the Mn atom (purple)
are shown in CPK representation.
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authors provide evidence that substrates bound to the supramolecular receptor and
the non-bonded substrates are epoxidized by two different catalytic species. They also
established the main reasons for the low observed selectivity.

In a somewhat related work, Nolte, Rowan et al. [13] described in 2003 a rotaxane
complex that mimics the ability of processive enzymes to catalyze multiple rounds of
reaction while the polymer substrate stays bound. The catalyst, which consists of a
substrate-binding cavity incorporating a manganese(III) porphyrin complex acting as
the catalytic center, can oxidize alkenes complexed within the toroid cavity, provided a
ligand has been attached to the outer face of the toroid to both activate the porphyrin
complex and prevent it from being able to oxidize alkenes outside the cavity.

1.2.2
Molecular Receptors that Promote the Reaction of two Simultaneously
Complexed Reactants

The design of supramolecular systems capable of catalyzing bimolecular reactions is
challenging: the supramolecular host first needs to recognize the reagents (which
requires sufficiently strong binding) and, second, needs to correctly orient the two
reagents and bring them together. Kirby [2] has coined the term “matchmakers” to
describe synthetic hosts that perform these functions.

If the host has a higher affinity for the product arising from the bimolecular
reaction than for the reagents, an additional problem comes into play: inhibition of
turnover of the catalyst by the product. Although a host can not be regarded as truly
catalytic if this occurs (stoichiometric amounts of host are required to achieve full
conversion), the host can still accelerate the rate of the reaction and, interestingly, may
even influence the outcome of the reaction.

Sanders and coworkers have designed and prepared a series of cyclic Zn(Il)
porphyrintrimers thatare noteworthynotonly because they accelerate the Diels—Alder
reaction of a pyridine-substituted diene and a dienophile (Figure 1.5) [14] but because
they also influence the stereochemical outcome of the cycloaddition reaction. The
cyclic porphyrin oligomers can accommodate the diene and dienophile inside the
cavity, thus lowering the activation energy by holding both reagents in close proximity.
The larger 2,2,2-porphyrin trimer catalyzes the formation of the thermodynamically
more favored exo-adduct up to 1000 x faster than the formation of the endo-isomer.
This rate acceleration corresponds to an EM of ca. 20 M, which is quite high for an
artificial system. The key effect of the binding process inside the cavity should be
recalled at this point, which is capable of reversing the stereochemistry of the reaction
and mediating the formation of the unexpected exo-product (the endo-compound is
produced in the absence of catalyst by kinetic control).

The computer generated model in Figure 1.6 shows the perfect fit of the exo-adduct
inside the 2,2,2-trimer cavity. The smaller 1,1,2-trimer showed a stereoselective bias
towards the endo-product at 30 °C; however, this stereoselectivity is lost at higher
temperatures (a mixture of both the endo- and exo-products was observed at 60 °C).
The reversal of the stereochemical outcome of the Diels—Alder reaction between the
two cyclic dimers (30 °C) appears to lie firstly in a large (500-fold) endo acceleration
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Figure 1.5 Stereochemical outcome of the Diels—Alder reactions
under the influence of the 2,2,2- and 1,1,2-trimers.

induced by the smaller 1,1,2-dimer and, secondly, in a lack of complementarity at
30°C of the less flexible 1,1,2-trimer for the exo-product. Given its greater flexibility,
the 2,2,2-trimer is better suited to accommodate at room temperature the transition
state that leads to the exo-product.

Sanders and coworkers have extended the use of these cyclic porphyrin systems in
the catalysis of acyl-transfer reactions [15] and hetero-Diels—Alder reactions [16].

Kelly and coworkers devised a two binding-site host that accelerates an Sy2
reaction between a primary aliphatic amine and an alkyl bromide [17]. Kelly’s host
(Figure 1.7) acted as template for the two reactants that were able to form three
hydrogen bonds to each aminopyridone from the host. The reactants were the
aminomethyl- and bromomethylnaphthyridines indicated in Figure 1.7, which
bound strongly (K>10*M™") to the aminopyridone moieties from the host. A
sixfold acceleration of the Sy2 reaction was observed, but turnover could not be
demonstrated (the product precipitated from the CHCI; solution as the HBr salt).

An unavoidable limitation of Kelly’s host was that the two binding sites were
identical, which allowed non-productive binding of two identical substrates. Kelly
therefore designed a new receptor with two different binding motifs that selectively
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Figure 1.6 CAChe minimized 3D structure of the bound exo-
adduct inside the cavity of 2,2,2-trimer (porphyrin substituents
omitted for clarity).

recognize each of the two reactants. Furthermore, an additional phenyl group was
introduced in the molecule to ensure that the bromide was productively directed
towards the amino group. The reaction rate obtained with this variant was twice as
high as that obtained with the symmetrical host. These results clearly illustrate the
potential of supramolecular catalysis to provide substantial rate accelerations even in
reactions with strict stereoelectronic requirements for a linear transition state.
Self-replication offers a direct path to supramolecular catalysis. Rebek et al.
reported an impressive self-replicating system, which involves the assembly of
suitably designed components by hydrogen bonding and n—n-stacking [18]. In the
first step, the naphthalene ester and a heterocyclic amine self-assemble under the
influence of hydrogen bonding and m-m-stacking interactions. The assembly is
preorganized to facilitate the aminolysis of the neighboring ester group (Figure 1.8).
The resulting cis-amide undergoes isomerization towards the less strained trans-
isomer. This compound can then bind the two original reagents to form a ternary
complex, which is again preorganized for nucleophilic attack of the ester group to give
a dimer. Self-replication is thus elegantly achieved; the only drawback being the high
stability of the dimer, which inhibits its role as a template for further self-replication.
Catalysis has also been induced by encapsulation or inclusion of molecules into
cavities of molecular or supramolecular hosts. In both cases, the cavity should be
large enough to accommodate concurrently at least two reactants in such a way that
the reaction among them is favored (productive geometry). Probably, in these
examples, not only the binding energy is used to induce catalysis by reducing or
compensating the unfavorable entropy of activation but other specific mechanisms
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Figure 1.7 Nucleophilic reaction catalyzed by Kelly’s hosts; Sy2
reaction in the host with two symmetrical (a) or two asymmetrical
(b) hydrogen bonding recognition motifs.

may also come to play. The inner surface of the molecular cage can be complementary
to the transition state (T'S) and not also to the ground states of the reactants. Itis also
worth mentioning that, in some cases, when the reactants are encapsulated they
become completely isolated from the solvent. This “specific” solvation eliminates the
enthalpic and entropic cost of reorganizing the solvent molecules in the TS.
Furthermore, the encapsulation or inclusion of the reactants into molecular vessels
may produce a two-fold positive contribution to catalysis: (1) by exerting some
“strain” to the molecular receptor, i.e., the minimum energy geometry of the vessels
is slightly distorted due to the inclusion of the reactants, and (2) by inducing certain
“stress” to the included reactants. The “strain” and “stress” energies are expected to
be eliminated or reduced upon reaction. The amount of “stress” than can be forced on
the included reactants of course depends on the strength of the interactions used to
hold together the molecular components that constitute the host. For self-assembled
supramolecular nanovessels the interactions are of “noncovalent” nature (usually
hydrogen bonds and coordination bonds).

An early study of catalysis induced by inclusion of reactants in molecular vessels
derives from the work of Mock et al. [19-21]. The authors reported that the
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Figure 1.8 Rebek’s self-replicating system.

intermolecular 1,3 dipolar cycloaddition between an azide and an alkyne, both of them
substituted with an ammonium group, was substantially accelerated (ca. 10°-fold or
EM = 1.6 x 10* M based on Ref. [3]) and became highly regioselective in the presence
of cucurbit[6]uril (Figure 1.9). The calculated cavity volume of cucurbit[6]uril
(164 A%) translates into an encapsulated reactant concentration of 10 M. The reaction
kinetics also show catalytic saturation behavior, substrate inhibition and slow product
release. The presence of a tertiary complex azide-alkyne@cucurbit[6]uril is docu-
mented by kinetic analysis. The simultaneous binding of both alkyne and azide (with
the NH; " group bound to each set of the carbonyls and with the substituents extended
inside the cavity) aligns the reactive groups within the cavity of the hostin a productive
geometry that catalyzes the exclusive formation of the 1,4-substituted triazole. The
authors state that cucurbit[6]uril accomplished catalysis through more than one
mechanism. Curcurbit{6]uril not only eliminates or reduces the entropic constrains
of the reaction by bringing both reactants together but also its cavity is more adequate
for the geometry of the TS cycloaddition than for the bound reactants. Recent

N
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Figure 1.9 (a) Structure of cucurbit[6]uril; (b) 1,3-dipolar
cycloaddition; (c) the reaction ternary complex for the formation
of the 1,4-triazole.

computational investigations performed on the same system by Maseras and
Carlqvist [22] suggest that the main catalytic effect is the elimination of the entropic
cost of bringing the reactants together in the ternary complex and turning the
addition reaction into a unimolecular one. Maseras and Carlqvist did not find compu-
tational evidences for transition state stabilization by the cucurbit{6]uril host.
Rebek has reported a new synthetic molecular vessel that can accelerate a 1,3-dipolar
cycloaddition between an alkyne and an azide (Figure 1.10) [23]. The catalytic
molecular capsule is formed by dimerization of two resorcinarene derivative subunits.
The capsule has a roughly cylindrical cavity capable of accommodating two different
aromatic guests. The orientation of the encapsulated guests is constrained to edge to
edge approaches, and only the peripheral substituents make contacts. This arrange-
ment seems to be appropriate for catalyzing the reaction between peripheral sub-
stituents of substrates anchored in the capsule by their respective aromatic groups. In
particular, the cycloaddition under study involves phenylacetylene and phenyl azide.
These compounds react very slowly to give equal amounts of the two regioisomers in
the absence of the capsule (ko =4.3 x 10 °M 's™!, v=1.3 x 10" *Ms"}). In the
presence of the capsule only the 1,4-isomer is formed. Control experiments have
shown that only the 1,4-isomer is encapsulated. The local concentration of each reac-
tant inside the capsule is 3.7 M (capsule volume ~ 450 A%). Consequently, the rate
inside the capsule due to just an increase of the effective local concentration, and assu-
ming that the productive geometry can be achieved, would be v~6 x 10 *Ms ' =
kout [alkyne]in[azide],, a value larger than the initial rate observed (v=1.3 x 107°



