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In order to facilitate the expeditious locating of supporting claims referenced in the main text, we include 

an annotated reference justification. The aim of the justification is to aid transparency, and save time for 

readers. The trail includes: 

 details of which tables etc. quoted values are taken from;  

 quotes from the original manuscripts to allow instant localisation of supporting claims using 

modern computer search functions;  

 author comment on groups of references;  

 longer footnotes;  

 examples of counter-references disputing a claim made in the manuscript, where appropriate;  

 

Introduction  

The unique environment in enzyme active sites 
can accelerate chemical reactions by as much as 
1019 compared to the uncatalyzed reaction in 
water. 
 
rate-accelerations (1019),1 

Wolfenden and Snider describe the range of 
enzyme rate-enhancements in Figure 5 as 107-
fold to 1019-fold. 

It is for this reason that I have sought to introduce 
supramolecular approaches into my 
organocatalysis.2 

The preorganized “pendant” phenol in our 
Mitsunobu catalyst contains perhaps the simplest 
example of enzyme-like organization. 

Organization, the control of the position(s) and 
orientation(s) of reacting molecules, has been 
achieved historically in supramolecular chemistry 
using “pre-organized” catalyst designs (vide infra). 
More recently, organization has been mooted by 
List as a unifying concept across many fields of 
selective catalysis under the term confinement 3, 
a term borrowed from heterogeneous catalysis. 

We have found the List definition of “confinement” 
to either mean organisation, or to also include 
polar matching. 
 

 “confinement,” the shaping of a catalyst's 
active site. 

 Enzyme-catalyzed reactions often feature 
the additional aspect of the chiral 
confinement, i.e., the selection of one 
enantiomer over the other. 

 
Example meaning organisation: “The combination 
of a confined active site with reactive functional 
groups has historically led to rapid advancements 
in catalysis” 
 
Example meaning organisation: “This notion led 
to extensive applications and can often provide a 
good explanation for observed selectivities based 
on the ground state conformations of the 
reactants. In the remaining part of this 
perspective, we would like to show that the key 
principles of “confinement,” which lead to the 
emergence of effects such as shape- and size-
selectivity, prevention of side reactions, substrate 
preorganization, and stabilization of reactive 
intermediates can indeed be recognized for 
certain small-molecule catalyst systems. We 
conclude that the ideal confined catalyst shapes a 
specific reaction volume that is exclusively 
complementary to the transition state of the 
desired transformation by specifically limiting the 
degrees of freedom of the interacting reactants. It 
has to be noted that this definition of confinement 
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is, to some extent, different from the bare 
description of second coordination sphere effects, 
which has been used for heterogeneous and 
supramolecular catalysts.” 
 
Example where confinement is suggested to 
mean both organisation and polarisation: “In 
general, basic atomic properties drastically 
change upon confinement within the catalyst 
framework, leading to effects such as increased 
excitation energy and lower polarizability, which 
can be explained using the “particle in the box” as 
a simplified model.3 For larger molecules, 
spectroscopic evidence for an intrinsic decrease 
in the π-π∗ gap in aromatic hydrocarbons such as 
naphthalene and anthracene has been shown 
and was computationally supported by Márquez, 
García, and Corma.4,5,6,7 More recent studies, 
however, revealed that the pure effect of 
confinement rather leads to an increase in the 
HOMO-LUMO gap and point toward the specific 
properties of electrostatic stabilization within the 
active catalytic site—a unique consequence of the 
confined active center.8,9” 

the unifying concept for polarization is that of 
“cooperative4 bifunctionality”: 

 

dual activation (e.g. the simultaneous activation of 
nucleophile and electrophile).5-12 

Examples of works involving dual activation, 
including “bimetallic catalysis”, “ambifunctional 
catalysts”, “bifunctional/ Multifunctional catalysts”. 

Supramolecular chemists have made significant 
advances in cavity catalysis13-24  

Reviews and textbooks on supramolecular 
catalysis 

albeit slowly25 – but have predominantly achieved 
organization and polarization independently.26 

Sanders’ review lamenting slow progress in 
supramolecular catalysis.25 

 
Scrimin reviews the very few synthetic species 
deemed true “enzyme mimics”.26 

 
“…the design strategy of enzyme mimics is often 
minimalist, relying on those features that are 
deemed essential in enzymes for catalytic 
efficiency and neglecting all the rest.” 
 
Table 1 shows that the source of catalysis in 
these cases are often limited to a subset of an 
enzyme’s approach. 

This even appears to be a strategy: “the search 
for supramolecular reactors that contain no 
catalytically active sites but can promote chemical 
transformations has received significant attention, 
but it remains a synthetic challenge.”27 

Quote, found in the abstract 

The vague term “confinement” is sometimes used 
as a catch-all explanation for the property 
changes that arise within a cavity environment, 
often in the context of zeolites.28-32 

“An electronic confinement concept has been 
proposed based on the concept that the 
molecular orbitals (MO) of the adsorbates inside 
the zeolite pores are not extended over all the 
space, as they are in the gas phase, but instead 
are forced to limit within the zeolite walls. This 
“boxing effect” is stronger as the size of the 

https://www.sciencedirect.com/science/article/pii/S245192942030471X?via%3Dihub#bib3
https://www.sciencedirect.com/science/article/pii/S245192942030471X?via%3Dihub#bib4
https://www.sciencedirect.com/science/article/pii/S245192942030471X?via%3Dihub#bib5
https://www.sciencedirect.com/science/article/pii/S245192942030471X?via%3Dihub#bib6
https://www.sciencedirect.com/science/article/pii/S245192942030471X?via%3Dihub#bib7
https://www.sciencedirect.com/science/article/pii/S245192942030471X?via%3Dihub#bib8
https://www.sciencedirect.com/science/article/pii/S245192942030471X?via%3Dihub#bib9
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confined guest approaches the zeolite cage 
dimension, producing an energy increase of all 
MOs particularly those which are more diffuse”29 
 
“It is well-known that spatial confinement has an 
influence on the electronic structure, energy 
spectra, and chemical reactivity of atoms and 
molecules.”30 
 
“Ab initio calculations showing frontier molecular 
orbital energy modifications of a guest molecule 
when located inside a microporous zeolitic cavity 
are presented.”32 

In contrast, modern descriptions of enzyme active 
sites speak of organized polarization rather than 
“confinement,” specifically positing that oriented 
electric fields rule transition-state stabilization for 
many reactions.33-35 

Warshel has championed this theory for decades. 

and broad, undirected coulombic stabilization of 
charged transition states,36 

Lusby and Spicer discuss coordination cages and 
the role of coulombic stabilization 

for example of cations by hydrophobic hosts.37 Pluth, Bergman and Raymond discuss a cation-
stabilizing host: 
“We report here a synthetic supramolecular host 
assembly that relies exclusively on electrostatic 
and hydrophobic interactions for thermodynamic 
stabilization of protonated substrates.“ 
“The naphthalene walls render the interior 
hydrophobic, whereas the tetra-anionic ligands in 
combination with the trivalent metal centers 
confer a 12− overall charge to the assembly.” 

Herein, I argue that an underexplored cavity type, 
robust organic cages,38-47 are uniquely positioned 
to facilitate these advances. 

There are many terms used to try and collect 
certain molecular groups into useful categories. 
Here, we wish to capture the class of molecules 
that are (i) 3D in nature (polymacrocyclic), (ii) 
dynamically (self)-assembled in some sense, and 
which are then (iii) considered robust (e.g. an 
amide or amine is robust, an imine is not). While 
the work of Andrews38-41 and Otte42-44 is 
representative, there are significant research 
outputs on the cusp of this classification, e.g. 
Davis (irreversibly assembled),45 Liu (macrocycle 
only),46 and White (sufficiently metastable.) 

Outline and overview  

The wider history of supramolecular and cavity 
catalysis,3,13,15-19,21,48,49 and catalysis using 
confined transition metal catalysts,50-52 
dendrimers53 or synzymes,54 micelles55 or 
vesicles,56 catalytic antibodies57-59 or molecularly 
imprinted polymers (MIPs)60 has been discussed 
elsewhere and will not be covered. 

A non-exhaustive selection of significant reviews, 
and overviews on supramolecular catalysis. 
 

Cavity catalysis: current state of the art  

Functionalized macrocycles  

Since Cramer’s work using cyclodextrins,61-63 Cramer reports decarboxylation and the fission of 
pyrophosphates using cyclodextrins as early as 
1965.  

there has been significant interest in using 
macrocyclic confinement to modulate reactivity.64 
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Cyclodextrins, cucurbiturils, cavitands, and 

calixarenes are representative 64-70, 

Selection of reviews 

Since the macrocycles are generically 
hydrophobic on the interior, they can perform 
catalysis by dual-confinement of two hydrophobic 
substrates from water (Figure 2A),71-73 

 

or by binding a hydrophobic substrate and holding 
it close to a functional(ized) rim (e.g. 
cyclodextrins) that performs a reaction (Figure 
2B).74-79 

 

These effects are driven mostly by effective 
concentration/molarity (i.e. proximity of reacting 
groups) with little,73 

Mock reports some contribution of “Pauling 
catalysis” (transition state binding) in one case, 
but this facet is rarely discussed in macrocycle 
catalysis reports… 

if any, transition state binding.36,80,81 …in contrast to dual confinement, which rests on 
“effective molarities”. 

Size-exclusion and regioselective outcomes are 

possible 56,82-85, 

Supramolecular catalysis examples concerning 
selective reactions 

and symmetric arrays of chiral units (like 
cyclodextrin) can promote enantioselectivity,76 

In this example, the cyclodextrin acts as a “chiral 
ligand” for a copper-promoted reduction of 
ketones 76 

although turnover from augmented macrocycles is 
not always achieved.26 

Scrimin reviews some fast-acting “catalysts” that 
are covalently deactivated by attacking a locally 
held substrate. Some of the “catalysts” may be 
reactivated (often by a slow hydrolysis or similar 
of the covalent macrocycle-substrate adduct). 

Also in the category of (functionalized) 
macrocycles are large enzyme models, such as 
those reported by Cram,65,86-88 Breslow,74,75,89-92 
Diederich,93 and others,94-96 

A rich body of literature of large molecules 
attempting to mimic enzymes exists. 

constructed by (often laborious) linear synthesis 
to afford more elaborate combinations of 
macrocyclic cavities adorned with functional 
groups (Figure 3A).97,98 

Nolte’s polybutadiene-epoxidation system is a 
particularly notable effort. 

mostly contributed to the view that enzymes do 
not work simply by bringing substrates arbitrarily 
close to a potentially reactive group.99,100 

Boxer and Kirby/Hollfelder have strong 
discussions on this matter. 

One rare but important exception is Breslow’s use 
of two tethered cyclodextrins to locate 
hydrophobic esters next to a metal ion. Breslow’s 
catalyst accelerates the hydrolysis of esters and 
phosphodiesters by 105–107 by electrophilic 
activation of ester and nucleophilic activation of 

water or peroxide at the metal ion 101,102. 

 

In enzymes, there is never just a nucleophile – 
there is always a metal. “oxyanion hole” or “proton 
wire”103-106 

 

which may explain the low activity of Cram’s 
model serine protease in Figure 3A.107 

Warshel writes: “ For example, placing the focus 
on the general base in trypsin-inspired models 
(e.g., ref 2) has helped in optimizing the well 
understood proximity factor (see ref 5) but 
overlooked the key role of the oxyanion hole.” 

Polarization was addressed by the creative 
“molecular clefts” of Rebek.108,109 

 

javascript:void(0);
javascript:void(0);
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One example featuring a pair of antipodal 
carboxylic acids demonstrated acetal hydrolysis 
catalysis (Figure 3B).110 

 

if catalytically useful functionality can be 
introduced…[to the antibodies] …model systems 
such as ours may become the dinosaurs of the 
1990s.108 

 

Chemists thus turned toward scaffolds that were 
easier to access 36,111. 

Lusby and Spicer introduce the benefits of self-
assembly in this field, and a recent review by 
Lewis covers a broad range of scaffold types. 

Self-assembled containers, capsules, 
nanoreactors 

 

In the 1990s, Rebek popularized “softball”/”tennis 
ball” reactors.112-114 

Assembled from two identical 3D folds that can be 
“stitched” together in perfect tessellation. 

These “capsules”115-117 are two or more molecules 
that self-assemble via hydrogen bonds to create 
an internal cavity (Figure 4A). 

 

Since the parts of the capsule are dynamically 
assembled, substrates and products are able to 
enter and exit via partial disassembly of the 
capsule,118 

Badjić et al discuss the mechanisms in detail. 

with the only requirement being that they must fit 
inside.119 

“thermodynamically controlled encapsulation 
process (capsule partial opening, encapsulation 
of guest by attractive interactions, and capsule 
closing)” 

these capsules perform simple hydrophobic 
catalysis as for the macrocycles discussed in the 
previous section, and so remain prone to product 
inhibition,113 

Rebek describes dual encapsulation of 
substrates. 
 
Rebek states about one capsule: “…Although 
product inhibition (lack of dissociation) prevents 
the system from showing true catalytic 
behaviour…” 

though not exclusively.120 Rebek says of an encapsulated Diels-Alder 
reaction: “The plot is linear over two half-life times 
(75% conversion), indicating that product 
inhibition is not a factor:  true catalysis is 
observed” 

Size- and regio- selectivity are possible.121 Rebek shows regioselectivity in a capsule for an 
azide/alkyne-click reaction. Sanders describes 
organised Diels-Alder reactions in porphyrin 
macrocycles.  

Recent advances using hexameric 
resorcin[4]arene-based capsules122-124 

These capsules were introduced by Atwood. 

notably by Tiefenbacher,105,125-133 Tiefenbacher has reported extensively on the 
catalytic activity of these capsules. 

demonstrated substrate-controlled selectivities 
that vary from the bulk phase due to the 
stabilization of cations in a size-selective 
space.105,126,129,130,132,134 

A useful summary of capsule catalysis is 
presented here128 but advances continue to be 
made. 

A key advantage is that these capsules have 
been made on multi-hundred-gram scales and 
can be recycled.132 

See abstract graphic, and within. 132 

Additionally, control of structural or bound water 
by the capsule105 and properties such as a 
lowered pKa inside125 
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demonstrate a rare example of a cavity promoting 
catalysis via both “organization and polarization” 
(Figure 4C), including dual activation,105 albeit 
with vague directionally (the substrate can be 
productively oriented in many conformations). 

Surprisingly, although the capsule is highly 
symmetric (like a cube), the substrate can 
orientate itself such that selective polarisations 
can be achieved. 

For instance, the window[1]-resorcin[3]arene 
capsule type135 demonstrates that the symmetry 
and properties of traditional symmetric capsules 
can be modulated, although precise control over 
the assembly remains difficult. 

The exact position of the window(s) is not well-
defined, which is a common difficulty when trying 
to assemble lower symmetry cavities 

Finally, we must mention the recently reported 
cavitand capsules of Gibb, who has generated 
large electrostatic effects by functionalizing the 
capsule exteriors with charged groups (Figure 
4D).136,137 

 

Metal-organic cages  

The exploration of metal-organic cages (MOCs), 
also known as supramolecular coordination cages 
(SCCs), as catalysts is thriving.22,36,138-141 

 

When well-designed linkers and metals are 
combined, discrete cages emerge as the 
thermodynamic product (Figure 5A).22,142-144 

 

Typically, rigid linkers are required to enforce 
geometry, although a “weak-link” approach has 
been reported,145 and flexible cages are 
known.146,147 

 

Application of this “directional bonding” 
concept148-150 to synthesize macrocycles 

…which perhaps began with Verkade. 

was driven by Fujita151–154 and others,150,155  

the MOCs can then be screened as catalysts, 
sometimes under the moniker “enzyme 
mimic”.22,138 

Many reports or reviews introduce the field using 
enzymes as an inspiration. 

MOCs are typically soluble in polar organic 
solvents or water,156,157 and so their dynamics can 
be studied using solution-phase techniques.22 
 

“Host–guest interactions can be driven by the 
hydrophobic effect, electrostatic interactions or 
multiple weak interactions. Typically, host–guest 
complex formation can be followed by NMR 
spectroscopy, a valuable tool for interpretation of 
dynamics 
behind encapsulation.” 

As before, dual confinement/encapsulation36 and 
the hydrophobic effect dominate the origin of 
catalytic rate enhancements.158,159 

“In addition, some of these supramolecular 
complexes are highly charged and can be 
dispersed in aqueous media, creating a 
hydrophobic pocket in which to do chemistry, 
similar to the active site of an enzyme.” 

To avoid product inhibition, model reactions that 
increase molecularity (A → B + C) or that 
generate weakly interacting or less-
hydrophobic160 products have been popular, 
including hydrolysis, ring openings and 
rearrangements.22 These reaction classes have 
been discussed.24,25,140 

“The observed catalytic turnover indicated the 
involvement of both inclusion and exclusion steps 
in the catalytic cycle. The inclusion step should be 
driven by the efficient hydrophobic interaction 
between substrate 4 and cage 1 as revealed by 
the X-ray structure (Figure 2). The exclusion step 
should be driven by the reduced host–guest 
hydrophobic interaction due to the conversion of 
the hydrophobic CH2=CH– moiety into the 
hydrophilic CH3CO– moiety.” 160 

Cavity-directed changes in ion-localisation161,162 
and pKa are effective 37,107,163,164, and size-
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selectivity36,165-167 and constriction (ground-state-
destabilization) are also possible.140,168-170 

The metals can sometimes participate in redox 
catalysis,171 and may be stabilized by the cage 
structure.160,172-174  

Fujita: “Since the Pd(II) component, 
(tmed)Pd(NO3)2, 10 hardly showed the catalytic 
activity (only 2% yield), the present reaction was 
obviously catalyzed by the Pd(II)-containing cage 
1 itself. Interestingly, Pd(0) species that should be 
formed in the Wacker-type oxidation seemed to 
be aerobically reoxidized into Pd(II) without using 
reoxidizing coreagent such as a Cu(II) salt.” 160 
 
“Self-assembled nanocage 1 was found to 
promote the aerobic, aqueous oxidation of 
styrene and its derivatives with the aid of 
(en)Pd(NO3)2. Obviously, the reaction was 
promoted by a double catalysis system: i.e., cage 
1 acted as a reverse phasetransfer catalyst, 
whereas (en)Pd2

+ as an oxidation catalyst”172 

The organic part of the MOC has also been levied 
as a hydrogen-bond donor to activate an 
electrophile.175 

“The P was employed as an effective hydrogen-
bond-donor catalyst for Michael reactions of a 
series of water-insoluble nitro-olefins in an 
aqueous medium.” 

In terms of polarization, since cages are invariably 
charged,36 

“Coordination cages have also emerged as 
promising successors to the early 
covalent receptors. These cages are not only 
synthetically more accessible 
than both covalent cages and even hydrogen 
bond assembled systems, they 
are also invariably charged.” 

A key example uses the highly successful 
Raymond gallium-based cages, exploited by 
Raymond, Bergman and 
Toste,21,37,107,155,165,168,169,176-179 

Arguably the most successful MOC catalysis 
system known to date. 

catalysis is again predominantly entropically 
driven inside the cavity, for instance by 
constriction (organization).36,180,181 

Di Stefano discusses rates of the 3-aza-Cope 
rearrangement catalyzed by the gallium cage and 
finds marginal enthalpic stabilizations; the 
reaction is entropically driven. 

Likewise, the cationic cages of 
Fujita151,154,160,170,172,182-189 can stabilize anionic 
species.184 

 

The work of Lusby 166,190-196 is notable for using 
the metals in the cage framework to polarize 
adjacent aryl-hydrogen bonds in the ligands by 
enough to coordinate and activate substrates 
(Figure 5E).190 

Using cage types first reported by Richard Hooley 

A valuable analysis of catalytic modes has been 
performed.140 

 

Because MOCs are simple to assemble, modular 
functionalization of the periphery, sometimes 

internally projected 164,197,198, 

 

If it is easier for a cage to flex146  

The trade-off of rapid synthesis of MOCs by self-
assembly is that they can lack robustness, and so 
catalysis conditions have to be mild enough to 
avoid cage disassembly,22 although 
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compartmentalization of contrasting reactivities is 
possible to avoid such incompatibilities.189,199-201 

Likewise, the lability of metal-ligand dative bonds 
can make post-assembly modifications of MOCs 
challenging,202,203 

 

reactions that transform the ligands can result in 
changes in cage topology distribution.204 

For instance, interconversion between tetrahedra 
and lantern type structures. 

Self-assembly also prescribes limitations on the 
symmetry of cages.36 

Lusby writes: “For instance, they often lack the 
robustness of systems that are 
prepared using covalent chemistry. It is also 
difficult to generate assemblies 
that contain any appreciable levels of 
asymmetry.” 

Notably, Clever has recently reported the first 
Pd2(ABCD) MOC,205 which may signal the 
possibility of using low-symmetry cavities206-215 for 
catalysis. 

 

dynamic MOCs, which show promise in systems 
chemistry.200 

 

“Switchable” metal organic cages212 use a 
stimulus like light to change ligand geometries. 

 

though where geometric changes are tolerated 
within the original structure the stimuli can trigger 
guest- release 216and even switch catalysis on 
and off 196. 

 

MOCs containing peptides in the edge pieces 
also look promising to direct catalysis.217 

 

Extended frameworks  

Metal Organic Frameworks (MOFs)218,219  

and Covalent Organic Frameworks (COFs)220-224  

The catalytic properties of MOFs compared to 
MOCs have been discussed.22 

 

many just operate as solid-supported versions of 
existing catalytic motifs.225,226 

“This design principle opens a chance to explore 
COFs as heterogeneous catalysts to promote 
chemical reactions” 
 
“In spite of the great potential for MOFs in 
heterogeneous catalysis, very few of them have 
been explored for catalytic applications. This is in 
part due to the relative thermal and hydrolytic 
instability of MOFs as compared to zeolites.” 
(2009) 

so the resulting cavities are often quite large and 
channels can deform if solvent is absent.227 

“Framework stability and accessibility of the open 
channels to reagents are then addressed.”  
 
“ Such large open channels are essential for 
asymmetric catalytic reactions because of the 
need to transport organic substrates and products 
that are typically quite sizeable.” 
 
“Chiral MOFs with large open channels (typically 
larger than 1.5 nm) are desired due to the large 
size of prochiral substrates and the resulting 
chiral products. Unfortunately, MOFs with large 
open channels tend to undergo significant 
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framework distortion upon the removal of solvent 
molecules” 

Lattices can also contain defects, which may 
affect catalytic activity unpredictably.228 

“…reported that a direct correlation exists 
between the amount of missing linker defects and 
the catalytic activity of UiO-66 materials for the 
acid-catalysed esterification of levulinic acid with 
various alcohols…” 
 
“B.3. Catalysis on lattice defects” 
 

dense arrays of aligned C–H bonds can provide 
CH–pi interactions in Diels-Alder catalysis.229 

“The acceleration of the Diels–Alder reactions by 
the Py–An COF catalyst is likely related to the 
enhanced reactant concentration within the pores 
of the COFs and C–H⋯π interactions between 
the π-walls of COFs with 9-
hydroxymethylanthracene… … The C–H⋯π 
interactions between the pore walls and 9-
hydroxymethylanthracene reduced the entropy 
loss and activation energy of the reactions.” 

crucial techniques like solution phase-NMR are 
rarely useful.22 

“In future, characterization of transient 
intermediates with conventional solution-based 
techniques such as time-resolved UV–vis 
spectroscopy would also be desirable. This is, 
however, complicated by the heterogeneous 
nature of MOFs.” 
 
“Since MOFs are heterogeneous materials, 
investigation of processes has mainly focused on 
solid-state techniques such as X-ray diffraction 
(XRD) and X-ray absorption spectroscopy (XAS).” 

Enzyme encapsulation,230 and electro- and photo- 
catalysis are known,228 

 

chiral and low symmetry MOFs are an exciting 
avenue, although the synthesis and 
characterization (particularly crystallization) of 
low-symmetry structures remains 
challenging.227,231,232 

Kim reports an enantioselective MOF catalyst. 
 
“However, compared with the achiral MOFs, the 
number of CMOFs is very small (Fig. 1). The 
reason is that the CMOFs with low symmetry are 
difficult to crystallize and structural 
characterization is also challenging, and the most 
important drawback is that chiral reagents are 
usually expensive and difficult to obtain.”232 

Likewise, COFs hosting chiral organocatalysts are 
known (Figure 6B).226,233 

 

and multiple reactive sites can be introduced into 
a single rigid framework,234 

“Unlike in solutions, acid and basic sites can be 
easily installed and immobilized in the MOF 
lattice. Intimate contact between two sites is 
avoided by a lack of mobility and spatial 
separation between the acid and basic centers. In 
this way, the two types of sites can 
simultaneously coexist and cooperate with the 
reaction mechanism in such a way that the 
reaction proceeds in a solid more efficiently than 
expected considering the weak acid/base strength 
of the sites” 234 

 
 
 

https://pubs.rsc.org/en/content/articlelanding/2022/nr/d2nr01772e#fig1
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Covalent organic cages  

Covalent Organic Cages235 are any discrete 
assembly, at least bicyclic in connectivity, whose 
minimal structure is comprised of covalent bonds 

“Cage” chemistry is full of niche terms for 3D 
architectures. In my view, the signifier “covalency” 
distinguishes cages from capsules, “organic” 
indicates a lack of structurally essential metals, 
and “bicyclic” distinguishes them from 
macrocycles, at least formally. This structural 
distinction says little about properties, since 
nanohoops/nanobelts/nanotubes etc might 
present larger or more rigid 3D cavities than many 
“cages”. 

Organic cages have historically been synthesized 
using irreversible bond formation 236-248, 
sometimes with a template 45,249,250. 

Irreversible bond formation is still a popular 
assembly approach, in part because it allows 
more strained products to be accessed since 
irreversible reaction driving forces can be 
harnessed. Typically, however, the lack of 
reversibility results in competing oligomerisation 
and lower yields. Templates can help overcome 
strain and increase yields. 

Following the popularization of Dynamic Covalent 
Chemistry in the 1990s,251-255 

 

macrocycle and cage synthesis using reversible 
reactions 256-259 like imine formation (Figure 7A) 
have led to advances in the synthesis of 
COFs223,224 and discrete organic cages 260-284 

We do not provide an exhaustive list of cage 
examples; a more complete review is given by 
Martínez-Máñez, Martí-Centelles et al.235 

notably Porous Organic Cages (POCs) since 

2008 285-289, by dynamic covalent “self-assembly” 

(Figure 7B) 258. 

This development has been spearheaded by 
Mastalerz and Cooper (particularly in applying 
them to gas adsorption). Similar assembly 
strategies were pursued at the same time by 
Gawronski. 

In these cases, although covalent bonds are 
formed, bond formation is still self-directing and 
self-correcting, and the term “self-assembly”290-292 
often used.286,293-296 

Lindsey gives an early definition of self-assembly. 
 
The term self-assembly has been used frequently 
for covalently assembled structures, as long as 
there is a reversible mechanism that in principle 
allows the thermodynamic product to prevail. 

Products can be thermodynamic or kinetic, but 
are often isolated by precipitation due to low 
solubility,297 though many have useful 
solubility.288,298 

“Porous organic molecular materials are a 
subclass of porous solids that are defined by their 
modular, molecular structures, and the absence 
of extended covalent or coordination bonding in 
the solid-state. As a result, porous molecular 
materials are soluble” 

POCs have little internal functionality in their 
cavities, they have found far greater utility as 
porous solids (e.g. for gas uptake or separations) 
than as catalysts.287,288,298-314 

 

Catalysis with organic cages has only emerged in 
the past few years,20,70,235,315 and true 
organocatalysis is exceedingly rare.316 

Examples of recent reviews and textbooks that do 
not mention organic cages in the context of 
catalysis. 
Mukherjee has recently reviewed credible cases. 
One example of organic cages performing 
organocatalysis is Yuan’s POC which has proline 
residues on the framework. This is no doubt 
organocatalysis, but the role of the framework is 
unclear i.e. it does not appear to work like an 
enzyme, by using the environment to modulate 
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reactivity (it is unclear how catalysis can be said 
to emerge from the environment).316 

Instead, catalytic systems tend to be composed of 
cavities that increase substrate solubility,317 or 
host nanoparticles,318-326 metals,44,327,328, 
photoactive groups,329-331 superbases,332-336 or 
non-specific arrays of hydrogen bond 
donors337/acceptors.338 

 

Advances in post-assembly modifications339 have 

recently allowed stable organic cages featuring 
endohedral (internally directed) functionality,340,341 
or metals,342-345 which show early promise for low-
symmetry cavities with catalytic potential.42-44,340 

 

Notably, Otte has used semi-stepwise self-
assembly … to access a robust organic cage … 
which can act as an oxidation catalyst (Figure 
7C).44 

 

Perspective: on new directions for organic 
cages 

 

Functionalizable, stable, soluble organic 
cages as cavity catalysts 

 

Surprisingly, despite the fact enzymes are 
predominantly organic molecules performing 
organocatalysis,100 

 

cavity-based organocatalysis remains under-
represented in the supramolecular literature.4,70 

A recent chapter entitled “Supramolecular 
Organocatalysis” did not mention a single organic 
cage.4 

My laboratory has therefore attempted to 
understand the reason for this deficit, and to 
identify solutions.38-41 

 

Firstly, cavities containing oriented functional 
organic groups (like those that participate in 
enzyme active sites) remain conspicuously 
rare.340 

Otte has reported a macrocycle with frustrated 
functionality. “To date, examples of shape-
persistent macrocyles offering a 
heterosequenced, less symmetrical interior are 
rare.” 

Indeed, a recent perspective21 identified two 
approaches to site-selectivity in supramolecular 
host catalysis – (i) using the host as a “protecting 
group” to direct reactivity external to the 
host,187,346 and (ii) confinement of a transition 
metal catalyst to take advantage of the restricted 
environment of the host51,52 

“The supramolecular protecting group approach 
enables high levels of selectivity across different 
host-guest platforms and organic reactions, but its 
application requires quantitative formation of the 
host-guest complex and super-stoichiometric 
concentrations of host, which can limit its scope 
and scalability. An alternative approach that 
promotes high selectivity at catalytic loading of 
host involves anchoring a reactive metal catalyst 
internally, thereby restricting the size and 
conformations of substrates that can co-
encapsulate” 

– neither of which resembles the enzyme-like 
possibility of a true active site (binding a substrate 
in an orientation that directs internally-catalyzed 
reactivity).347,348 

“In Nature the relevant enzymatic reactions 
involve oxidation by metalloporphyrins, with 
reversible enzyme binding of the substrate in 
such a geometry that specific substrate positions 
are within reach of the oxygen atom on the 
metal.” 348 
 

The examples of cavities with functionality 
discussed above, from Cram’s “full serine 

Discussion of organisation in supramolecular 
chemistry.180 
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protease model”87, to MOCs with flexible 
peripheral groups,349 to frameworks with internal 
proline organocatalysts222,234 all suffer from the 
same limitation: they all fail to rigidly organize 
sufficient bifunctional groups to obtain clear 
transition state binding – hallmark of enzymes 

and organocatalysts 107,180. 

 

 

We quickly identified the triptycenyl-based imine 
cages of Mastalerz301 as a strong starting point 

 

the privileged triptycene motifs…for which 
extensive synthetic development is known;350-355 

There are few organic motifs that provide the 
precise combination of vectors offered by 
triptycenes. 

they are the lowest possible symmetry 
polymacrocyclic structure (removing one edge 
piece will result in a macrocycle),356,357 

 

Otte has levied similar techniques to generate 
soluble amine-based organic cages with the same 
symmetry possibilities, using the three edge 
pieces to provide internal vectors to generate 
“catalytic triad” mimics.42-44 

 

our chosen cage frameworks,300,302 at least, were 
poorly soluble,297 

 

and required development to exploit them in the 
solution state (Figure 8A).38 

 

To capture both stability and solubility, we turned 
to Mastalerz’s post-functionalization 
chemistry,286,300,304,306,358.-362 

 

an approach gaining popularity.46,262  

in which imines are oxidized by a Pinnick 
oxidation to amides.286,360,363,364 

Mastalerz has applied adapted Pinnick conditions 
to cages, which were previously used in COF 
chemistry: 286,360,363,364 

Importantly, we were able to adapt this chemistry 
to work in situ, allowing soluble metastable imine 
frameworks to be trapped as amides.38 

 

The adapted cages were soluble, and were now 
stable enough to be purified by gel-permeation 
(size-exclusion) chromatography (useful when 
precipitation is not possible), which is typically not 
possible for imine314 or metal-coordination 
cages.156,202,365 

 

allowing access to the key acid-functionalized 
cages38  

 

Otte has employed reductive amination to 
stabilize imine cages, and the resulting amine 
cages gain solubility from increased flexibility at 
the cost of some structural rigidity.42-44 

 

C1-C13 (Figure 9A).39,40  

population consisting of perhaps two major 
conformers (C5, C9), with 3-4 minor contributors 
(298 K, THF),39,40 

 

introducing functionality which favors particular 
amide orientations.39 

 

For instance, hexapyridine cage 2 (Figure 8B) 
shows exclusive occupation of C13 (all carbonyls 
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out) due to six favorable NHamide → Npyr 
interactions,41 

a low-symmetry (CS) conformation consistent with 
C5 (Figure 8A).39 

 

While observations of symmetry-lowering are 
commonplace in controlled 
environments,47,264,293,335,366-369 

Examples of cages with amides and imines where 
the macrocyclic environment leads to metastable 
conformers with low symmetry  

we believe there to be wide-ranging potential 
across low-symmetry cavity research 
205,208,309,366,370–374 

 

We were also able to statistically access a cage 
with a single internal carboxylic acid group and 
purify the cage by size-exclusion (GPC) due to 
the cage robustness.41 

Imines tend to equilibrate during GPC purification, 
leading to broad streaking as various 
sizes/oligomers form. Amide cages are robust 
and maintain bond integrity and therefore a 
narrow size. 

Use of bulky internal groups can statistically bias 
cage self-assembly of mixed groups, a strategy 
previously reported.375 
 

 

studied in the solution state as hosts for diamines 
(Figure 8B),38,39 guests which would ostensibly 
degrade host imine cages or metal-organic 
cages.345 

Indeed, imines cages are rarely viable as 
solution-phase hosts.263,342,343,345 

Zonta has designed imine cages that can 
disassemble when the guest size is too big. 

Further, without many-electron metals to 
model,208,376 high-throughput calculations of 
organic cages are facile,366,377-385 and do not 
require metal parameterization.140,386,387  

 

As well as tolerating higher temperatures and 
more reactive reagents (“cofactors”), they could 
perform non-biotic reactions, and even have 
potential for the design of novel active sites that 
could be transposed into new designer enzymes 
for optimization.388-391 

Enzymes can be tuned by directed evolution, but 
only if there is some activity to use as a selection 
pressure. Introducing even poor synthetic active 
sites into enzymes may be sufficient to tune 
towards higher activity. 

… too flexible or too rigid to mimic enzymes. This 
is not the place for a detailed discussion on the 
nuances of these vague terms in enzymology,392-

394 

 

This “macro-flexibility” is more akin to large 
enzyme-like movements that might permit tuning 
of several consecutive catalytic steps,395 induced-
fit binding, product release, allostery,396,397 or 
signalling 

 

The ability to tune catalytic activity by tuning the 
cage rigidity, conformation, or dynamics is 
certainly an advantage rather than a liability.395,398-

402 

 

It is perhaps unsurprising that the balance of 
rigidity and flexibility403,404 contributed by the 
amide links in proteins seems to be well-
reproduced in our amide-linked cages. 

“However, in contrast to enzymes, which bind the 
transition state by multiple contacts via an 
induced fit mechanism, many of the low molecular 
weight model systems exhibit only minor catalytic 
activity due to lack of catalytic groups and too 
much rigidity or flexibility.” 
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“Enzymes exhibit a certain degree of flexibility 
and can bind the substrate and transition state by 
an induced fit mechanism, whereas the 
biomimetic compounds are often too rigid or too 
flexible.” 

Automation and calculation in cavity 
synthesis and study 

 

The computational discovery of new materials has 
advanced in recent years with increased 
computational power.405 

Jelfs et al have discussed new materials 
discovery. The state-of-the-art remains limited: 
“Given the significant efforts in computational 
materials discovery, including a large field in high-
throughput computational screening, it is not 
unreasonable to ask why are there, by 
comparison, relatively few experimentally realized 
materials that originated from computational 
predictions?” 

Imine-based porous organic cages have been a 
popular choice for study,377,380,406-408 as have 
MOCs.208,376,386 

 

Much focus remains on the prediction (and 
automation)409 of the formation of cavities by 
probing combinations of (e.g.) amines/aldehydes 
or metals/ligands to identify structures with clear 
thermodynamic minima.410 

 

within a “near infinite design space”.376 “As metal–organic cages may be comprised from 
nearly any combination of organic and metal-
containing components, cages can form with 
diverse shapes and sizes, allowing for tuning 
toward targeted properties. Therefore, their near-
infinite design space is almost impossible to 
explore through experimentation alone and 
computational design can play a crucial role in 
exploring new systems.” 

Further, by definition, screening for particularly 
stable assemblies405,411 screens out cages with 
the taut, dynamic properties found in biological 
systems.100,146,395,401,412 

“…Jansen and Schön argued that rational 
development of materials is a fallacy, because the 
thermodynamic viability of a material must be 
considered as part of the discovery process. They 
argue it is irrelevant if a hypothetical material has 
optimal properties if it is thermodynamically (or 
kinetically) unstable and as such could never be 
synthesized or operate in a given application. 
Instead, they put forward the necessity of 
screening processes that first assess the 
thermodynamic viability of hypothetical material 
candidates, only taking forward to property 
screening those materials that are energetically 
viable. Despite advances in hardware and 
computation software, computational stability 
assessment for hypothetical materials is 
extremely challenging, often relying on 
calculations of formation enthalpies with 
electronic structure methods. The energy 
landscape for a single material alone is often 
complex. Thus, from an inverse design 
perspective, selecting the optimal material 
candidate from a material space is highly 
computationally intensive and challenging” 
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Lewis describes the roles that flexible cages 
might play.146 Enzyme dynamics, of course, need 
dynamical systems, which must entail some form 
of flexibility. 100,395,401,412 

Instead, new receptors 413 and catalysts 414–416 

will likely arise from improvements in 
computational rationalization of experimental data 
415,417, 

Research programmes investigating receptor and 
catalyst design. 
 
 

. In turn, this process will be enabled by improving 
automated experimental screening of existing cavities 

for new activity (sensing, catalysis) 418. 

Even the state of the art in automated chemistry 
has yet to provide meaningful discoveries. 

The lack of internal functionality in cavities doesn’t 
just reduce the possibility of larger polarization 
contributions to catalysis, it also makes property 
prediction difficult419 

 

Materials with more precise substrate and 
transition state binding modes,41,105 such as those 
found in robust organic cages, can therefore be 
readily studied, understood, and improved. 

 

Conclusions and final perspective  

This follows from the requirement for differential 
transition state binding over substrate binding for 
catalysis,100 and requires cavities that polarize in 
addition to organizing, that is, an organized 
polarization.420 

 

Quantifying patterns found in (automated) 
screening will be vital to ensure that unintuitive 
geometric39,205,207,211,366,367 and thermodynamic 
rules inform sequential iteration,96,421,422 

Webb and Wilcox discuss carefully organised 
polar functionality in this review. 

since the supramolecular landscape is vast, and 
highly successful systems still tend to be those 
patiently developed45,248,423,424 (as nature has) 
rather than discovered in a few simple reactions. 

 

One is reminded of Rebek’s trite observation that 
host systems are frequently chosen on the basis 
of simple synthetic accessibility, briefly screened 
for activity, and “…the word design … much over-
used in the publication.”425 

 

In terms of application focus, site-selectivity in 
polyfunctionalized (e.g. bio-derived) materials426-

428 is of increasing importance 

 

The need for polarization may be circumvented by 
incorporating photocatalysts into cages,183,429 
which are also likely to provide novel site-
selective reactions,21,185,430-433. Cage structure 
may also activate photocatalysts434 or help restrict 
detrimental photocatalyst deactivation reactions 
435. 

 

metastable cavities are less likely to tolerate the 

structural strain that switching can induce.345,436,437 

 

we also anticipate that structurally-tailored robust 

organic cage structures will finally allow access to 

more relevant enzyme mimics, organocatalytic 
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motifs, and functional triads in precise-enough 

ways to permit a new wave of enzyme model 

studies, this time to reveal details of electric field 

catalysis 99,417,438-440 and the elusive roles of 

enzyme dynamics.395,401,441 
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