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The adoption of a supramolecular approach in catalysis promises to address a number of unmet challenges, ranging from 
activity (unlocking of novel reaction pathways) to selectivity (alteration of the innate selectivity of a reaction, e.g. selective 
functionalization of C-H bonds) and regulation (switch ON/OFF, sequential catalysis, etc.). Supramolecular tools such as 
reversible association and recognition, pre-organization of reactants, stabilization of transition states upon binding and 
catalysis regulation offer a unique chance to achieve the above goals disclosing new horizons whose potential is being 
increasingly recognized and used, sometimes reaching the degree of ripeness for practical use. This review summarizes the 
main developments that have opened such new frontiers, with the aim of providing a guide to researchers approaching the 
field. We focus on artificial supramolecular catalysts of defined stoichiometry which, under homogeneous conditions, unlock 
outcomes that are highly difficult if not impossible to attain otherwise, namely unnatural reactivity or selectivity and catalysis 
regulation. The different strategies recently explored in supramolecular catalysis are concisely presented, and, for each one, 
a single or very few examples is/are described (mainly last 10 years, with only milestone older works discussed). The subject 
is divided into four sections in light of the key design principle: i) nanoconfinement of reactants, ii) recognition-driven 
catalysis, iii) catalysis regulation by molecular machines and iv) processive catalysis.

1 Introduction 
Catalysis – the acceleration of chemical reactions by adding a 
substance (the catalyst) that is not consumed in the process – is 
a key enabling technology for chemical industries. Its 
importance fuels the need to continuously improve current 
catalysts and design novel ones to address challenges that are 
still unmet. This is especially true in the application of catalysis 
to organic synthesis. For instance, most catalytic systems 
struggle to achieve site-selectivity – mainly in C-H and C=C 
functionalization1 - or substrate-selective transformations in 
mixtures of compounds, crucial for the use of biomasses and 
wastes as feedstock materials.2 Other reactions are 
prohibitively slow or fail to provide the products in any 
synthetically meaningful yield. Combination of multiple 
catalytic reactions as an assembly line for the synthesis of 
complex molecules from simple starting materials remains 
difficult for organic chemists.3 Or again, temporal regulation of 
catalytic activity to promote different reactions at different 
times is not trivial using conventional catalysis approaches. 
The merger of catalysis and supramolecular chemistry (the 
study of weak, reversible interactions among different 
molecules) offers a way to face these challenges. Incorporation 
of supramolecular tools (reversible recognition and 
preorganization of reactants, stabilization of transition states 
upon binding, regulation of catalysis) in catalyst design mimics 
some key features of enzymes and has the prospect to unlock 

unprecedented reactivity and selectivity. In fact, catalysis has 
been one of the main research themes in the field of 
supramolecular chemistry since its very beginning. However, 
when compared to the other topics of supramolecular science, 
it certainly poses greater difficulties and hurdles associated to 
the impossibility to know the precise structure of the transition 
states to be stabilized by interaction with supramolecular 
catalysts. Moreover, the structural sophistication of early 
supramolecular catalysts could discourage their use. 
Nevertheless, notable examples of supramolecular catalysts 
have appeared in the literature in the last 50 years that 
approach the efficiency of natural enzymes. In particular, the 
last decade has witnessed a significant progress in this field, 
with a growing number of supramolecular catalysts featuring 
high activity and selectivity. 
Herein, we summarize the main developments that, in our view, 
have opened new opportunities for catalysis, aiming to provide 
a guide and an inspiration to the researchers approaching the 
field. An overview of key works in supramolecular catalysis is 
given, without pretension to be exhaustive. One or few 
examples for each approach is (are) explicitly described, 
followed by a list of references based on an analogous design or 
reviews and book chapters with a more specific focus to which 
we direct the interested reader. In particular, we have restricted 
our analysis to homogeneous, artificial supramolecular catalysts 
of defined stoichiometry which unlock outcomes that are highly   
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difficult if not impossible to attain otherwise - namely unnatural 
reactivity or selectivity and catalysis regulation. The timeframe 
of our analysis is mainly focused on the last ten years, with only 
milestone results before 2010 included, since most of them 
have been already reviewed.4 These systems are presented in 
light of their design: i) nanoconfinement of reactants, ii) 
recognition-driven catalysis, iii) catalysis regulation by 
molecular machines and iv) processive catalysis. 

1.1 Efficiency and selectivity of a supramolecular catalyst 

Generally speaking, a catalyst can accelerate a reaction in two 
different ways, i) opening a new mechanistic path, unfeasible in 
the absence of the catalyst, whose activation barrier is lower 
than that associated to the uncatalyzed reaction (Fig. 1a); ii) 
lowering the activation barrier of the same mechanistic path of 
the uncatalyzed reaction by binding the transition state more 
strongly than the substrate (Fig. 1b). 
Most of the supramolecular catalysts as well as several enzymes 
adopt the second strategy. As a matter of fact, an efficient  
 

Giorgio Olivo obtained his PhD 
in 2015 at “La Sapienza” 
university of Rome (Italy) with 
S. Di Stefano. Then, he moved to 
Girona (Spain) as a postdoctoral 
fellow in the QBIS group of 
M. Costas (2016-2020), working 
on a recognition-driven 
oxidation of remote aliphatic 
C-H bonds catalyzed by Fe and 
Mn catalysts. Recently (2021) he 
moved back to Rome, where his 
research interests lie in the 
design and implementation of a 
supramolecular approach to 

control selectivity in late-stage functionalization and in 
bioinspired metal catalysis.

supramolecular catalyst should possess all the typical features 
of a natural enzyme, first of all the capability of binding the 
substrate via weak interactions, which is not contemplated in 
conventional catalysis. Thus, the thermodynamic and kinetic 
treatments that have disclosed the origin of the catalytic power 
of enzymes5 can also be applied to supramolecular catalysts. As 
far as strategy ii is concerned (Fig 1b), in both cases (enzymes or 
supramolecular catalysts) the binding event with the substrate 
is of paramount importance in the definition of the efficiency 
and selectivity properties of the catalyst. In the limits of the 
Eyring theory,6 the kinetic scheme for a reliable comparison 
between a one-substrate uncatalyzed and catalyzed reaction is 
reported in Fig. 2.  
Following a simple but operatively effective model due to Linus 
Pauling,7 from the thermodynamic cycle depicted in Fig. 2 in 
which ∆G°CS and ∆G°CS≠ represent the standard free energy for 
the association of the catalyst with the substrate and the 
transition state, respectively, and ∆G°≠cat and ∆G°≠uncat the 
standard free energy activation barriers for the catalyzed and 
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Fig. 1. Two possible catalytic modalities: (a) the catalyst allows a new mechanistic path with a lower activation barrier, (b) the reaction mechanism 
remains the same but the catalyst binds the transition state more strongly than the initial state, lowering the activation barrier. Free energy variations 
are referred to 1 M standard states. 
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uncatalyzed processes, respectively, eqn (1) can be easily 
derived and rearranged to obtain eqn (2). 

∆G°CS  +  ∆G°≠
cat  =  ∆G°≠

uncat  +  ∆G°CS≠       (1) 

∆G°≠
uncat  -  ∆G°≠

cat  =  ∆G°CS  -  ∆G°CS≠       (2) 

It has to be noted that eqn (1) can also be rewritten as eqn (3), 
which is immediately visualized in Fig. 1b. 

∆G°≠
uncat  -  ∆G°CS  =  ∆G°≠

cat  -  ∆G°CS≠       (3) 

Since the rate constants for the catalyzed and uncatalyzed 
reactions can be written as kcat = (kBT/h)exp-(∆G°≠cat/RT) and 
kuncat = (kBT/h)exp-(∆G°≠uncat/RT), respectively, where kB and h 
are Boltzmann and Plank constants, T the absolute temperature 
and R = N×kB (N is the Avogadro number), and since the 
association constants of the transition state and the substrate 
with the catalyst are KCS≠ = exp-(∆G°CS≠/RT)  and  KCS = exp-
(∆G°CS/RT), respectively, eqn (4) can be directly obtained from 
eqn (2). 

kcat / kuncat  =  KCS≠ / KCS        (4) 

Eqn (4) tells us that the efficiency of a catalyst (kcat / kuncat) that 
operates with a complexation (binding) mode (Fig.1 b), depends 
on its capability to selectively stabilize the transition state (KCS≠) 
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with respect to the substrate (KCS). 
On the other hand, catalyst selectivity also calls for a strong 
binding of the target substrate. The selectivity ability of a 
supramolecular catalyst for a target substrate, exactly like in the 
case of an enzyme, is indeed properly described by the 
specificity constant,8 which is commonly defined as in eqn (5), 
where KM is the Michaelis constant. The latter corresponds to 
the inverse of KCS in the very frequent case of an association 
between the catalyst and the substrate much faster than the 
transformation of the bound substrate to products.8 

Specificity constant  =  kcat/KM  (or kcat×KCS)       (5) 

For example, the selectivity of a supramolecular catalyst for one 
of two substrates can be obtained by the ratio of the two 
specificity constants for the two substrates, while the selectivity 
for one of two reaction sites present in the same substrate can  
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Fig. 2. Comparison between a one-substrate uncatalyzed and catalyzed reaction. 
The thermodynamic cycle discussed in the text is inside the red square. 
Dissociation step in considered fast. 

Osvaldo Lanzalunga 

Daniele Del Giudice Stefano Di Stefano 



ARTICLE Journal Name 

4  | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

be obtained by the ratio of the two different kcat values 
corresponding to each site (KM is the same). 
To sum up, a good supramolecular catalyst must strongly bind 
the substrate in order to display a high selectivity and at the 
same time must bind even more strongly the transition state to 
feature a high catalytic efficiency. 
The dissociation from reaction product (Fig. 2) is needed to 
guarantee turnover. It always represents an issue, which can be 
circumvented by a rational design of the supramolecular 
catalyst. 
In the following sections, the supramolecular tools at disposal 
of catalysis practitioners will be reviewed in light of strategies 
recently used. 

2. Nanoconfinement of reactants 
Confinement of reactants in a nanometric cavity of comparable 
size and shape offers a unique chance to modulate reaction 
outcomes.9 Encapsulation can remove the solvation shell from 
reactants and enforce unusual conformations and orientations, 
altering the energy profile of a reaction. In particular, 
nanoconfinement can i) accelerate chemical reactions via 
selective stabilization of transition states; ii) unlock novel or 

forbidden reactivity by disclosing new reaction pathways; iii) 
modulate the selectivity by altering the relative orientation of 
reactants; iv) protect the catalyst shielding the reaction site 
from the bulk solution (Fig. 3). Herein, we describe selected 
recent examples that provide an overview of these different 
approaches, and we refer the interested reader to more 
specialized and exhaustive reviews.10 

Nanometric vessels are the cavities of concave or hollow 
molecular structures - the hosts –which are delimited by organic 
walls. There is a huge number of possible host structures, 
ranging from vase-like, covalent macrocycles (cyclodextrins,11 
cucurbiturils,12 cavitands,13 hemicryptophanes14 and so on) to 
self-assembled super-structures held together by weak 
interactions (coordination cages15 or hydrogen bonded 
capsules16). In particular, the ease of synthesis and the 
modularity of self-assembled cages and capsules makes them 
especially attractive from a practical point of view. Indeed, most 
examples in this review rely on such hosts. However, 
confinement, like other strategies in supramolecular catalysis, 
faces the great challenge of product inhibition. In fact, true 
catalysis (turnover) requires expulsion of the reaction products, 
typically strongly bound to the host, to make room for other 
substrate molecules. This elusive condition is met when the 
reactants bind to the host with a higher affinity compared   

Fig.3. Graphical summary for section 2 - Nanoconfinement of reactants. 
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to the products, displacing them and starting the catalytic cycle 
over again. Practically, this implies designing a system where 
the change in the product shape, charge or properties 
compared to reactants disrupts its affinity for the cavity and 
induces its egress. This challenging requirement has been met 
in several examples, paving the way for practical applications of 
supramolecular catalysis. 

2.1 Accelerating a slow reaction  

Encapsulation can enhance reaction rates by bringing in 
proximity the reactive functions. This is a consequence of 
reactants pre-organization, which results in the selective 
stabilization of the transition state of the rate determining step 
with respect to the initial state (the reactants themselves).5e 
The magnitude of such acceleration can be dramatic, and the 
timescale of the reactions can be consequently reduced from 
weeks to minutes, effectively unlocking reactions that are 
otherwise prohibitively slow. Although selective stabilization of 
the transition state(s) is always the source of catalysis,5e a rough 
classification based on the main components of the catalytic 

effect can be of help to visualize the different approaches to the 
problem and present the tools at disposal of supramolecular 
catalysis. 
 
2.1.1 Transforming intermolecular reactions into intra-complex 
ones. When two (or more) reactants are co-encapsulated inside a 
restricted space, an otherwise intermolecular reaction is 
transformed into an intra-complex (intramolecular) one with the 
reactants and their host belonging to the same adduct. As a 
consequence, the reaction is accelerated essentially for entropic 
reasons (in an intermolecular bimolecular process, the roto-
translational entropy associated to one molecule is lost when the 
two reactants interact to form the transition state, while an 
intramolecular reaction does not require any loss of the same kind 
(this is often called “intramolecularity” effect). Substrate 
encapsulation pays upfront the entropic cost of bringing the 
reactants together, reducing the kinetic barrier of the reaction. The 
acceleration effect can be properly evaluated in terms of effective 
molarity (EM),17 which is a measure of the reactivity enhancement   

Fig.4. Acceleration of chemical reactions by converting intermolecular reactions into intra-complex ones upon encapsulation. A) Rate enhancement of Ru-catalyzed 
water oxidation inside a giant cage (ref 18). B) Catalysis of Kemp elimination by preorganization of the hydrophobic substrate inside the cavity and HO¯ counteranions 
around the cage windows. (ref 22a) 



ARTICLE Journal Name 

6  | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

caused by the proximity of the reactive functions in a restricted 
space. In principle, if the corresponding intermolecular model 
reaction is available to carry out a reliable comparison of reactivity, 
values of EM up to about 107 M can be expected (corresponding to a 
~9 kcal mol-1 energy gain at 25 °C).17b,c,d However, deviations from 
ideality (presence of strain or imperfect preorganization) typically 
lead to lower, yet significant EM values. The enhancement of 
reactivity due to the “intramolecularity” effect is often described as 
an increase of the “local (or effective) concentration” of one reactive 
function with respect to the other. A quantitative treatment based 
on thermodynamic parameters such as that based on EM is however 
more desirable.17b,c,d 
Practically, co-encapsulation of two guests in the same cavity 
usually accelerates bimolecular reactions, as long as the 
reactants are properly oriented. For instance, the giant 
coordination cage (host H1) contains multiple guanidinium units 
in its large cavity, which can in turn bind several Ru water 
oxidation catalysts (WOCs) bearing sulfonate moieties via 
hydrogen bonds (Fig. 4A). As a consequence, the reactive Ru-O 
units are pre-organized for radical O-O coupling that forms O2, 
and the rate (and yield) of water oxidation experiences a 
102-fold enhancement.18 Analogously, several bimolecular 
reactions were accelerated (and their yields were enhanced) by 
co-encapsulation of the two reactants.17c,d,19 Remarkably, 
sometimes the acceleration can be large enough to unlock 
forbidden reactions such as Diels-Alder cycloaddition with 
typically inert partners (i.e. naphthalene).20 

Another strategy to increase the proximity of reactive functions 
by means of a cavity exploits the orthogonal affinities for the 
hydrophobic cavity and for its charged exterior to bring 
together reactants of opposite polarity.21,22 As a consequence, 
their reaction occurs inside the ionic pair and becomes 
“intra-complex”. For instance, encapsulation of isobenzoxazole 
inside polycationic (16+) cage H2 induces a 105-fold acceleration 
of Kemp elimination, mainly because the HO¯ counter-anions of 

the cage are pre-organized at the cage windows close to the 
encapsulated substrate (Fig. 4B).22 Catalysis is then allowed by 
expulsion of the anionic product from the hydrophobic cavity 
and further accelerated by an autocatalytic process. 
 
2.1.2 Conformational preorganization of reactants. 
Encapsulated guests tend to assume peculiar, folded 
conformations to optimize the occupancy of the cavity 
(following the 55% occupancy rule)23 and the interactions with 
its walls. Such conformations, which can be particularly 
effective from a reactivity standpoint, can be unlikely in solution 
for entropic reasons (ordered transition state that requires 
freezing of a large number of rotable bonds)17c,d but become 
spontaneous upon encapsulation, when this entropic price is 
paid in advance. A quantitative treatment and rationalization of 
these effects can be again based on the effective molarity.17c,d 
Preorganization of reactants in these conformations accelerates 
intramolecular reactions even by orders of magnitude, and 
often constitutes a key ingredient of cage catalysis. 
A prominent example in this regard is the cavitand-promoted 
macrocyclization described by Rebek’s group (Fig. 5). 
Macrocyclization of flexible compounds is challenging and 
typically not efficient, as they must assume an unlikely and 
sometimes strained17g U-shaped conformation to bring the 
reactive functions in proximity. Encapsulation of linear alkyl 
chains with polar heads in the hydrophobic cavity of a cavitand 
(H3), driven by solvophobic effects, pre-organizes the guest in a 
folded, U-shaped conformation with nearby polar heads at the 
vase opening.13 At this point, addition of suitable reactants 
readily links these heads together into a macrocycle with almost 
quantitative yields,24 while the analogous macrocyclization 
essentially does not occur in bulk solution. Unfortunately, the 
product is stuck inside the cavitand, preventing catalytic 
turnover. Analogous guest preorganization in other capsules or 
coordination cages also leads to large acceleration of 
intramolecular reactions.16,25,26  

Fig.5. Acceleration of a macrocylization reaction (increase of the yield) via constrictive binding that fixes the substrate in a U-shaped conformation upon encapsulation, 
with the reactive heads preorganized for macrocylization (ref 24b). 
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2.1.3 Electrostatic stabilization of transition states. High-
energy, charged intermediates – and hence the related 
transition states (TSs) – can be stabilized via electrostatic or 
cation-π interactions with hosts of opposite charge. If they are 
selectively stabilized over the reactants, the kinetic barrier is 
lowered and the reaction rate increased. The extent of such 
electrostatic stabilization is often difficult to quantify, since it is 
typically combined with other factors (mainly guest 
preorganization). However, as found in enzymes, its magnitude 
can be quite high when charged intermediates or transition 
states are formed in the slow step. 
For instance, Raymond, Bergman and coworkers reported an 
anionic coordination cage H426 that encapsulates and stabilizes 
small cationic guests in folded conformations, accelerating their 
intramolecular rearrangement. The Nazarov cyclization of a bis-
allylic alcohol, where carbocation formation is the slow step, 
undergoes an impressive 106 rate enhancement inside cage H4 
(Fig. 6).27 The majority of this acceleration is due to 
preorganization of the guest,28 but electrostatic stabilization of 
the transition state plays also a key role: 33% increase of 
negative charges on the same anionic cage from 8¯ to 12¯ 
translates into a 680-fold acceleration, without significant 
geometric variations observed in the host structure.29 Along a 
similar line, an intramolecular SN2 reaction (with an anionic 
transition state) undergoes a 105-fold acceleration moving from 
an anionic host to its cationic analogue.30 

 
2.1.4 Destabilization of the reactive function of the 
encapsulated reactants. Another way to lower the kinetic 
barrier and accelerate a chemical reaction is the relative 
destabilization of reactive functions of the reactants with 
respect to the transition state,31 which is again a selective 
stabilization of the transition state with respect to the 
reactants.5e 

Such concept has recently been used by Fujita’s team. 
Confinement of two amide guests inside coordination cage H5 

induced a twist in the C-N bond from 0 to 34°, as determined by 
X-Ray crystallography (Fig. 7). Such twist disrupts the resonance 
along the C-N bond, increasing the amidic carbonyl   

Fig.6. Acceleration of Nazarov cyclization upon substrate encapsulation in an anionic cage. Several factors concur to such a large rate enhancement including an 
electrostatic stabilization of the cationic transition state (ref 27). The latter effect is quantified by variation of the host charge (ref 29). 

Fig.7. Rate enhancement of amide hydrolysis under basic conditions induced by 
introduction of strain in the C-N bond upon encapsulation in H5 (ref 32). 
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electrophilicity and destabilizing the reactant. This way, the 
hydrolysis of the amide experiences a 14-fold acceleration.32 

2.2 Unlocking new reactivity 

Perhaps the most fascinating feature of confinement is the 
chance to fully alter the energy profile of a reaction with the 
tools described above, unlocking new pathways that lead to 
unusual products. This is usually achieved by exploiting the 
different microenvironment in the cavity to selectively stabilize 
high-energy species difficult to form in solution, leading to 
divergent reactivity. 
 
2.2.1 Modulation of guest acid-base properties. Encapsulation 
inside a charged host alters the environment surrounding the 
guest, effectively stabilizing the development of an opposite 
charge on the guest via electrostatic (and cation-π) interactions. 
One way to build up these charges is protonation or 
deprotonation of the guest; in this case, encapsulation can 
modify the acid/base properties of a molecule (its pKa). 
For instance, anionic cage H4 induces an increase up to 4.5 pKa 
units of the basicity of neutral guests, preferentially stabilizing  
their protonated form.26 As a consequence, reactions that 
require acid conditions become viable even at neutral or basic 
pH (Fig. 8). For instance, orthoformates are hydrolyzed only at 
acid pH, and are stable at neutral and basic pH. Addition of 
anionic cage H4 increases their basicity and enables acid 
catalyzed hydrolysis even in basic solution (pH = 11), a process 
that does not occur in bulk solution.33,34 Catalytic turnover is 
then achieved since the flat, smaller shape of the product has a 
lower affinity for the cavity. On the other hand, a cationic cage 
facilitates deprotonation of its guest to form anions, unlocking 
base-catalyzed reactions at a neutral pH.19b,35 

 

2.2.2 Stabilization of cationic intermediates. As discussed above, 
stabilization of high-energy, charged intermediates via 
encapsulation can substantially accelerate chemical reactions. 
In some cases, such stabilization (usually in combination with 
pre-organization and protection from the outside solution) 
opens up novel reaction pathways that are precluded in bulk 
solution. 
In organic reactions, such stabilization facilitates the formation 
of high-energy carbocationic intermediates. Tiefenbacher and 
coworkers designed a catalytic, selective terpene cyclization36 
inside a self-assembled capsule made up of 6 resorcinarene 
units16 (Fig. 9A, H6). This capsule binds cationic guests via 
cation-π interactions and solvophobic effects. Moreover, the 
water molecules involved in the hydrogen bond network at its 
rim behave as a strong Brønsted acid.16a,b,37 
As a result, encapsulated terpenes are easily protonated. Loss 
of water generates a carbocation, stabilized by the capsule, 
which triggers multiple tail-to-head cyclizations whose 
selectivity is controlled by the folded conformation (Fig. 9A). 
Such cyclization mimics that catalyzed by cyclase enzymes and 
is a powerful synthetic method. This is currently the shortest 
total synthesis of several natural products with bi- or polycyclic 
structures (eucalyptol, δ-selinene, isolongifolene, etc.).36,38 

Building on similar principles, the same cage was shown to 
catalyze a range of elusive transformations,16 from carbonyl-
olefin metathesis39 and alcohol dehydration40 to β-Friedel-Craft 
alkylation of pyrroles.41 
The electrostatic stabilization by encapsulation can be applied 
also to organometallic reactions that involve high-energy 
cationic intermediates.42,43 Reductive C(sp3)-C(sp3) elimination 
is prohibitively slow from L2AuIII(Me)2 or L2PtIV(Me)2 
complexes.42 However, dissociation of one ligand (L) from these 
complexes generates a cationic, unsaturated metal center that  

Fig.8. New reactivity (orthoformates hydrolysis in basic solution) unlocked by increasing the basicity upon encapsulation in an anionic cage (ref 33). 
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undergoes facile and rapid reductive elimination to restore a 
stable AuI or PtII compound (Fig. 9B). Typically, this unsaturated 
intermediate is energetically uphill and not spontaneously 
formed. In stark contrast, addition of anionic cage H4 stabilizes 
this cationic species and unlocks this pathway, resulting into a 
striking 104-107-fold acceleration, reducing the process 
timescale from weeks to minutes.42  
 
2.2.3 Modulation of guest electrochemical properties.  

Stabilization of high-energy, charged intermediates via 
encapsulation also affects the electrochemical properties of a 
guest, modulating its ability to lose or accept electrons. In fact, 
electron transfer from the guest to the host or vice versa 
produces unstable radical cations and anions, which are highly 
reactive and difficult to form in bulk solution. Moreover, 
electron transfer can be further favored by the proximity of the 
reactants as well as by the limited structural reorganization 
required within the host-guest adduct. Practically, these  

Fig.9. New reactivity unlocked by stabilization of high-energy, cationic intermediates. A) Selective nerol cyclization disclosed by stabilization of folded cationic 
intermediates inside deprotonated, anionic resorcinarene capsule H6 (ref 36). B) Challenging reductive elimination unlocked by stabilization of unsaturated, cationic 
intermediates upon encapsulation into anionic cage H4 (ref 42). 
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reactions are usually photo-induced. Irradiation of the host-
guest adduct excites one partner (typically the host) and 
promotes the electron transfer, which then triggers subsequent 
reactions that thermodynamically drive the whole process. 
Host H5 is photoactive, and can accept electrons from 
encapsulated guests upon irradiation. For example, it can 
remove an electron from a cyclopropane moiety, triggering a 
process that eventually forms a C=C double bond and releases 
formaldehyde – overall, a formal demethylation of 
cyclopropanes (Fig. 10).44 Stabilization of the high-energy 
radical cation is key to unlock this process that does not usually 
occur in solution. Remarkably, the reaction is site-selective as it 
exclusively involves the cyclopropane inside the cage, while 
another cyclopropane placed outside the cavity is left 
untouched. Similarly, several photoinduced reactions triggered 
by electron transfer between guest and host have been 
developed over the years.45 

 

2.2.4 Microenvironment effects. A different strategy to induce 
divergent reactivity via encapsulation relies on the difference 
between the microenvironment experienced by confined 
molecules compared to their typical solvation shell. Given the 
proximity of a guest to the walls of the nanometric cavity, this 
microenvironment strongly influences the reactivity of 
encapsulated molecules. 
The hydrophobic cavity of anionic cage H4 binds small cationic 
guests in water, such as the iminium terpene derivative 
depicted in Fig. 11A.26,46 The folded conformation of the latter 
favors an Aza-Prins cyclization, that generates a carbocationic 
intermediate. In bulk solution, this species is rapidly quenched 
by water to give the product depicted on the left. However, the 
hydrophobic cavity of H4 strictly excludes water. Consequently, 
the reaction follows an unusual path (an elusive [1,5]-hydride 
shift from an N-methyl group) that does not occur in solution. 

Eventually, the product is released when its positive charge is 
lost (hydrolysis of the resulting iminium ion), ensuring turnover. 
Analogous divergent reactivity was observed also in Au-
catalyzed cyclizations inside other hydrophobic capsules.47,48 
The walls of the cavity can take an even more active part in the 
reaction, triggering unique mechanistic pathways. Raymond 
and coworkers observed a surprising retention of 
stereochemistry in the solvolysis of benzylic substrates inside a 
chiral anionic cage (H7, Fig. 11B), independent of the initial 
substrate chirality.49 The reaction occurs via a typical SN2 
mechanism, which entails inversion of stereochemistry. In bulk 
solution, the expected product with inversion of 
stereochemistry is obtained. However, upon encapsulation in 
H7, the electron-rich aromatic walls of its cavity promote an 
initial, faster nucleophilic substitution with a first stereo-
inversion. The solvent (water or methanol) attacks this 
intermediate with a second stereo-inversion and yields the 
product with an overall stereo-retention. 
Along a different approach, the walls can also contain reactive 
groups that are well pre-organized to react with encapsulated 
substrates.50 For instance, coordination cage H8 is decorated 
with endohedral carboxylic acid groups that create an acidic 
microenvironment into the cavity. Such acidic cavity catalyzes 
reactions that do not occur in bulk solution at similar neutral pH, 
such as the Oxa-Pictet-Spengler one depicted in Fig. 12.51 The 
protected aldehyde is exclusively unmasked inside the cavity, 
triggering the attack by the co-encapsulated alcohol that 
eventually evolves into the cyclized product.  

2.3 Modulation of selectivity 

The chance to alter the energy profile of a reaction upon 
encapsulation can be also used to modulate or even reverse 
selectivity, favoring the pathway that preferentially leads to one 
isomer over the other(s). In particular, the shape and size of the  

Fig.10. New reactivity (guest-to-host photoinduced electron transfer followed by cyclopropane demethylation) unlocked by encapsulation-induced proximity and 
stabilization of high-energy, cation-radical intermediates (ref 44). 
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cavity modify the relative orientation of encapsulated 
reactants, enforcing them to follow unusual trajectories of 
approach. As a consequence, the selectivity of a reaction can be 
finely tuned by confinement.  
 
2.3.1 Unusual guest orientations. Co-encapsulation of two 
guests inside a cavity usually fixes their relative orientation to 
approach the 55% space occupancy23 and maximize the 
interactions with the host. This specific orientation can bring 
together parts of the molecule that are usually less reactive and 
separate other parts that are typically more reactive. 
Consequently, the typical selectivity can be altered. 
For instance, Diels-Alder reactions with anthracene derivatives 
usually occur at the most reactive central ring (9,10 adduct; 
Fig. 13, top). However, Fujita’s team reported that hetero co-

encapsulation of a substituted anthracene and maleimide in 
coordination cage H5 draws the dienophile (maleimide) close to 
the terminal rather than the central aromatic ring (diene) of a 
substituted anthracene. Heating up this host-guest adduct leads 
to an unprecedented cycloaddition on the terminal arene (1,4 
adduct), reversing the typical selectivity (Fig. 13).52 Following 
this approach, unusual or forbidden selectivities were unlocked 
in several cycloaddition reactions,10,20,53 including enantio-
selectivity.54 Remarkably, change of the host structure can lead 
to orthogonal selectivity – i.e., different cavities furnish 
opposite isomers of the same product.55 

 

2.3.2 Tuning the second coordination sphere of encapsulated 
catalysts. When a catalyst is confined inside a host, its  

Fig.11. New reactivity unlocked by microenvironment effects: A) Divergent Aza-Prins cyclization enabled by unusual [1,5]-hydride transfer and lack of H2O inside the 
hydrophobic cavity (ref 38). B) stereoretentive nucleophilic substitution unlocked by participation of cavity walls in the reaction (ref 49) 
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surrounding environment (second coordination sphere) is 
substantially altered compared to bulk solution. The limited 
space available in the cavity and the orientation of its windows 
forces the substrate to follow specific approach trajectories, 
which brings near to the catalytic site only specific positions of 
the substrate or enforce peculiar orientations. The 
consequence is a substantial alteration of regio-, stereo- and 
site -selectivity. 
Confinement of a CuI catalyst into the cavity of a cyclodextrin 
controls the direction of substrate approach, modulating the 
regioselectivity of alkyne hydroboration (measured as 

branched/linear ratio, b/l, Fig. 14A). In bulk solution, the linear 
isomer is strongly favoured (b/l = 5:95). However, the more 
compact, branched isomer fits better into the cavity and the 
groove of an β-cyclodextrin (H9) that contains the catalyst, 
leading to an opposite, high b/l ratio (91:9).56 Similar 
considerations can be applied to regioselectivity tuning via 
confinement in other reactions, such as olefin 
hydroformylation57 or alkyne cyclization.49,58 

Such a fine control of the approach trajectory can expose only a 
specific face of the molecule to an encapsulated chiral catalyst, 
increasing the enantioselectivity. For instance, inclusion of a   

Fig.12. Oxa-Pictet-Spengler reaction enabled by the acidic microenvironment inside H8 cavity (ref 51). 

 

Fig.13. Diverting selectivity upon encapsulation: The selectivity of a Diels-Alder reaction is fully inverted inside cage H5 (ref 52). 
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Fig.14. Modulation of selectivity via tune of the second coordintion sphere upon catalyst encapsulation: A) Inversion of regioselectivity controlled by the size and shape 
of cyclodextrin cavity (ref 56). B) Substantial increase of enantioselectivity upon catalyst encapsulation (ref 59). C) High site-selectivity for the most accessible positions 
upon encapsulation (ref 61). 
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chiral Rh hydroformylation catalyst inside coordination cage 
H10 forces the substrate to assume specific orientations and 
leads to a dramatic increase in enantioselectivity from 3 to 77% 
ee (ee = enantiomeric excess; Fig. 14B).59 Similar effects were 
observed also for other reactions.60 
Finally, the size of the available cavity dictates which position 
can fit inside together with the catalyst (typically the most 
accessible sites). For instance, confinement of a Rh 
hydrogenation catalyst inside anionic host H11 restricts 
substrate access only to the less hindered double bond close to 
the chain tail (Fig. 14C).61 A related high site-selectivity for the 
most accessible moieties has been observed also in other 
reactions.44 
 
2.3.3 A supramolecular shadow mask to control selectivity.  
When one large guest almost completely fills a cavity, external 
reactants can approach only the regions of the guest located 

close to (or outside) the opening of the cavity, while the ones 
buried inside the host remain inaccessible.  Treatment of the 
host-guest adduct with appropriate reactants results in the 
exclusive functionalization of the exposed moieties, while the 
others are left untouched. Hence, the host behaves as a 
stoichiometric “shadow mask” that shields some reactive 
positions and directs the transformation on others of 
comparable reactivity, modulating the typical site- or 
regio-selectivity of the reaction. 
For instance, Fujita’s team elegantly used such a non-covalent 
protection of reactive groups to control site-selectivity in the 
functionalization of a linear tetraterpene bearing four C=C 
bonds of comparable reactivity. This linear compound assumes 
a folded conformation upon encapsulation in H5 that places 
three of the four double bonds buried inside the cavity and the 
terminal C=C moiety in the cage window. As a consequence, 
addition of peracids or N-bromo succinimide exclusively occurs   

Fig.15. Modulation of site-selectivity via exclusive attack of the reactant on the exposed positions of an encapsulated guest: A) site-selective olefin oxidation (ref 62). 
B) regio-selective fullerene functionalization (ref 66). 
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on the exposed, terminal double bond, while in bulk solution 
complex mixtures of products are obtained (Fig. 15A).62 The 
same principle was used for other selective mono-
functionalization reactions.13,63,64 Remarkably, even polymers 
can be modified in a site-selective manner following this 
approach.65 
Regio-selectivity can be modulated in a similar way. As an 
example, Ribas and coworkers recently applied this approach to 
accomplish a highly regio-selective poly-functionalization of 
fullerene (Fig. 15B).66 Fullerene is a spherical molecule with 
multiple C=C bonds of comparable reactivity; as a consequence, 
formation of a single, poly-functionalized isomer requires to 
selectively target only specific positions and stands as an open 
problem. In fact, reactions in bulk solutions typically afford 
complex mixtures of regio-isomers, which are difficult to 
separate. However, when the fullerene is encapsulated inside 
cage H10, the reactants can approach it only from the windows 
disposed at 90° from one another. The first addition (a 
Bingel-Hirsch cyclopropanation reaction) occurs on one of the 
reactive equatorial C=C bonds and fixes the conformation of the 
mono-adduct inside the cavity, determining which (equatorial) 
C=C bonds are located close to the remaining windows. Hence, 
addition of other reactant equivalents selectively occurs at 
these positions, resulting in the formation of a single isomers 
for the bis-, tris- or tetra-adduct, respectively. Once the addition 
is complete, the tetra-adduct product can be displaced by the 
unsubstituted fullerene, which has a higher affinity for the host. 
In fact, this “supramolecular shadow mask” strategy, explored 
also by other groups, promises to be key for the elusive 
regio-selective functionalization of fullerenes.67 

 
2.3.4 Substrate size selectivity. The precise size of the cavity 
and of its entrance channels imposes a strict filter to the size of 
the incoming substrates. In other words, the reactants need to 
fit into the cavity and its openings (windows) for the reaction to 
proceed, and therefore large molecules are excluded and do not 
react. This property enables the selective functionalization of a 
specific substrate among others of comparable reactivity but 
different size, i.e. size-selective reactions. Selection of a specific 
reactant is key for the functionalization of mixtures without 

previous separation and is a typical property of enzymes but 
remains challenging for conventional synthetic catalysts 
operating in bulk solution.  
For instance, in water, the cavity of the hexameric 
resorcinarene capsule H6 can host an amide coupling reactant 
(EDC) and only small coupling partners (amine and carboxylic 
acid). Thus, when multiple substrates of different size are added 
into the reaction mixture, the large ones are excluded and do 
not react, while the smaller ones are selectively converted into 
the amide product (Fig. 16).68 The same principle has been 
applied to a large number of reactions,69 and additional 
information can be found on more specific recent reviews.70,71 

 

2.3.5 Product shape selectivity. Finally, a different strategy to 
control selectivity in chemical reactions exploits the defined 
shape of a cavity as a mold to define the shape of amorphous 
compounds formed in its interior. Confinement of an assembly 
process (typically nanoparticle growth) forces the aggregates to 
assume shape and size complementary to those of the cavity. 
As a consequence, the resulting nanoparticles have uniform and 
defined dimensions – i.e., are essentially monodisperse.72 
Cage H12 was used to control the shape and size of Pd 
nanoparticles (Fig. 17).73a The aniline nitrogens inside the cavity 
coordinate Pd salts. Then, addition of a reductant (NaBH4) 
triggers PdII reduction and nanoparticle nucleation inside the 
cavity. The aggregate grows until it occupies all the available 
volume, assuming a defined shape and size complementary to 
the cavity which acts as a mold. As demonstrated in several 
reports,73 the application of this strategy allows the synthesis of 
highly monodispersed nanoparticles with peculiar surface area 
that displays superior catalytic activity compared with those 
produced by conventional methods. 

2.4 Catalyst site isolation 

Confinement of reactants inside a cavity isolates them from the 
bulk solution. Transient, reactive species are therefore 
protected from the outside environment and can be stabilized 
enough to be observed or manipulated.74 Analogously, 
encapsulation of a catalyst can protect it towards degradation 
processes that are spontaneous in bulk solution, enhancing   

Fig.16. Size-selective coupling of amine and carboxylic acids to yield amides by selective encapsulation of small reactants (ref 68). 
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both its activity and its tolerance to different reaction 
conditions. 
 
2.4.1 Catalyst protection. Confinement has been long known to 
protect reactive, transient species by preventing access to 
external reactants, including air or water.74 The same concept 
can be applied to catalysis. Encapsulation of an unstable catalyst 
can prevent or slow down its degradation, increasing its lifetime 
and its activity. This is especially effective when the 
decomposition pathway entails formation of dimers or 
reactions with the outside media. 
For instance, Mn-porphyrin oxidation catalysts tend to 
deactivate via the formation of inactive μ-oxo dimers. However, 
encapsulation of these systems inside a cavity avoids the 
contact between two Mn-porphyrin units and prevents catalyst 
degradation. As a consequence, the catalytic activity of an 
epoxidation catalyst (its Turn Over Number, TON) undergoes 
a >20-fold enhancement – from 10 to 235 - upon encapsulation 
in cage H13 (Fig. 18).75 Similar considerations can also be 
applied to other catalysts,76 and can be used to retain the 
activity of a catalyst even in an incompatible solvent (i.e. 
organometallic complexes in water).77 

 

2.4.2 Sequential catalysis. Protection of an encapsulated 
catalyst from bulk solution unlocks the combination of 
incompatible catalysts to carry out sequential one-pot reactions 
on the same compound – i.e. sequential catalysis. This is what 
happens in living cells, where compartmentalization of enzymes 
(localization of different catalyzed reactions in separated 
environments) and control of substrate access allows multiple 
reactions to occur in sequence and converts simple starting 
materials into sophisticated products in a sort of assembly line. 
Catalyst protection via encapsulation enables artificial systems 
to display a similar behavior.  
Fujita’s group demonstrated that compartmentalization can be 
also transferred to the field of supramolecular catalysis. They 
anchored two incompatible catalysts, TEMPO and an 
imidazolidone-based Diels-Alder catalyst, to two different giant 
coordination cages (H14 and H15, respectively, Fig. 19).78 In the 

absence of confinement, oxammonium derived from oxidation 
of TEMPO oxidizes imidazolidone and prevents any reaction. 
However, encapsulation of the two catalysts unlocks an elegant 
cascade process to occur in one pot. Initial alcohol oxidation 
inside H14 followed by a stereoselective Diels-Alder cyclization 
in H15 affords a bicyclic product in good yield and excellent   

Fig.17. Formation of regular nanoparticles with a precise shape by localization of the nucleation and growth process inside a capsule (ref 73a). 

Fig.18. Improvement of catalytic activity (Turn Over Number, TON) by 
encapsulation that prevents degradation processes (ref 75). 
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stereoselectivity. Similar, elegant cascades that rely on typically 
incompatible catalysts have been described also by other 
groups.77,79 

3 Recognition-driven Catalysis 

When a reactant (the substrate) is bound to a supramolecular 
catalyst, an intermolecular reaction (reactant-catalyst) is 
converted into an intramolecular (intra-complex) one17d and the 
reaction rate can be greatly increased. In addition, pre-
association may also offer a unique chance to control the 
selectivity of the reaction. The recognition event pre-organizes 
the catalyst-substrate adduct, drawing only a specific (or few) 
reactive position of the substrate near the catalytic centre.80 
This position is selectively functionalized even in the presence 
of multiple ones of comparable reactivity as long as the 
formation of the cycle-shaped transition state does not develop 
strain and/or require freezing the rotation about too many 
single bonds.17 The transition state of the intra-complex 
reaction has indeed a pseudo cyclic skeleton whose structure 
consists of both covalent and supramolecular interactions (Fig. 
18). Proper rationalization and quantification of such 
acceleration / selectivity can be again based on effective 
molarity (EM, see also section 2.1) provided that an 
intermolecular model reaction is available.17d The use of weak, 
labile supramolecular interactions for substrate recognition 
may then allow the facile release of the product after the 
reaction, ensuring catalytic turnover.80,81 If the reaction product 
maintains affinity for the catalyst, the transformation may be 
product-inhibited. However, if the rate of the 
binding/dissociation process is higher or at least comparable to 

that of the catalysed reaction (reversible formation of labile 
bonds) and the association is not too strong, fast turnover and 
high catalytic activity are feasible. Indeed, recognition of 
substrate and transition state is key to the enzyme outstanding 
levels of activity and selectivity and has long been recognized as 
a powerful strategy for artificial catalysts.81,82 
In this section, we describe a number of strategies to overcome 
the challenges of site-, regio-, stereo-, and substrate-selectivity 
with the tools offered by supramolecular chemistry (graphical 
index in Fig. 20). From a practical standpoint, the design of these 
supramolecular catalysts usually consists in the decoration of an 
already effective conventional catalyst with a supramolecular 
receptor such as urea, amide,83 borolane,84 crown-ether85 and 
cyclodextrin86 units connected through a fairly rigid spacer. We 
focus our discussion on works where the catalyst-substrate 
interaction i) occurs at a specific site (i.e. the recognition site) 
that is different from the catalytic centre and ii) has been 
investigated with some level of detail. 
 
3.1 Geometric site-selectivity 

Site-selectivity is the ability to preferentially transform a given 
functional group present in a molecule in the presence of others 
of the same kind.87 
When such groups are present in a large number and display a 
similar intrinsic reactivity, conventional, undirected reactions 
usually afford mixtures of products. The benefits that a 
supramolecular approach brings to the table are clear. 
Pre-association of a substrate to the catalyst dictates which 
sites are exposed to the catalytic centre, allowing to single out 
and target a specific function at a precise distance from the 
binding site (geometric site-selectivity).80 As a result, the   

Fig.19. Sequential catalysis unlocked by localizing two incompatible catalysts into giant cages H14 and H15 that prevent their contact (ref 78). 
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reaction is steered towards the production of a specific isomer 
even if the affected position is not the most intrinsically reactive 
in the molecule. This approach is especially attractive for the 
selective functionalization of the ubiquitous and scarcely 
reactive C-H bonds. 
 
3.1.1. C(sp3)-H Functionalization. Achievement of a full control 
over hydrocarbon functionalization is one of the most 
sought-after goals in modern organic chemistry.1a,88 C-H bonds 
are by far the most common bonds in organic compounds, 
therefore, the capability of selectively and predictively replacing 
one of them with another functional group would turn almost 
any organic molecule into a versatile building block, leading to 
a substantial simplification of many of the current synthetic 
routes.88c C-H positions with similar electronic and steric 
environments exhibit a comparable intrinsic reactivity88a,89 
making selective functionalization extremely difficult. 
Electronic, steric, stereoelectronic and medium effects can 
sometimes greatly activate or deactivate C-H bonds allowing for 
a certain degree of site-selectivity when appropriate reactants 
and conditions are employed,1,88c,89,90 but targeting a C-H bond 
that is not the most reactive one usually remains an open 
challenge. This is particularly true for the positions located far 
away from other functional or directing groups (remote sites). 
In fact, direct remote functionalization remains elusive and 
alternative, complex synthetic routes must usually be designed 

to obtain the target molecule. A supramolecular, geometric 
approach can provide a way to overcome these challenges and 
virtually target any C-H bond in a substrate, disclosing new 
perspectives for C-H functionalization. 
The Breslow group pioneered the use of supramolecular 
recognition to control site-selectivity in C-H oxidation using a 
bioinspired, geometry-based, supramolecular approach.80,91 
One of the earliest examples dates back to 1997, when the Mn 
porphyrin catalyst C1 (Fig. 21) was endowed with four 
cyclodextrin binding sites which host tert-butylphenyl moieties 
via hydrophobic interactions in water. Binding of two of these 
apolar groups (G) located at both ends of a steroid substrate 
places the C6-H equatorial bond over the iron centre, enabling 
its exclusive hydroxylation, albeit with low turnovers (TON = 4). 
Furthermore, the over-oxidation to ketone is prevented since 
the axial C6-H bond points away from the catalytic centre. In 
stark contrast, undirected oxidation affords a complex mixture 
of products.92 Later, different catalyst designs were explored 
leading to a much improved catalytic activity93 and, in one case, 
to a shift of the oxidation site-selectivity on the same steroid.94 
Since this pioneering work, several advancements have been 
made, mainly devoted to a change and a simplification of the 
binding site (notably by Crabtree, Brudvig and co-workers95), 
and have been recently reviewed.96 
In 2017, Olivo, Di Stefano, Costas and co-workers developed a 
supramolecular catalytic system for the selective, remote C-H   

Fig. 20. Graphical summary for section 3 – Recognition-driven catalysis. In all cases, the catalysed reaction passes for a cycle-shaped transition state. 
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oxidation of protonated aliphatic amines97 (C3, Fig. 22). An iron 
or manganese complex based on the highly efficient pdp 
catalytic core98 was endowed with benzo-18-crown-6 receptors 
to recognize the heads of primary, linear alkylammonium 
chains. The recognition pre-organizes the substrate to place the 
methylenes C8 and C9 (C1 being the CH2-NH3+ one) close to the 
metal centre. The oxidation mainly occurs on the remote 
positions C8 and C9 of several alkylammonium 
tetrafluoroborate salts independently of their chain length, 
overriding intrinsic reactivity patterns even in these highly 
flexible systems. Later, a complementary selectivity (C3 and C4) 
on the same alkylammonium substrates was reported by 
Tiefenbacher et al., who used a tweezer-like pdp-based 
supramolecular catalyst C4 (Fig. 22). In this case, the shorter 
distance between the receptor and the catalytic center reverses 
the natural reactivity order of the methylenes on the chain 
enabling a selective oxidation of positions C3 and C4 that are 
strongly deactivated by the proximal positive charge.99 Catalysts 
C3 (M = Fe or Mn) were also shown to oxidize the C-H bonds of 
different steroids at remote D-ring with a high site-selectivity 
(>80%), modifying the innate selective of the reaction.100 This 
selectivity can be predicted a priori via NMR analysis of the 
geometry of the catalyst-substrate adduct and is consistent 
with the one observed for linear amines (i.e., C8 or C9 sites). 
Moreover, the inversion of catalyst chirality allows a fine tuning 
of the reaction site-selectivity, shifting the oxidation from one 
of the secondary position to the other in the same D-ring. 
 
3.1.2. C(sp2)-H Functionalization. Like aliphatic C-H bonds, 
aromatic C(sp2)-H bonds often display similar reactivities and 
are therefore challenging to target in a selective fashion. This 
can be seen in the case of C-H borylation. The undirected 
reaction usually occurs at the most sterically accessible C-H 
bonds, rarely allowing to discriminate between the meta and 
para positions of a substituted arene (Fig. 23A).101 Given the 
relevance of the resulting arylboronic esters as building blocks 
for Suzuki-Miyaura cross-coupling reactions,102 the 
development of methodologies for site-selective C-H borylation 

is extremely attractive. A supramolecular approach was also 
shown effective in this field by several research groups.103 The 
same catalytic core (Ir bipyridine) was equipped with different 
recognition units in order to vary the geometry of the catalyst-
substrate adduct effecting the meta, ortho, or para borylation 
of different arenes. 
In 2015, Kuninobu, Kanai and co-workers decorated an Ir 
bipyridine-based catalyst with a urea moiety. Such receptor 
could recognise aromatic amides and phosphonamides via 
hydrogen bonding and direct the borylation reaction towards 
the meta position (m/p increased from ~1:1 to >30:1; Fig. 
23B).104 Later, the scope of meta functionalization employing 
bipyridine-based ligands was greatly expanded by the Phipps105 

and Nakao groups (Fig. 23B).106 Decoration of the same 
bipyridine ligand with a dioxaborolanyl ring allowed Kuninobu 
et al to perform the ortho-selective borylation of 
methylarylsulphides exploiting the Lewis acid-base interaction 
between the electron-deficient boron centre on the ligand and 
the sulphur atom in the thioanisoles to properly orient the 
substrate (Fig. 23B).107 The Reek group was later capable of 
using hydrogen bonding interaction to obtain the 
ortho-borylation of (hetero)aromatic amides (Fig. 23B).108 
Finally, the Chattopadhyay group installed a 2-quinolone moiety 
on the same ligand and used its metal salt to recognise the 
carbonyl of ethyl benzoates, orienting the substrates to obtain 
para-selective borylation (Fig. 23B).109  
Remarkably, the simple structure of the above supramolecular 
catalysts paves the way for practical use of these systems in 
preparative processes. A detailed review on these reactions can 
be found elsewhere.103,110 A different strategy to increase the 
steric environment around the substrate and direct the reaction 
towards the most accessible para position relies on Lewis-base 
or electrostatic interactions between a functional group and a 
cofactor (a bulky counter-ion or Lewis acid) (Fig. 23C).111 The 
inclusion of a supramolecular binding site is not limited to 
iridium catalysts but can also be expanded with Pd catalysed 
C-H activation.112  

Fig. 21. Porphyrin-based catalyst C1 and its use in the recognition and selective functionalization of a steroid substrate (ref 92). 
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3.1.3. Other reactions. The geometric, supramolecular 
approach to site-selectivity has also been extended to reactions 
other than C-H functionalization. For instance, a site-selective 
epoxidation of poly-olefins (terpene derivatives) was attained 
by the Miller group using aspartate-containing peptide catalysts 
C6 or C7 and H2O2 (Fig. 24).113,114 The carboxylic acid and H2O2 
are condensed with N,N’-diisopropylcarbodidimide (DIC) to 
form peracid intermediates, which in turn mediate the 
epoxidation. Recognition of the alcohol moiety by hydrogen 
bond partners in the peptide pre-organizes the substrate and 
allows the selective epoxidation of one of the C=C bonds, with 
a high enantioselectivity in one case.114 Similarly, 
supramolecular recognition was also employed in the site-
selective cross coupling of dichloroarenes, in which the 
metalation is directed towards one of the two reactive C-Cl 
bonds.115 

3.2 Predictable regio -selectivity 

A regio-selective reaction is a process that effects the 
preferential making (or breaking) of a chemical bond at a 

specific atom of a functional group.116 As an example, the 
addition of hydrogen halide to a monosubstituted alkene is 
usually regio-selective and follows the Markovnikov’s rule. In 
several cases, altering the intrinsic regio-selectivity of a reaction 
with conventional strategies is challenging and requires extra 
steps or different reactants. On the other hand, the 
geometry-based approach of supramolecular chemistry offers 
an opportunity to elegantly modulate or even reverse this 
preference. 
 
3.2.1 C=C Functionalization. Olefin hydroformylation is a 
process of significant industrial relevance and is catalysed by 
Rh-phosphine complexes. Terminal alkenes are converted in a 
mixture of linear (l) or branched (b) aldehydes, with a low 
preference for one isomer over the other.117 Since the rate- and 
selectivity-determining step is the hydrometallation, a precise 
control over the position of the substrate double bond in this 
step can alter the regio-selectivity of the reaction. In 2008, Breit 
and co-workers showed that the l/b ratio for the rhodium-
catalysed hydroformylation of vinylacetic acid could be largely   
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Fig. 22. Use of pdp-based catalysts in the site-selective oxidation of alkylammonium chains and steroid substrates. (refs 97, 99 and 100). 
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Fig. 23. (A) Undirected, non-selective, C(sp2)-H borylation. (B) meta, ortho or para borylation arenes enabled by bipyridine-based iridium catalysts functionalised with 
various supramolecular directing groups (refs 104-109). (C) para-selective borylation via supramolecular shielding of the substrate (ref 112). 
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improved via recognition of the carboxylate present in the 
substrate by a guanidinium motif installed on the ligand 
(Fig. 25).118 In the presence of the simple triphenylphosphine 
ligand (catalyst C8), hydroformylation of vinylacetic acid is not 
regio-selective (l/b = 1.5), but use of supramolecular catalyst C9 
accelerates the reaction and selectively furnishes the linear 
product (l/b = 23; Fig. 25).118 Later, the reaction was extended 
to internal alkenes.119 However, longer terminal alkenes do not 
fit properly in this catalyst. Reek and co-workers designed the 
related Rh catalyst C10 endowed with a receptor for 
carboxylates and phosphates that engage in multiple hydrogen 
bonding with four N-H groups (Fig. 25). In this case, the distance 
between the binding and the reaction site is longer, but catalyst 
C10 is still highly regioselective for the linear product (l/b > 
50:1).120 In fact, different linkers between the olefin and the acid 
are tolerated, as long as they are not too short (i.e., vinyl acetic 
acid does not fit properly and the reaction displays a low regio-
selectivity). Remarkably, a recent report shows that moving the 
recognition group further away in the backbone of catalyst C11 
allows to control the hydroformylation regioselectivity on C=C 
bonds located as far as 10 carbon atoms away (Fig. 25).120e 
Further details on recognition-driven hydroformylation can be 
found in a recent review.121

3.3 Rational stereo-selectivity 
The binding of a symmetric substrate to a chiral supramolecular 
catalyst can differentiate two (or more) enantiotopic positions, 
allowing an improved enantio-selective functionalization. 
Conventional asymmetric catalysis typically relies on bulky, 
chiral species that selectively shield one face of the substrate 
from the approach of a reactant via repulsive, steric interactions 
(the TS for the formation of one enantiomer is destabilised with 
respect to the other).122,123 In contrast, the use of 
supramolecular attractive interactions to control 
enantioselectivity often entails the selective stabilization of the 
TS leading to the desired product. Moreover, supramolecular 
recognition can simultaneously control stereo-selectivity and 
site- or regio-selectivity, greatly increasing the attractiveness of 
this approach. In this section we describe some recent 
asymmetric catalysts that rely on well-defined supramolecular 
interactions. 
 
3.3.1 C-H Functionalization. The similarity of many of the C-H 
bonds typically present in organic compounds makes 
asymmetric C-H functionalization an even more challenging 
reaction, especially when the reaction implies distinguishing the 
two faces of the same methylene group. However, significant 
advances have been recently made,123 and supramolecular 
recognition is emerging as a key strategy in this regard.  

 Fig. 24. Peptide-based catalysts employed for the site-selective oxidation of terpenoid alcohols (ref 113). Trt = triphenylmethyl. 
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Of particular note is the site- and enantio-selective borylation 
of aliphatic γ-C-H bonds with B2Pin2 recently reported by the 
Sawamura group. They designed an iridium catalyst (C12, 
Fig. 26) bearing a urea-containing pyridine recognition ligand 
(RL) and an asymmetric phosphite ligand (L).124 The relative 
orientation of the two ligands is fixed by pyridine-naphthol π-π 
stacking. When the carbonyl function of the substrate engages 
in hydrogen bonding with the urea moiety, the substrate is 
forced by the chiral phosphite to assume a conformation where 
only one of the enantiotopic γ methylene C-H bonds is exposed 
to the metal centre. As a consequence, the C-H borylation 
occurs in a highly site- and enantio-selective fashion (>90% ee). 
Supramolecular recognition also allowed the development of an 
asymmetric version of other C(sp3)-H functionalization 
reactions. Bach and co-workers designed a chiral receptor for 
secondary amides made up of a rigid lactam with a U-turn 
structure (Fig. 27). Binding of a rigid substrate to this receptor 
via complementary hydrogen bonding places one of the two 
enantiotopic faces close to the catalytic centre, allowing the 
asymmetric functionalization (Fig. 27). For instance, the Mn 
porphyrin catalyst C13 in Fig. 27 catalyses the asymmetric C-H 
oxidation of enantiotopic methylenes in spiro compounds125 
and even the enantioselective hydroxylation of benzylic 
methylenes.126 An analogous design was used also in 
asymmetric C-H amination of quinolone derivatives catalysed 
by silver127 (C14, Fig. 27) and rhodium128complexes. 
 

3.3.2 Photochemical reactions. Supramolecular recognition 
also proved its worth as a tool to induce chirality transfer in 
photochemical reactions. Photocyclization is a useful reaction 
for the stereoselective functionalization of olefins, since it can 
produce complex molecules with multiple stereo-centres in a 
single step.129 The Bach group pioneered the use of 
supramolecular interactions in the field.83b,130 They anchored 
the chiral lactam recognition unit described before (L, Fig. 27) 
on a benzophenone moiety, enabling formation of a chiral 
catalyst-substrate adduct (C15, Fig. 28). Irradiation with light at 
the proper wavelength promotes a photoinduced hydrogen 
atom transfer (HAT), which ultimately leads to the spiro-cycle 
with high enantiomeric excess.130 A similar catalyst allowed the 
production of [2+2] cycloadducts with high enantio- and 
diastero-selectivity.131 The reaction was found to be general for 
a broad range of substrates.132  
 
3.3.3 Deracemization. More recently, supramolecular 
recognition by a chiral photosensitizer has been applied to the 
deracemization of allenes.133 Chiral photocatalyst C16 (Fig. 29) 
binds an allene substrate with a different affinity for the two 
enantiomers. Moreover, the geometry of the diastereomeric 
adducts is quite different. One enantiomer places its double 
bonds close to the photosensitizer, enabling the excitation 
transfer, while the other remains further away and is not 
efficiently sensitised. Upon irradiation, the enantiomer bound   

Fig. 25. Regio-selective hydroformylation of vinylacetic acid enabled by supramolecular recognition of the carboxylic acid moiety (refs 118-120). 
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Fig. 26. Stereo-selective catalytic system for the B2Pin2 γ-borylation of carbonyl compounds. The phosphite cofactor generates a chiral pocket around the iridium 
centre (ref 124). 

Fig. 27. Asymmetric oxidation or amination of C(sp3)-H bonds in quinolone derivatives via supramolecular recognition with a chiral lactam receptor (refs 125-127). 
Ns = p-NO2-benzenesulfonyl. 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 25  

Please do not adjust margins 

Please do not adjust margins 

to the catalyst is excited via energy transfer. The allene in the 
triplet state now planarizes and racemizes via rotation around 
its stereogenic axis before returning to its fundamental state. As 
a consequence, the enantiomer that cannot be bound (and 
therefore sensitized) accumulates in solution, and after several

cycles, the racemic mixture is converted into a highly optically 
pure solution (ee up to >99%). The same approach has also 
proved effective in the deracemization of 
3-cyclopropylquinolones.134 

 
3.3.4 Tuning the second coordination sphere. Recognition of a 
chiral cofactor by a receptor is a simple yet powerful way to 
tune the environment around the reaction centre, i.e. the 
secondary coordination sphere of the catalyst. The trajectory of 
approach of the substrate to the catalytic site can be altered, 
modulating the reaction stereo-selectivity without varying the 
molecular structure of the catalyst. For instance, binding of a 
chiral cofactor to an achiral catalyst can transform the latter 
into an enantioselective catalyst. This approach allows to screen 
a large number of chiral catalytic systems reducing the synthetic 
effort, since a single supramolecular catalyst can be combined 
with multiple simple cofactors. 
This approach was first explored by Reek et al. in asymmetric 
olefin hydrogenation. Binding of a (chiral) anionic aminoacid 
derivative to a supramolecular Rh catalyst has been used to 
control substrate orientation and to achieve the 
enantioselective hydrogenation of α,β-unsaturated amides (Fig. 
30A).135 More recently, a similar approach was used to place a 
chiral quinine derivative in proximity of a supramolecular Ir 
catalyst and unlock asymmetric C(sp2)-H borylation of biaryls 
(Fig. 30B).136 Such a strategy is being increasingly explored in the 
optimization of the catalyst efficiency and stereoselectivity.137  

Fig. 29. Deracemization of a racemic allene mediated by chiral, supramolecular 
recognition (ref 133). 

Fig. 28. Photoinduced cyclization of a 2-quinolone derivative catalysed by 
supramolecular photosensitiser C15 (ref 130). 

Fig. 30. Cofactor-controlled asymmetric hydrogenation of alkenes and aromatic 
C-H borylation (refs 135 and 136). 
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3.3.5 Other reactions. As stated before, preorganization of the 
substrate via supramolecular recognition by the catalyst is a 
powerful strategy to improve stereoselectivity. The examples 
described so far rely on “classical” supramolecular receptors 
which are known to bind specific functional groups. However, 
less common interactions (i.e. special ion-pairing, π-π stacking, 
C-H—π interactions, halogen bonding, etc.) can also be effective 
tools to orient the reactants. For example, incorporation of 
chiral ammonium pendant group on a Pd catalyst allows to fix 
the conformation of one reactant (the Pd-allyl fragment).138 As 
a result, the addition of the second reactant occurs with high 
diastereo- and enantio-control (Fig. 31). A complete description 
of these systems with a less defined (and predictable) structure 
of the substrate-catalyst adduct is outside the scope of the 
present review, but we refer the interested reader to two 
thorough account that have recently been published.82 

3.4 Substrate-selectivity. 

The ability to discriminate among different competing 
substrates in a reaction is referred to as substrate-selectivity. 
The development of substrate-selective transformations would 
be key to use mixtures of compounds as practical feedstock 
materials. One particularly attractive application would be in 
the field of biomass valorisation.139 Substrate-selectivity is a 
quite common property in nature, where enzymes select their 
natural substrates in the cytosol to avoid indiscriminate 
reactions that would affect vital cell structures.140 This is 
achieved either by controlling which substrates can access to 
the active site through the entrance channels or by binding 
specific substrates inside the active site. Consequently, 
less-reactive compounds can be targeted by enzymes as long as 
they preferentially fit into the active site. The source of the 

enhanced reactivity and selectivity lies again in the 
intramolecularity of the reaction. In contrast, conventional 
artificial catalysts typically exhibit selectivity only for the 
substrates that are intrinsically the most reactive. The only way 
to alter such innate selectivity implies (i) substrate recognition 
or (ii) nanoconfinement of the catalyst (see section 2.4.1), and 
both require a supramolecular approach. 
Again, this issue was pioneered by Breslow’s group, which 
designed an iron-porphyrin complex C17 (Fig. 32A) with 
quinoline moieties at the meso positions of the porphyrin ring141 
as a substrate-selective epoxidation catalyst. In the undirected 
reaction, monoester 1 is normally more reactive than the bis-
nicotinate ester 2. However, binding of two nicotinates to a Cu2+ 

/quinoline complex anchored to the porphyrin ligand inverts 
this relative reactivity and preferentially epoxides the bis-
nicotinate ester. 
More recently, crown ether-based catalyst C3 (Fig. 32B) was 
shown to display an enzyme-like selectivity for C(sp3)-H 
oxidation of undecylammonium in the presence of other 
intrinsically more reactive compounds,142 even if added in a 
pool of four competing substrates (substrate-selectivity 
amplified from 3 to 77%). Analogously, a supramolecular 
approach also enabled other substrate-selective 
transformations,82a,143 such as C(sp2)-H borylation144 and 
Suzuki-Miyaura coupling of bromopyridines.145 

4 Catalysis Regulation by Molecular Machines 

Supramolecular chemistry also offers the chance to modulate 
the activity and selectivity of the catalysts over time in a 
controlled manner. These catalysts are often molecular 
machines defined as molecules or supramolecular systems able 
to perform a task – catalysis in this case - in response to an 
appropriate stimulus.146 The activation/deactivation of the task 
is coupled to defined, large-amplitude motions occurring within 
the machine. Such regulation discloses possibilities that are 
typically out of reach for conventional catalysts, going from 
simple switching ON/OFF (or vice versa) of the catalytic activity 
to the alternative operation of different catalytic units within 
the same machinery, or programmable selectivity that can be 
inverted in situ. Regulation of catalytic activity is indeed what 
allows cells and living organisms to carry out sophisticated tasks 
in complex mixtures without destructive interferences. 
Catalysis regulation is accomplished by inducing in situ 
reversible molecular motions that shield, open, move or 
otherwise modify the active site upon addition of external 
stimuli. Then, the catalytic activity remains affected until 
another stimulus restores the initial conditions. This is what 
happens in natural enzymes, whose catalytic activity can be 
temporarily modified by pH or ionic strength variation, 
irradiation with light at a proper wavelength, addition or 
subtraction of cofactors that induce conformational changes in 
the protein structure and so on. This section showcases several 
examples of supramolecular catalytic systems that control the 
catalytic phenomenon, ranging from i) in situ ON/OFF switching 
the catalytic activity ii) in situ modulation of the catalyst   

Fig. 31. Example of enantioselective allylic substitution directed by secondary substrate-
catalyst interactions (ref 138). Ns = p-NO2-benzenesulfonyl. 
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selectivity and iii) dual catalysis (see Fig. 33). Again, we illustrate 
one or few examples for each concept, and refer the interested 
reader to other relevant articles or more exhaustive reviews.147 
Our purpose is to demonstrate that, like the catalysts described 
in the previous sections, molecular machines are unveiling new 
horizons in catalysis. 

4.1. Switch ON/OFF of catalytic activity 

Addition of an external stimulus (a chemical reactant or light) 
can trigger significant motions or other structural changes on 
the supramolecular catalyst that open or close the access to the 
active site in a reversible manner. As a consequence, catalysis 
can be chemically or photochemically switched ON or OFF at 
will, paving the way for the construction of sophisticated 
catalytic machineries able to perform different tasks at different 
times. The following examples of switchable catalysis are 
described on the basis of the nature of the stimulus employed. 
 
4.1.1 Chemically-driven systems: acid/base switches. The 
external chemical stimulus is often an acid or a base that 

protonates/deprotonates the catalytic site, inducing a 
structural motion that makes the catalysis available/unavailable 
(or vice versa). 
A series of outstanding works by Leigh and co-workers 
illustrated the key principles of switchable catalysis with 
molecular machines using acid/base chemical stimuli. The 
seminal work dates back to 2012.148 In this case, the 
three-station, symmetric [2]-rotaxane C18 is used as a 
switchable catalyst to accelerate the Michael reaction described 
in Fig. 34A. This reaction is catalyzed by secondary amines 
through an iminium-based mechanism. The positively charged, 
transient iminium intermediate formed in the reaction between 
the aldehyde and the amine is more reactive (more 
electrophilic) than the parent carbonyl compound and 
undergoes rapid attack by the sulfur-based nucleophile. In the 
absence of catalysts, no reaction is observed within 5 days. In 
contrast, the reaction smoothly occurs upon addition of C18 
(83% yield after 5 days), while doesn’t occur at all when the 
protonated form C18H+ is added in solution as PF6¯ salt. In the 
latter case, the crown-ether wheel sequesters the catalytic site   

Fig. 32. A) Substrate-selective epoxidation and B) Oxidation of C(sp3)-H bonds controlled by supramolecular recognition (refs 141 and 142). 
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of the rotaxane (the secondary amine), preventing iminium 
formation and hence catalysis. Remarkably, the catalyst can be 
activated in situ. When the inactive protonated form C18H+ of 
the rotaxane is added to 3 and 4 in dichloromethane no reaction 
occurs but after washing with aqueous NaOH (1M), the Michael 
addition is complete in just 1h. Under these conditions the 
reaction is even faster because of the deprotonation of the thiol 
nucleophile.

Using the same principle, Leigh and co-workers also showed149 
that the enantiomeric forms of the OFF/ON switchable chiral 
catalyst C19, based on a two-station [2]-rotaxane catalyze an 
enantioselective Michael addition between 5 and 6(up to 98:2 
er, Fig. 34B). Again, the activation of C19H+ can be triggered by 
washing the dichloromethane solution with aqueous NaOH 
(1M). Similarly, the same group designed and implemented 
other intriguing catalysts that can be switched in situ.150  

Fig. 33. Graphical summary of section 4 - Catalysis regulation by molecular machines. 

 

  

 

Fig. 34. A) Rotaxane C18 and related acid-base equilibrium, which promotes the reaction between 3 and 4 (ref 148). B) R form of catalyst C19 and the related acid-base equilibrium, 
which promotes the reaction between 5 and 6 (ref 149). 
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Recently, Leigh et al. reported the first case of dissipative 
catalysis by a molecular machine.151 Dissipative catalysis occurs 
when a transient external stimulus (fuel) drives the molecular 
motion turning on the catalytic activity, which is maintained 
until the fuel wears off. 151 In this case, OFF/ON/OFF switching 
of a bistable [2]rotaxane-based catalyst is driven by 
trichloroacetic acid used as a fuel152 (Fig. 35). When the latter is 
added to pre-catalyst C20, the amine function is protonated and 
consequently the crown ether wheel migrates from the 
thiourea station to the ammonium station. The unmasked 
thiourea can now catalyze the hydride transfer from 8 to 7. 
Subsequent spontaneous decarboxylation of trichloroacetate 
generates CCl3¯, which takes back the proton from the 
protonated rotaxane and restores the catalytically inactive form 
of the catalyst. In other words, catalysis is OFF before addition 
of the fuel, ON after its addition, persists in the ON state until 
the fuel is present and turns OFF again when the fuel is 
exhausted. The time of catalyst permanence in the ON state can 
be finely controlled by varying the amount of added fuel. 
 
4.1.2 Chemically-driven systems: coordination switches. The 
chemical stimulus that switches ON/OFF catalytic activity can 
rely on the rapid association of metal cations with their 
ligands.153 

Goldup and coworkers used Zn2+ or Cu+ as chemical stimuli to 
drive the motions and catalytic activity of a molecular machine 
(rotaxane C21, Fig. 36). Addition of AgSbF6 to a solution of 9, 10 
and axis C22 abstracts the chloride ligand and unmasks the Au+

center, activating the cyclopropanation reaction.154 In contrast, 
no reaction is observed upon addition of AgSbF6 to rotaxane 
C21, as the Au+ is sequestered by the bipyridine unit, inhibiting 
catalysis. In this case, activation of catalysis requires further 
addition of a cofactor such as Zn(OTf)2 or [Cu(MeCN)4]PF6, that 
strongly interact with both the bipyridyl and triazole units, 
leaving the Au+ center free for catalysis. Moreover, rotaxane 
C21 provides the cyclopropane products with a diasteromeric 
selectivity (up to 16:1) higher than the free axis thanks to an 
improved definition of its secondary coordination sphere by the 
sterically crowded environment around the Au+ center (the 
wheel). Similar, yet less efficient ON/OFF switches are also 
obtained when p-toluenesulfonic acid (TsOH) is used instead of 
the above salts as cofactor. 
Schmittel and co-workers employed a different approach to 
control the catalyst activity by means of coordination driven 
switches. They reported several catalysts based on 
phenanthroline and terpyridine metal coordination, which 
allows the organization of sophisticated multicomponent self-
sorting systems with switchable catalytic activity.155 In one of 
their earliest works,155b they used nanoswitch C23 bearing 
terpyridine and phenanthroline units to complete the 
coordination sphere of the CuI cation, thus making the copper 
center uncapable of catalyzing the cyclopropanation reaction 
11 + 12 (Fig. 37). Addition of 0.5 mol equiv. of Fe(ClO4)2 leads to 
catalytic ON-state C232 dimer, where the FeII ion engages two 
terpyridine moieties in an octahedral coordination leaving the 
coordinatively unsaturated CuI free to catalyze the 11 + 12  

 

 

Fig. 35. Dissipative catalysis for the reduction of nitrostyrene. The catalyst is active as 
long as the fuel (CCl3CO2H) is present (ref 151). 

 

 

Fig. 36. In situ switch ON of rotaxane C21 and catalyzed reaction (ref 154). 
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reaction. The product is obtained in 30% yield after heating at 
55°C for 4 hours. Catalyst C23 can be deactivated again 
(OFF-state) by addition of 4-N,N-dimethylaminoterpyridine. 
 
4.1.3 Allosteric regulation of catalysis. Control of 
supramolecular catalysis has been also achieved by interaction 
of simple ions or small molecules (effectors) with regulating 
molecular units located far from the catalytic site. In this case, 
the external stimulus translates into substantial conformational 
(allosteric) changes that modulate the access to the active site, 
switching ON or OFF its activity. 
Mirkin’s group designed an ON/OFF/ON regulation of the 
polymerization of ε-caprolactone 13 (Fig. 38).156 The catalytic 
site is the Al salen-complex in the middle of the 
trimetallo-catalyst (C24) structure. Substrate access to the Al 
catalytic center is regulated by the presence/absence of bulky 
aromatic portions that act as a gate. The closed triple-layer form 
(c-C24) of the catalyst is inactive while the semi-open form 
(so-C24) is catalytically active, and the two can be transformed 
one into the other by addition of simple effectors. For example, 
addition of 2 molar equiv. of Cl¯ or CH3CN to a dichloromethane 
solution of c-C24 causes its conversion into so-C24, due to the 
replacement of the weaker aniline ligand with the stronger Cl¯ 
or CH3CN ones in the Rh coordination sphere. In a proof-of-
concept experiment, polymerization of ε-caprolactone is 
catalyzed by the so-C24 form. Addition of Ag(BArF) (BArF = 
tetrakis[(3,5-trifluoromethyl)phenyl]borate) after 10 min (when 
the conversion of the substrate is about at 60%) transformed 
the catalytically active so-C24 into the inactive c-C24 by 
abstracting chloride ions, switching OFF the reaction. Addition 
of acetonitrile after 15 min restores the so-C24 form of the 
catalyst, triggering the consequent polymerization to start over 
again. Analogous allosteric regulation of catalytic activity157 has 
been masterfully used for analytic purpose158 (determination 
of the concentration of the effector through an amplification   

 

 

Fig.37. Switch ON / OFF of the catalysis due to addition and removal of Fe2+ ion to and 
from molecular machine C23 (ref 155b). 

 

 

Fig.38. ON/OFF/ON catalyst modulation of ε-caprolactone polymerization. Subtraction or addition of effectors Cl¯ or CH3CN and Ag(BArF), respectively, turns off (so-C24→c-C24) or 
turns on (c-C24→so-C24) the catalyst (ref 156). 
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mechanism) or for a cascade autoactivation of the catalyst.159 In 
other examples, allosteric modulation of catalyst geometry has 
been used to finely control the catalysis.160 
 
4.1.4 Photochemically-driven systems. Irradiation with light at 
the proper wavelength can be exploited as a convenient 
stimulus to temporally change the geometry of a 
supramolecular catalyst with consequent activation of its 
catalytic properties, enabling ON/OFF switch of chemical 
reactions. 
This concept was first put into practice by Rebek and coworkers 
in 1995,161 who designed a photo-switchable promoter based 
on the azo-benzene unit for an aminolysis reaction, and then by 
one of us et al162 in 2003 with the realization of the first 
repeatedly photo-modulable catalyst. In this case, the ditopic 
catalyst C25 depicted in Fig. 39 catalyzes the ethanolysis of 
activated amides endowed with a carboxylate anchoring group. 
The latter function is bound by one of the two crown-ether-Ba2+ 
moieties by means of electrostatic interactions, pre-organizing 
the substrate to present the carbonyl function to the other 
crown-ether-Ba2+ moiety and its ethoxide counter anion, 
favoring the cleavage reaction. The trans form of the catalyst is 
much less efficient than the cis form for geometrical reasons 
(the cis configuration places the carbonyl group closer to the 
other Ba center, providing a better fit for the transition state 
structure), so irradiation of the solution at 370 nm (trans→cis, 
a photostationary state trans:cis 5:95 is reached) activates the 
catalysis. The inverse transformation, cis→trans, spontaneously 
occurs or can be photostimulated by irradiation with light at 480 
nm (in the latter case a photostationary state trans:cis 81:19 is 
reached). Since the trans form still retains some catalytic 
activity, the system is better defined as a LOW/HIGH rather than 
an OFF/ON switch. However, the efficiency of the catalyst can 
be switched HIGH and LOW a number of times in the time 
course of the reaction, through alternate irradiations at 370 and 
480 nm, respectively, with complete reversibility between the 
two photostationary states. In the last two decades, countless 
applications of this concept have been reported, which are 
exhaustively described in more specific reviews.147c,e 

4.2 Modulation of selectivity via molecular motion 

Addition of external stimuli can trigger geometrical changes 
around the catalytic site, modifying the microenvironment 
surrounding the reactants and hence modulating the selectivity

(typically stereoselectivity) of the reaction. 
 
4.2.1 Chemically-driven modulation of selectivity. Leigh and 
coworkers designed the programmable molecular robot C26 
that can be modulated in situ for the stereodivergent syntheses 
depicted in Fig. 40.163 In this impressive example, addition of 
acid/base external stimuli can invert the stereoselectivity of two 
sequential reactions in a rationally programmable manner. The 
robot is endowed with two pyrrolidine based catalytic units with 
definite stereochemistry S and R (highlighted in blue and green, 
respectively). 
The substrate, a masked unsaturated α,β-unsaturated aldehyde 
linked to the robot by means of an ester bond (Fig. 40, red 
portion), is held in proximity of one of the pyrrolidine units (the 
S-handed pyrrolidine in the E-form of the robot, the R-handed 
pyrrolidine in the Z-form). Addition of CF3CO2H (2.2 molar 
equiv.) in CH2Cl2 causes deprotection of the aldehyde function, 
triggering the reaction sequence. First, a nucleophilic addition 
of CF3(CF2)7CH2CH2SH (blue prism) to the unsaturated aldehyde 
substrate occurs via a (macro)cyclic iminium catalysis with the 
nearby pyrrolidine unit (setting the C3-stereocenter), and then 
the resulting sulfur substrate adds to CH2=C(SO2Ph)2 (purple 
sphere) via a (macro)cyclic enamine catalysis, still catalyzed by 
the nearby pyrrolidine unit (setting the C2-sterocenter). Finally, 
the ester linkage is reduced to release the alcohol product 14. 
In the E-form of the robot, the pyrrolidine unit close to the 
substrate is S-handed and generates 3R and 2R stereocenters in 
step A and B, respectively. However, the robot can be converted 
into its Z form via addition of excess CF3CO2H (6 molar equiv.), 
placing the substrate in proximity of the R-handed pyrrolidine 
that sets 3S and 2S stereocenters, respectively. Such 
isomerization can be reversed, restoring the E-form, by addition 
of trimethylamine (7 molar equiv.). As a result, the 
stereochemistry of the two additions is fully programmable: i) 
in the absence of acid-triggered isomerization (always E-form), 
a (2R,3R)-product is obtained; ii) if the robot is isomerized (E to 
Z) after the first step (step A in E-form, step B in Z-form), it 
furnishes (2S,3R)-14; iii) if initial E to Z isomerization is followed 
by a second Z to E isomerization after the first step (step A in Z-
form, step B in E-form), (2S,3S)-14 is produced; iv) if a single E 
to Z isomerization precedes the first reaction (always Z form), 
the robot yields the (2R,3S)-product. This example astonishingly 
demonstrates the potential of artificial molecular machines in 
 the fine control of chemical reactivity and selectivity.  

  

Fig.39. In situ activation and deactivation of the azobenzene based catalyst for the basic ethanolysis of amides (ref 162). 
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Fig. 40. Programmable molecular robot C26 for stereodivergent syntheses (ref 163). 
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4.2.2 Photochemically-driven modulation of selectivity. In the 
extraordinary evolution of photoswitchable systems pioneered 
by the Feringa’s group, an outstanding example exploits light to 
modulate the enantioselectivity of a catalytic reaction at will,164 
showcasing the exquisite level of sophistication reached by this 
chemistry and paving the way to many applications.165 
Catalyst C27 is endowed with a DMAP (dimethylaminopyridine) 
base (A) and a thiourea group (B) (Fig. 41).164 In the trans form 
of the catalyst, A and B are located far from each other, 
separated by an indane pair containing two R stereocenters (see 
Fig. 41) that dictate the P-helicity of the structure. In this 
situation the A and B groups are too far to synergistically 
catalyze the Michael addition between ortho-
methoxythioanisole (15) and cyclohexanone (16) (7% yield after 
15 h and no enantioselectivity). This reaction is instead 
efficiently accelerated when unit A, which deprotonates 15, and 
unit B, which activates the enone function of 16 through 
hydrogen bonding to the attack of the nucleophile, are in close 
proximity (see Fig. 41). Such proximity is achieved when P-trans-
C27 is transformed into M-cis-C27 by in situ irradiation at 312 
nm. Reaction 15 + 16 occurs more rapidly under these 
conditions (40% yield after 15 h) and 17 is obtained with a good 
enantioselectivity (er 75/25 S/R). Remarkably, when P-cis-C27 
obtained by heating M-cis-C27 at 70 °C is used, the same 
reaction is catalyzed with even higher efficiency (83% yield after 
15 h) but opposite enantioselectivity (er 23/77 S/R). Two 
subsequent steps, one photochemical and one thermal, allow 
the system to reversibly transforms M-cis-C27 into P-trans-C27, 
closing the motion cycle. Operation of the system is guaranteed 
by the unidirectional clockwise motion (seen from the B site) in

the catalyst, in turn dictated by the R-chirality of the two 
stereocenters on the indane cores. In fact, when the indane 
core pair has both stereocenters of the S configuration, the 
indane structure assumes a M-helicity, thus, irradiation and 
subsequent thermal treatment induce an anti-clockwise motion 
with consequent inversion of enantioselectivity during the 
motion cycle. 

4.3 Dual catalysis 

A special mention goes to those catalysts endowed with two 
distinct catalytic moieties which can be alternatively turned ON 
and OFF. The two moieties catalyse different reactions. Such 
systems are designed in such a way that when one catalytic site 
is available for catalysis (cat1-ON) the other is catalytically silent 
(cat2-OFF), and vice versa. In situ switching within the molecular 
machine turns on the initially silent catalytic site (cat2-ON) and 
deactivates (cat1-OFF) the initially active one. These systems 
are especially remarkable as the product distribution in a 
mixture of reactants can be controlled at will and in one-pot. 
Leung et al described a rotaxane based dual organo-catalyst166 
endowed with two catalytic sites, namely a thiourea function 
and a secondary amine function. The latter is linked to an 
anthracene unit which acts both as a stopper and as a 
fluorescent probe to monitor the di-benzo-24-crown-8 wheel 
translocation along the axis (Fig. 42). The catalytic activity of the 
machine was investigated in the presence of a mixture of three 
component (18, 19 and 21) and it was shown that the in situ 
switching of the rotaxane can selectively catalyses one of the 
two possible reactions at a time. Initially, the machine is present 
in the protonated form (C28H+), with the secondary ammonium  
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Fig. 41. Structure of catalyst C27 (namely 2R,2R’-P,P-trans-C27), reaction between 15 and 16, and proposed catalytic mechanism involving the cis form of the catalyst (ref 164). 
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site coordinating to the electron-rich macrocycle. 
Consequently, iminium catalysis is prevented and the thiourea 
group catalyses the reaction between 18 and 19 via hydrogen-
bond activation of nitro group (product 20 is formed with a yield 
up to 81%). Addition of triethylamine converts the protonated 
C28H+ into the deprotonated form C28, where the urea catalytic 
site is masked by the macrocycle and the secondary amine is 
free to catalyse the addition 18 + 21, leading to 50% of 22 via 
iminium catalysis. 
Leigh’s group designed some rotaxanes displaying dual, 
orthogonally-switchable organocatalysis,167 one of which allows 
two consecutive functionalizations on the same substrate 
(Fig. 43). Rotaxane C29 consists of a dibenzo-24-crown-8 
macrocycle threaded on an axis bearing a dialkylamine station 
and two triazolium groups, whose cooperative action allows an 
anion-binding catalysis. NMR titrations of C29H+ with Bu4NX (X= 
Br, Cl) show a high affinity of the triazolium units for halides, 
giving a 1:1 complex in CD3CN, while no interaction takes place 
when C29 is used as a receptor, indicating that both triazolium 
groups are involved in the anion coordination. Sequential 
functionalizations of 23 are then achieved by exploiting 
acid/base in situ switching of the catalyst. C29H+ catalyses the 
alkylation of 23 with 24 (product 25 is obtained with 70% yield 
after 12h) through an anion-binding catalysis that unmasks the 
carbocation intermediate, while dialkylammonium is concealed 
by the crown ether. Addition of NaOMe causes ammonium 
deprotonation and the displacement of the wheel to one of the 
positively charged triazolium units, switching OFF the 
anion-binding and ON the enamine catalysis, enabling the 
reaction between 25 and 26 (product 27 was obtained in 55% 
yield). 
Dual catalysis systems employing coordination chemistry have 
been also designed by Schmittel and coworkers.168 In one 
case,168b two reactions are competing in one pot, namely a 
1,4-Michael addition catalyzed by a secondary amine (free 

Fig.42. Dual catalysis enabled by catalyst C28. Two competitive reactions on the same substrate can be alternatively switched ON/OFF (ref 166). 

Fig.43. Consecutive nucleophilic substitution and conjugate addition one-pot catalysed 
by the two forms of rotaxane C29 (ref 167b). 
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Fig.44. Seven component system realized by Schmittel and coworkers to switch from an aza-18-crown-6 catalysis to an aza-18-crown-6•Cu+ complex catalysis 
(ref 168b). Reactions carried out in CH2Cl2/CH3CN 5:1, 50 °C, with the following ratio of reagent: C30 : L’2Cu : aza-18-crown-6 : 28 : 29 : 30 : 31 = 
1:2:1:10:10:10:10:. Then 2 mol equiv. of Zn2+ as triflate salt were added and, subsequently, 2 mol equiv. of hexacyclen. 
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aza-18-crown-6) and a click reaction catalyzed by a CuI complex, 
and the motions of a molecular machine regulate which 
reaction occurs at a given time (see Fig. 44). A sophisticated, 
seven components switch was realized, which can be controlled 
by addition or subtraction of zinc cations. Semirotation of rotor 
L on stator S in C30 (Cu complex) is 25-fold slower than that of 
rotor L’ on stator S in C31 (Zn complex; see Fig. 44). This 
semirotation displaces secondary amine ligands 
(aza-18-crown-6 ethers, amine catalysts) bound to the 
Zn-porphyrins, increasing the concentration of their free 
(unbound) form in solution. The spinning rate dictates the 
efficiency of such displacement. 
In the initial state (C30), the spinning, although less rapid, allows 
a high enough concentration of the base aza-18-crown-6 in its 
free form in solution, that efficiently catalyzes the Michael 
addition between 28 and 29 (the reaction is instead completely 
inhibited in the presence of a simple monoporphyrin Zn2+ 
model). Addition of Zn2+ ions converts C30 into C31 liberating 
Cu+ ions and aza-18-crown-6 ligands that rapidly assemble 
together. Formation of complex aza-18-crown-6•Cu+ switches 
OFF the amine catalysis (Michael addition) but unlocks the 
catalysis of the click reaction between 30 and 31. Then, addition 
of hexacyclen sequesters the Zn2+ cations, restores complex C30 
at the expense of C31, and reactivates Michael catalysis, 
interrupting the click one. In one experiment, starting with the 
system in the C30 state, after 2 h, Michael adduct 32 was 
obtained in 30 % yield. Then Zn2+ was added and after 2 h the 
click product 33 was obtained in 55 % yield. Eventually, 
hexacyclen was added and after additional 2 h, extra 31 % yield 
of Michael product 32 was obtained. This way, the switch 
between two reactions (Michael addition and click [3+2] 
cycloaddition) can be regulated by addition of proper effectors. 

5 Processive catalysis 

“Catalysis can be called processive if the catalyst associates with 
its substrate and then performs multiple rounds of catalysis 
before dissociation”169 (Fig. 45). It is one of the most promising

attempts to successfully mimic complexity of natural systems. 
In fact, extraordinary examples of processive enzymes can be 
found in nature, which show the exquisite level of complexity 
reached by Nature during its billion year evolution.169 

The Nolte and Rowan group has carried out pioneering studies 
on artificial models of processive enzymes, which, during the 
years, have led to astonishing results.170 In this case the catalyst 
itself is not a molecular machine but the ensemble of the 
catalyst with its substrate constitutes a pseudo-rotaxane. As 
shown in Fig. 46, the polybutadiene (98% cis) polymer is 
threaded inside the cavity of a Mn porphyrin receptor, whose 
external face is shielded by addition of 4-tert-butylpyridine. In 
the presence of a terminal oxidant (PhIO), the system is able to 
catalyze the epoxidation of the double bonds present in the 
polymer skeleton with high yields and a marked preference for 
the trans form (80:20 trans/cis). The process is not sequentially 
processive – i.e., the epoxidation is random and occurs with a 
hopping mechanism, in which the Mn complex goes back and 
forth on the polymer track - however preludes to next 
developments including sequentiality.171 

Other outstanding examples of processive catalysts have been 
reported by Harada,172 who coupled α- and β-cyclodextrins to 
polymerize δ-valerolactone, by Leigh who prepared a 
pseudo-rotaxane in which, during its oriented dethread along 
the axis, the wheel iteratively and sequentially acquires three 
aminoacids173 (or four in a more recent development174) to form 
a pendant peptidic chain, and lately by Li and Schneebeli who 
obtained the size-selective acylation of the amino groups 
present in the chains of polydisperse polymer mixtures by 
threading the polymer chains into hydrazone-based molecular 
tetrahedrons decorated with tryglime units.65 

6 Conclusions and outlook 

All the examples described in the previous sections give an 
overview of the current impact of the supramolecular approach 
in catalysis. In its essence, it implies binding of the substrate and 
the transition state to the catalyst via weak, reversible  

Fig. 45. Graphical summary for section 5 - Processive catalysis. 
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interactions, which favorably alter the energy profile of a 
reaction. Related consequences range from the acceleration of 
a reaction to the increase of its selectivity and even to the 
complete changeover of its mechanism, unlocking new 
reactivity or regulating its course. The potential of such an 
approach has long remained underexplored, as the early 
examples of supramolecular catalysis were mainly proof-of-
principle studies,175 often dealing with cleavage reactions. 
Conversely, current studies are turning their focus towards the 
selective formation of new bonds, paving the way for practical 
applications. These studies are now showcasing the unique 
advantages of the supramolecular strategy when compared to 
conventional catalysis, from the elegant cavity-assisted 
cyclization cascades19b,24,36,38 to the recognition-driven remote 
or asymmetric functionalization66,112,114,105a,118,120a,124,133,136 and 
the design of assembly lines for organic synthesis.77-79,163,167,170  
Given the similarity of the tools at disposal of supramolecular 
catalysis and biocatalysis and the inspiration of the former by 
the latter, a certain overlap among their outcomes has to be 
expected. Enzymes are typically far more efficient catalysts by 
virtue of their long evolution and sophistication, and have 
already found practical applications,176 made even more 
feasible by the possibility to alter their natural reactivity via 
directed evolution177 or the advent of artificial enzymes.178 
Notwithstanding, enzymes evolved as optimal catalysts in the 
cytosol, and their application in organic reactions faces some 
intrinsic problems, namely a too much high (substrate) 
specificity and a low tolerance to different reaction conditions 
(they usually work only in H2O solvent, ambient temperature 
and narrow pH and ionic strength range). Conversely, artificial 
supramolecular catalysts have a simpler, more versatile 

structure that accommodates and tolerates multiple different 
substrates, reactants and reaction conditions, allowing for a 
broader scope. As a matter of fact, the two strategies can evolve 
to be complementary in scope and type of addressed problems. 
However, three open challenges still lie ahead of and limit the 
supramolecular approach: 
i) The synthetic effort needed to prepare these catalysts has to 
be reduced. Although far less sophisticated than enzymes, 
molecular structures of supramolecular catalysts are often 
synthetically demanding, precluding their use on large scale. 
However, several steps have been already taken in this regard, 
and current supramolecular systems are already easier to 
prepare than early examples. Self-assembly, simplified designs 
and an improved recyclability are particularly promising.  
ii) The scope of the catalyzed reactions needs to be broadened. 
So far, most examples have focused on simple or benchmark 
substrates, and have been too seldom applied to the problems 
typically faced in complex organic synthesis. Hence, the impact 
of supramolecular catalysis still remains limited and narrower 
than conventional catalysis approaches. 
iii) The activity of most of the supramolecular catalysts needs to 
be substantially improved. No doubt, this step implies finding 
ways to avoid product inhibition. Given the pivotal role of this 
longstanding problem, a brief summary follows, which collect 
the main strategies successfully adopted so far for its solution.  

• An evident change in the molecular shape going from 
the substrate to the product can reduce the affinity of 
the latter for the catalyst.33,52 For instance, Zhang’s 
group reported that cucurbit[8]uril hosts 
preferentially two molecules of Brooker’s 
merocyanine with respect to their photodimerization 

Fig. 46. Nolte and Rowan processive catalytic system. The polybutadiene polymer is threaded into the cavity of the Mn porphyrin catalyst. The oxidation occurs inside the cavity in 
the presence of 4-tert-butylpyridine with a hopping, random mechanism (ref 170a). 
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product.179 As a result, effective turnover is achieved 
(almost quantitative yields at 1mol% cucurbituril 
loading, with multiple rounds of catalysis possible). 
Moreover, this concept also enabled the linear 
polymerization of difunctional merocyanine 
monomers, with the catalyst that threads along the 
chain.180 

• Alternatively, turnover is facilitated when the product 
has a different electrostatic charge than the 
substrate(s). Such alteration can disrupt the product 
affinity for a charged supramolecular catalyst forcing 
its egress and replacement with new substrate 
molecules.19c,22  

• Another strategy relies on the fast exchange of 
substrate and product on the supramolecular 
receptor.16,82,96,103,121,16,82,83b,96,103,121 If the exchange 
rate is faster or at least comparable to the reaction 
rate and the catalyst does not significantly deactivate 
during the reaction,100,181 the catalyst keeps working 
although the transformation slows down as it 
progresses due to the increase of the product 
concentration that saturate the reception. 
Nevertheless, the low amounts of substrate-catalyst 
adduct are still active and keep driving the reaction.  

• Eventually, trapping the product in a final, irreversible 
step can also avoid inhibition. The free (unbound) 
product is subtracted from the equilibrium with its 
bound form by generating a new compound with no 
affinity for the supramolecular catalyst. Removal of 
the product from the catalyst allows catalytic 
turnover.27 

In spite of these open challenges, supramolecular chemistry will 
certainly continue to disclose new opportunities for catalysis in 
the future and improve synthetic methods. It is not 
inconceivable the realization of an active complex consisting of 
assembled supramolecular catalysts, where a substrate is 
bound by the complex, subjected to subsequent, selective 
catalyzed reactions, and eventually released as the desired 
product like observed in enzymatic complexes. The seeds of 
such developments can be recognized throughout all this 
review. 
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