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Bioinspired complexes confined in well-defined capsules: getting 
closer to metalloenzyme functionalities.
Donglin Diao,a A. Jalila Simaan, a Alexandre Martinez a and Cédric Colomban*,a 

Reproducing the key features offers by metalloprotein binding cavities is an attractive approach to overcome the main 
bottlenecks of curent open artificial models  (in terms of stability, efficiency and selectivity). In this context, this Feature 
Article bring together selected examples of recent developements in the field of confined bioinspired complexes, with an 
emphasis on the emerging hemicryptophane caged ligands. In praticular, we focused on (1) the strategies allowing insulation 
and protection of complexes sharing similarities with metalloproteins active sites, (2) confinement-induced improvement of 
catalytic efficiencies and selectivities and (3) very recent efforts that have been made toward the development of bioinspired 
complexes equipped with weakly-binding artificial cavities. 

Introduction
Metalloprotein catalysis is particularly inspiring for synthetic 
chemists because these enzymatic machineries accomplish a 
broad range of difficult chemical transformations, under mild 
conditions. Such biological catalysts combine an active site - 
usually based on bioavailable metal ions (Cu, Fe, Zn, Mn) 
supported by natural ligands (O, S and N-donors) - with the 
three-dimensional enzymatic architecture. The latter provides 
additional interactions at the secondary (and further) 
coordination sphere level(s). Within metalloenzymes, 
remarkable structural tuning of the catalytic efficiency is 
observed thanks to these cavities (or channels) that guide and 
orient small substrates to the metal active site, promoting 

precise selectivity and product release. For instance, it has been 
experimentally1 and computationally2  evidenced that 
substrate positioning in SyrB2, WelO5 and BesD halogenases, is 
critical to achieve highly chemo- and regioselective C-H bond 
functionalization. This specific adjustment between substrate 
and active-site results from the substrate orientation, thanks to 
it stabilization by the protein environment (being sensitive to 
substrate’s charge and polarity). These findings suggest that, 
within the same family of metalloenzymes, active sites and 
secondary structures might be substrate, enzyme and even 
reaction specific. The enzymatic pocket is therefore associated 
with several key structural features that strongly impact 
metalloprotein catalysis. It allows for protection of the active 
site and control of it nuclearity, stabilization of highly reactive 
intermediates, substrate positioning and product release. 
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These identified features account for the high specificity, 
selectivity and efficiency observed with these remarkable 
catalysts. 

Over the past decades, there has been a growing interest for 
bioinspired chemistry and, in particular, bioinspired catalysis. 
Since the pioneering work of Breslow3,4 and Kimura,5 
metalloprotein mimics based on artificial complexes have 
attracted considerable attention. These minimalistic metal-
based structures aim at reproducing the essential features of an 
enzyme active site, without recreating the whole protein 
scaffold. This approach has been widely reported as an efficient 
strategy to i) reproduce metalloproteins spectroscopic 
signatures to help understanding the structures and 
electronical properties of their active sites (structural models); 
and ii) mirror enzymes reactivities to both elucidate reaction 
mechanisms and nature of metastable intermediates 
(functional models). The classical bioinspired strategy has firstly 
focused on the development of complexes reproducing the 
first-coordination sphere of one (or more) metal ion(s). These 
open complexes usually lack stability and cannot fully 
reproduce the high catalytic efficiency and selectivity of 
enzymes. In order to demonstrate the core role of the 
enzymatic hydrophobic binding pocket, artificial complexes 
displaying second coordination sphere6, 7, 8 and/or confined 
within artificial cavities,9 have then been targeted. To better 
reproduce metalloprotein catalysis, these supramolecular 
artificial catalysts must provide insulation of both substrate and 
active site from the bulk medium (recognition) and guarantee 
their preferential arrangement (orientation). The challenge is 
therefore to reproduce such key features, while keeping a 
minimalistic structure allowing for simple preparation, high 
solubility, ease spectroscopic characterization and recyclability.

Artificial catalysts performing reactions identical to those 
promoted by enzymes, have been extensively reported over the 
past few years. In several cases, nanomaterials that are 
unrelated to the principles of biochemistry or enzymatic 
catalysis, have been described as nanozymes. But it has been 
recently stressed by the catalytic community, that such 
inappropriate analogies have led to the overuse of the 
“bioinspired”, “enzyme mimic” or “nanozyme” terms.10,11 To 
deserve this label, bioinspired models should share some 
structural characteristics and/or similar mechanisms (active 
species, substrates, products, kinetics) with the related 
enzymes. 

In this context, this feature article details recent advances 
on metal complexes resembling a metalloprotein active site and 
being confined in a well-defined molecular cage structure. It is 
designed to reflect the “state-of-the-art” of the strategies that 
have been lately employed to i) confine metalloproteins 
structural models, ii) protect reactive active sites and iii) reach 
superior catalytic behaviours by confinement effect. In 
particular, we summarize our efforts to use hemicryptophane-
based complexes as catalytically active confined models with 
improved efficiency and selectivity. We finally outline our 
recent progression toward the development of complexes 
equipped with chiral and functionalized artificial cavities, 
aiming at getting one step closer to the metalloprotein key 

structural features. Supramolecular catalysts based on non-
biological metals, artificial metalloenzymes or nanomaterial 
frameworks (MOF), are beyond the scope of this work which 
focus on discrete caged artificial models. 

Discussion.
Several strategies could be used to confine artificial complexes 
into three-dimensional architectures. For instance, complexes 
could be incorporated in a biological streptavidin scaffold12 or 
in micelles,13  confined within a self-assembled supramolecular 
cage by mean of host-guest chemistry, or covalently grafted to 
an organic cage-like unit. In this last category, the metal 
complex could be situated inside (endo-functionalization) or 
above the cage structure. For example Costas, Lledó and 
coworkers reported, in 2018, bio-inspired FeII and MnII 
complexes based of the bis(pyridyl)dipyrrolidine (pdp) ligand, 
attached to a resorcinarene cavitand FeII / MnII(1-pdp)(OTf)2.14 
This self-folding deep cavitand provides a well-defined 
hydrophobic cavity in a very close proximity to the metal center 
(Fig. 1). The structure did not allow for a complete endohedral 
functionalization of the complex, that is bound to the cavitand 
by a single acetal bridge. Contrary to its parent complex 
FeII(pdp)(OTf)2, the supramolecular complex displays an iron 
center in a low spin-state, indicating that the presence of the 
cavitand modulates the metal electronic properties. 
Interestingly, the resulting supramolecular complex could 
activate H2O2 to perform C-H and C=C bonds oxidations without 
suffering from product inhibition. However, no improved 
selectivities were observed compared to the parent “cavitand-
free” complex. On this basis, rigid catalyst-host linkages and/or 
endohedral functionalization of the active site, might be key to 
allow selectivity enhancement via substrate recognition at a 
near-by hydrophobic cavity. 

The two following sections will focus on selected examples 
of bioinspired complexes confined in the interior of either 
covalent or self-assembled cages.

Fig. 1. Representation of cavitand-tailored bioinspired 
complexes FeII(1-pdp)(OTf)2

 and MnII(1-pdp)(OTf)2.
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Imidazole-based complexes confined in covalent cages.

The imidazole ligand is particularly interesting as it reproduces 
the histidine-copper coordination found in many mono-
oxygenase enzymes (such as particulate methane 
monooxygenase (pMMO), lytic polysaccharide monooxygenase 
(LPMO), and tyrosinase). Examples of ZnII complexes based on 
cyclodextrins,15 or calix[6]arenes hosts16 functionalized by 
imidazole coordinating units, have been reported. However, in 
the case of these open ligands, the metal was not fully 
encapsulated in a well-defined cavity. It is not before 2019, that 
a tripodal azacyclophane cage 2, decorated by three imidazole 
ligands pointing toward its interior, was described by the group 
of Otte (Fig. 2a).17 The design of this organic capsule allows for 
the coordination of CuI, which is situated in the middle of the 
cage’s cavity. A rare T-shaped geometry was revealed by XRD 
analysis. Interestingly, this T-shaped CuI coordination mode, 
with typical Cu-imidazole distances (1.9 - 2.1 Å), reproduces well 
the copper-coordination geometry found in some enzymes like 
LPMOs and pMMO. The authors finally demonstrate that the 
confined complex CuI(2)(BF4) remains catalytically active. It 
performs the oxidation of benzyl alcohol substrates into 
aldehydes, in the presence of TEMPO, under air. However, the 
cage structure does not result in an improvement of the 
catalytic efficiency, compared to other open copper-based 
catalysts. Indeed, CuI(2)(BF4) and the bipyridine-based Cu(I) 
catalyst developed by Stahl,18 display similar efficiency for the 
oxidation of 4-methoxybenzyl alcohol to 4-anisaldehyde in the 
presence of N-methylimidazole, with respectively 37% and 39% 
yields.

The same group reported, in 2021, a derivative of 2 in which 
one of the imidazole arms is replaced by a carboxylate ligand, 
resulting in cage 3 (Fig. 2b).19 It should be noted that, compared 
to previously reported cage-ligands which display a high degree 
of symmetry, 3 provides an heteroleptic ligand environment. 
Discovering new strategies to decrease the level of symmetry of 
caged ligands is particularly important in the context of 
bioinspired chemistry.20 It indeed allows for introducing non-
equivalent ligands around the metal core, as it is observed in 
several metalloproteins. For example, the well-known -
ketoglutarate (KG)-dependent iron oxygenases, display a 
characteristic 2-histidine-1-carboxylate facial triad at their first 
coordination sphere. In this context, it is worth noting that the 
covalent cage-based strategy seems particularly appropriated 
for the construction of heteroleptic assembly. Indeed, in the 
case of the self-assembly technique, favoring the formation of 
a mixed-ligand cage (social sorting) over it homoleptic analogue 
(one kind of ligand, narcissistic self-sorting) is a more 
challenging task due to the formation of statistical mixtures of 
both cage complexes, without selectivity.21 The corresponding 
quasi heteroleptic zinc and iron complexes ZnII(3)(SbF6)2 and 
FeII(3)(SbF6)2 display an endohedral functionalization provided 
by the cage structure. This functionalization was unambiguously 
confirmed by NMR and XRD studies. Importantly, the solid-state 
structure of FeII(3)(NEt3)(SbF6)2 displays an iron coordination 
comprising an external molecule of triethylamine (Et3N, 
crystallisation co-solvent, Fig 2b), the two imidazole moieties, 

and the carboxylate unit that bind in an asymmetric bidentate 
fashion. This carboxylate coordination, although being unusual 
for mononuclear artificial complexes, has been interestingly 
observed in some enzyme active sites (eg naphthalene 
dioxygenase NDO).22

Fig. 2. Schematic representations and XRD structures of (a) the 
confined copper complex CuI(2) and (b) heteroleptic caged iron 
complex FeII(3).

In sharp contrast with most of the “open” carboxylate-based 
iron complexes, that lead to dimers or polymeric structures,23 
the caged ligand 3 ensures the sole formation of the targeted 
monomeric Fe complex. These results highlight the benefits of 
confining complexes within a cage scaffold that offers 
protection against dimerization or polymerization reactions. 
This control of the active site nuclearity, via insulation of the 
metal core, is also a characteristic feature of metalloproteins. 
Finally, although FeII(3)(SbF6)2 did not react with dioxygen, it can 
bind the -KG cofactor at low temperature (-80°C), resulting in 
an intermediate that reacts upon warming, in the presence of 
O2. These encouraging early findings are particularly interesting 
for further uses of FeII(3) as functional mimic of non-heme iron 
oxygenases. This represents a remarkable achievement since 
Fe(3) reproduces, for the first time, the 2-histidine-1carboxylate 
facial triad found in many enzymatic active sites, inside a well-
defined cavity. 

Very lately, this cage-ligand was also used for Cu 
coordination at the two-imidazoles one-carboxylate ligand, 
without formation of polymeric species.24 Both caged Cu(I) and 
Cu(II) complexes have been confined. Interestingly, the cage 
flexibility allows for the formation of Cu-complexes with 
different coordinating properties. The CuI(3) complex displays a 
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trigonal planar geometry while its oxidized analogue reveals a 
CuII complex in a highly distorted octahedral geometry. The CuII-
coordination comprises the two imidazoles, two external THF 
molecules and a bidentate carboxylate unit. Upon O2 exposure 
of CuI(3), oxidation of the cage benzamine backbone into 
benzimine, was observed. Additionally, EPR spectrum of the 
CuII(3)(PF6) complex, in the presence of water, displays 
resemblance with the one of a subunit of a purified particulate 
methane monooxygenase enzyme (pMMO).25 According to i) its 
two imidazoles one carboxylate triad coordinating Cu(I/II) with 
two different modes, ii) it oxidizing abilities under aerobic 
conditions and iii) it spectroscopic resemblance to the enzyme 
active site, CuI/II(3) complex could therefore be considered as a 
promising artificial model of the pMMO active site. Introducing 
the 2-imidazole-1-carboxylate coordination triad inside an 
organic cage therefore appears as a particularly encouraging 
approach, that might lead to new kind of bioinspired catalysts 
for highly challenging oxidation of strong C-H bonds via O2 
activation. 

Bioinspired complexes confined within self-assembled cages.

The second main strategy to confine metal-complexes in an 
artificial cage architecture, is based on supramolecular hosts 
obtained via the self-assembly technique. Compared to the 
covalent cages, this approach usually requires less synthetical 
steps and results in more straightforward preparations and 
purifications. Although remarkable examples of metal-based 
catalysts confined in self-assembled caged - for improvement of 
both their catalytic efficiency and selectivity - have been 
reported over the past decade,26,27,28 very few bioinspired 
complexes have been included in self-assembled capsules. 

A first example of the encapsulation of non-heme ZnII-, CuII- 
and FeIII- complexes displaying a bis(2-pyridylmethyl)amine 
(BPA) coordinating unit, was reported in 2018 by Costas, Ribas 
and coworkers.29 The supramolecular host was a palladium-
based self-assembled nanocage. It consists in two cofacial Zn-
porphyrin units linked by four bridging bis-palladium 
macrocyclic walls, via Pd-carboxylate bonds.  A BPA ligand, 
tailored with a bipyridine unit acting as an anchor binding both 
Zn-porphyrin units of the cage, was designed. It was 
demonstrated that the bipyridine anchor successfully drives the 
encapsulation of the complexes, by host-guest interactions. The 
BPA unit remains available upon encapsulation, to further 
coordinate Zn, Cu or Fe biometals in the confined space (Fig. 
3a).  

Recently, a promising approach consisting in the 
encapsulation of bioinspired complexes within a purely organic 
self-assembled capsule, was reported by Colasson and 
coworkers.30 This organic supramolecular host is a hexameric 
resorcinarene cage, previously described as powerful 
nanovessel for supramolecular organocatalysis.31,32 It is 
composed of six resocin[4]arene units and eight water 
molecules, linked together by a network of sixty hydrogen 
bonds (Fig. 3b). One key advantage of this capsule is its 
straightforward preparation that does not required 
synthetically complex procedures. 

Fig. 3. a) Encapsulation of bioinspired Zn, Fe or Cu complexes 
within the cavity of a porphyrin-based supramolecular cage, via 
host-guest interaction. b) Representation of the hexameric self-
assembled resorcinarene capsule used for encapsulation of 
Zn(II) and Cu(II) TPA-based complexes.

Interestingly, in contrast to self-assembled metallacages, this 
cage is devoid of bridging metal nodes. As a result, it displays a 
sole metal center that corresponds to the caged bioinspired 
complexes, resulting in easier characterizations. The authors 
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demonstrated that Zn(II) and Cu(II) complexes based on the 
well-known tris(2-pyridylmethyl)amine (TPA) bioinspired 
ligand, could be efficiently entrapped inside the resorcinarene-
based cavity. Encapsulated complexes have been fully 
characterized by 1H-NMR analysis coupled with docking 
simulations. Importantly, the hydrogen-bond donor groups 
present in the supramolecular assembly (eight water 
molecules), were found to interact with the azido ligand of an 
encapsulated CuII(TPA)(N3) complex. Studying confined 
azidocopper(II) adducts is particularly interesting because they 
are known as  structural and electronic analogues of the end-on 
superoxo intermediate (CuIIO2

.-) found in several copper-
monooxygenases. Its stabilization, by the second coordination 
sphere offered by the cage, is therefore particularly 
encouraging toward further applications of such Cu(I) confined 
bioinspired complexes, as O2 activating model catalysts.

Confined Cu(I) complexes as enhanced O2 activating catalysts. 
In biology, vital oxidation and oxygenation reactions are 
performed by O2 activating metalloenzymes. Copper- or iron-
containing oxidase and oxygenase are indeed able to perform 
challenging reaction (eg CH4 oxidation), by generating highly 
reactive metastable intermediates arising from the activation of 
O2. In this context, the enzyme cavity is essential to stabilize 
these active species and avoid undesired side reactions such as 
thermodynamically favored formation of O-bridged dimers. A 
typical example of this key nuclearity control is the stabilization 
of CuII(O2

.-) intermediates by the enzyme cavity of Cu-based 
oxygenases and oxidases. 33  Indeed, in the absence of steric 
protection, the instable mononuclear cupric superoxide specie 
is easily converted to peroxo-bridged dicopper(II) complexes. As 
a consequence, O2 activation at open artificial CuI(TREN) or 
CuI(TPA) models, usually results in the formation of less reactive 
[(Cu(L))2(O2)] peroxo dimers (Fig 4.).34, 35, 36

Fig. 4. a) Formation of primary and secondary O2 adducts arising 
from O2 activation at open Cu(I) complexes. XRD structures of 
[(Cu(L))2(O2)] peroxo dimers observed upon O2 activation at b) 
CuI(TREN) and c) CuI(TPA) derivatives.

This undesired dimerization could be avoided by using i) very 
low temperatures,37,38 ii) open Cu(I) ligands with significant 
steric shield,39 and iii) caged bioinspired Cu(I) complexes.

It is in this last category that Reinaud et al. have reported 
calix[6]arene-caged Cu(I) complexes for O2 activation studies.40 
CuI(TREN) and CuI(TPA) units have been connected to the 
calix[6]arene cap, via methylene bridges, to respectively form 
the caged complexes CuI(4)41 and CuI(5)42 (Fig. 5).

Fig. 5. Views of the XRD structures of CuII complexes based on 
the 4 and 5 calix-arene-based ligands. Counter-ions and 
bounded molecules of solvent (EtOH and CH3CN respectively), 
have been omitted for clarity.

Insulation of the Cu core inside the cage-ligands 3 and 4 
interestingly prevents the formation of thermodynamically 
favored peroxo dimers. Instead, it was demonstrated that CuI(4) 
and CuI(5) could activate O2 to perform intramolecular 
oxidation of a methylene -CH2- linker. This four-electron 
oxidation is mediated by the cupric superoxide intermediate 
CuII(4/5)(O2

.-), arising from O2 activation. It results in stable CuI 
complexes with a mono-oxidized ligand 4=O or 5=O displaying 
an ester moiety (Fig. 6).  It should be noted that the TPA-based 
complex CuI(5)  was less reactive than its TREN analogue. 
Indeed, CuI(5) solely activates O2 when used in the solid state. 
This behavior could be explained by the presence of 
encapsulated solvent molecule within the cavity of 5, 
preventing reaction of the CuI center with O2, in solution.

Fig. 6. Proposed mechanism for intramolecular C-H bond 
oxidation upon O2 activation at CuI(5). Similar pathway is 
proposed for CuI(4).
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These results clearly indicate that isolating highly reactive 
intermediates, within well-defined capsules, could be an 
efficient strategy to reach other reactivity than the one 
observed in bulk solution. In these cases, confining the 
biorelevant CuII(O2

.-) intermediate, prevents the formation of 
peroxo dimers, to the profit of an O2-mediated C-H oxidation 
reaction. However, this reactivity was limited to intramolecular 
oxidations. The development of caged O2 activating catalysts, 
able to perform C-H oxidation on external substrates, with 
several turnover numbers, is therefore still needed. 
It should be noted that controlling the active site nuclearity via 
cage-like ligands, have also been used to reach the activation of 
another important gas: dinitrogen (N2). Small tripodal cages of 
the cyclophane-type, displaying two or three identical ligands, 
have been used to respectively template the formation of bi-43 
and trinuclear44 iron clusters. The caged-ligands do not only 
account for the formation of multinuclear complexes, but also 
impose specific steric constraints and N2-coordination modes 
that allow for unprecedented examples of cleavage of the N2 
triple bond at multimetallic complexes.

Catalytically-active caged models with improved efficiencies.

Hydrogenases-inspired catalysts represent an interesting class 
of artificial models that have been confined into artificial cages, 
to improve their efficiency. The first attempt of confining small 
models of the [FeFe]- hydrogenases active site, was reported in 
2010. Two -CD cyclodextrins, assembled via a sodium bridge, 
were used as the host in (Fe2S2)(-CD)2Na. In this system, the 
typical Fe2S2 cluster was functionalized at its S-to-S linker, by an 
aryl sulfonate unit. This anchoring group was used to further 
include the cluster in the bis-cyclodextrin hydrophobic channel 
(Fig 7a.). However, the confined model resulted in a less 
efficient proton reduction, that was attributed to the 
architecture rigidity that hampers essential rearrangement of 
the [Fe-Fe] core.45   

More recently, Reek and co-workers have extended their 
initial work - on the encapsulation of single hydrogenases 
mimics in a metallacage aiming at accessing lower 
overoxidation potentials46 - toward larger metal-based 
nanospheres that could incorporate multiple hydrogenases 
active sites.47 The M12L24 Fujita-type nanosphere Pd12(6)5(7)19 
was used to confine five [Fe2S2] clusters in an ammonium-rich 
nano-environment. This large metallacage is based on two 
different bis(pyridyl) ditopic ligands bridged with Pd metal 
nodes, offering a very wide cavity (5 nm diameter). It arises from 
the combination of ligands 6 and 7, being respectively 
appended with a [Fe2S2] cluster and an ammonium unit (Fig. 
7b). Inside the nanosphere cavity, the five diiron catalysts are 
therefore surrounded by a proton-rich environment provided 
by the nineteen 7. Interestingly, this particular supramolecular 
environment results in enhanced electrocatalytic proton 
reduction performances. This positive confinement effect was 
attributed to the conjunction of two factors: i) insulation of the 
catalyst that reduces the catalytic overpotential and ii) 
preorganization of the proton substrate and intermediates 
stabilization, arising from the co-confinement of the 

ammonium salts. This remarkable enhancement of catalytic 
efficiency underlines the benefits of combining cage-like hosts 
with a functionalized second coordination sphere. On this basis, 
decorated cavities reproducing the key amino-acid residues 
found around the enzyme active site, appear as a key feature 
for future progression in the field of bioinspired catalysis.

Fig. 7. a) Representation of the XRD structure of (Fe2S2)(-
CD)2Na. b) Confinement of five hydrogenase mimicking clusters 
in a proton reach Pd12(6)5(7)19 nanosphere (top), along with 
schematic representation of one of five catalytic centers  found 
in the nanosphere (bottom).

Among the different kinds of covalent cage-ligands, the 
hemicryptophane-type, that is developed in our team, has 
recently emerged as a useful scaffold for catalytically active 
bioinspired complexes. Hemicryptophanes are organic covalent 
cages built from a northern cyclotriveratrilène (CTV) unit, and 
connected to another C3 symmetrical moiety, by three linkers. 
Interestingly, we found that these hosts display a remarkable 
rigidity-flexibility balance allowing their use as supramolecular 
catalysts, that usually do not suffer from inhibition by the 
product.48 Hemicryptophanes possess a hydrophobic cavity 
that have been used for improvement of the efficiency of caged 
organocatalysts.49,50 In particular, these structures take 
advantage of i) their flexibility allowing product ejection, ii), 
their hydrophobic cavity for substrate recognition and iii) their 
chiral CTV cap for building enantiopure hosts. On this basis, we 
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reasoned that hemicryptophanes might be an interesting 
platform to confine bioinspired catalysts, inside a hydrophobic 
cavity. To achieve this goal, tripodal bioinspired ligands have 
been incorporated at the southern part of the edifice and 
corresponding complexes have been studied as confined 
catalysts.

Martinez and coworkers have investigated the enzyme-like 
kinetic behavior of oxido-vanadium(V)-based catalyst confined 
in a hemicryptophane displaying binaphthol linkers (O=Vv)(8) 
(Fig. 8).51 (O=Vv)(8) has been studied as catalyst for sulfides to 
sulfoxides oxidation, by activation of the cumene 
hydroperoxide oxidant (CHP). The strong impact of its 
hydrophobic cavity was evidenced by the observation of a 
major improvement of the catalytic efficiency, with up to 10000 
turnovers. Indeed, a 33-fold faster reaction rate was observed 
for the caged catalyst, compared to its open analogue devoid of 
CTV cap (O=Vv)(TKA). This confinement effect was explained by 
efficient hosting of the thioanisol substrate and realising of the 
oxidized product from the cavity. Remarkably, kinetic studies 
revealed that the oxidation reaction catalysed by (O=Vv)(8) 
obeys the Michaelis-Menten kinetic model enzymatic reactions. 
Furthermore, inhibition of the reaction was observed in the 
presence of the tetramethylammonium Me4N+ competitive 
guest which displays strong affinity for the cage cavity thanks to 
cation- interactions with the CTV cap (Fig. 8). It should be 
noted that Michaelis-Menten kinetic behaviour and reaction 
competitive-inhibition, are two typical features of enzymes, 
that are very rarely observed with artificial catalysts. Clearly, 
equipping metal-based oxidation catalysts with the appropriate 
hydrophobic cavity, is a strong asset to get one step closer to 
the catalytic behaviour of metalloproteins.

Fig. 8. (Top) Representation of the efficient sulfoxidation 
observed at caged oxido-vanadium catalyst (O=Vv)(8) (left), and 
catalyst inhibition observed upon tetramethylammonium 
binding at the catalyst cavity (right). (Bottom) Comparison with 
its open analogue devoid of CTV cap (O=Vv)(TKA). a Oxidation of 
thioanisol in the presence of catalyst (1.5 mol%) and CHP (1.0 
equiv). for 180 min in CH2Cl2 at 0°C.

Improved selectivity by release of primary oxidation products.

Enhancing the selectivity of artificial catalysts, by creating a 
constrained reaction site, is highly interesting. For example, it 
was recently demonstrated that equipping iron porphyrin 
catalyst with a glycoluril-based cage structure,52 result in a large 
selectivity improvement, in CO2 to CO reduction catalysis.53 This 
strategy is also particularly attractive to overcome one of the 
major issues of bioinspired oxidations: controlling the selectivity 
toward primary oxidation products. Indeed, classical open 
catalysts usually lack selectivity when applied to the oxidation 
of very strong C-H bonds. In particular, this is a major difficulty 
of the direct methane to methanol oxidation. The exceptional 
stability of CH4 bonds indeed requires harsh oxidative 
conditions, that lead to overoxidation of the primary oxidation 
product (CH3OH) to undesired formic acid and even CO2 
products.54,55 In this context, the bioinspired approach is highly 
interesting since, in nature, soluble (sMMO) and particulate 
(pMMO) methane monooxygenases selectively convert CH4 to 
CH3OH, by using confined iron and copper metal ions.

Fig. 9. Representation of the XRD structures of a) Hm-Ph-TPA 
and b) CuII(Hm-Ph-TPA). c) Concept of the selective methane to 
methanol oxidation via H2O2 activation at FeII(Hm(Ph-TPA), in 
water along with comparison table between the open Fe(TPA) 
and the caged catalysts. a Selectivity toward primary oxidation 
products CH3OH and CH3OOH.
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These enzymes take advantages of their constrained 
hydrophobic environments that promote methanol release, 
preventing further overoxidation. By connecting a CTV cap with 
the tripodal pyridine-based ligand TPA, via phenyl linkers, we 
have prepared the caged bio-inspired Cu and Fe complexes 
CuII/FeII(Hm-Ph-TPA) (Fig. 9). These H2O2-activating catalysts 
have been further applied in C-H bond oxidation reactions with 
enhanced selectivity. Inspired by the superior efficiency of 
copper(II) hemicryptophane catalysts in the oxidation of 
cyclohexane C-H bonds (via H2O2 activation),56 we indeed 
reasoned that such caged catalysts could also favour methanol 
ejection from the cage cavity, preventing  overoxidation. The 
complexes were supported onto silica and studied as 
heterogeneous H2O2-activating catalysts for CH4 to CH3OH 
oxidation, in water. We interestingly demonstrated that 
equipping the iron complex Fe(TPA), with the hemicryptophane 
cavity, indeed limits CH3OH overoxidation.57 The FeII(Hm-Ph-
TPA) catalyst displayed a 4-fold increase of the yield in mono-
oxidized products compared to its “open” analogue. Such 
confinement effect was explained by preferential binding of the 
hydrophobic CH4 and release of the more polar CH3OH to the 
bulk water solvent. 

Although these results reveal the benefits of the endohedral 
hydrophobic cavity in terms of selectivity, very low TON (<10) 
were observed. Therefore, pursuing these studies toward caged 
catalysts displaying more reactive active site, appear as an 
encouraging perspective to achieve both efficient and selective 
CH4 to CH3OH conversion.

Reaction in complex media.

A key structural feature of metalloproteins is their ability to 
catalyse specific reactions within the complex in-vivo media.  
For example, several copper-containing enzymes uses CuI 
centers to activate O2, without suffering from the competition 
of external biological CuI-ligands such as biothiols (like 
Gluthathione or Cysteine). Interactions between these biothiols 
and the CuI center are indeed prevented by having the metal 
core deeply buried inside the metalloprotein scaffold. Artificial 
CuI-catalysts for in-vivo chemistry have recently attracted 
considerable attention. Reported examples aimed at achieving 
i) reactive oxygen species (ROS) production at CuI/CuII-cycling 
complexes for anticancer drugs development,58,59 or ii) Cu-
catalyzed azide-alkyne cycloaddition (CuAAC) bioconjugation 
reactions.60 However, the development of catalysts that remain 
active in the complex mixtures found in living media (containing 
strong CuI biological chelators), remains highly challenging. 
Indeed, deactivation of open Cu-catalysts via copper-
coordination by external nucleophiles is the main explanation 
for their usual scarce in-vivo efficiency. For example, CuI 

coordination by the gluthathione reduced (GSH) tripeptide is 
considered as the main event preventing CuAAC bioconjugation 
reactions in living cells.61 

On this basis, we wondered if building an organic 
hemicryptophane cage around the widely used CuI(TBTA) 
CuAAC catalysts (TBTA = tris(benzyltriaolemethyl)amine), could 
result in an efficient protection of the CuI core. We therefore 

reported, in 2021, the first covalent caging of the canonical 
TBTA ligand, using the hemicryptophane cage Hm-TBTA.62 To 
evaluate the benefits of the cage-shielded structure, the 
catalytic behaviours of the open CuI(TBTA) and caged CuI(Hm-
TBTA) catalysts, in the presence of external bulky Cu-ligands, 
were compared (Fig. 10). Both catalysts were engaged in a 
typical CuAAC benchmark reaction. We firstly demonstrated 
that the flexibility of the caged ligand allows for product 
ejection from its cavity. Indeed, triazole products were not 
blocked within the cage and catalytic transformations were 
observed with 99 TON. This behaviour contrasts with other 
confined CuAAC CuI-catalysts based on cucurbit[7]uril host, 
which displays a complete suppression of the catalytic 
behavior,63 highlighting the benefits of the hemicryptophane 
structure. Remarkably, the confined catalyst was tolerant to the 
presence of the notorious gluthathione reduce inhibitor.

Fig. 10. Typical CuAAC reactions catalysed by CuI(Hm-TBTA) 
with quantitative yields  (top).  CuAAC reaction in the presence 
of the gluthathione biothiol: no catalyst inhibition was observed 
in the case of the caged complex, contrary to the classical open 
CuAAC catalyst (bottom). a Catalyst (1 mol%), MeOH/CH2Cl2 
1:10, 25°C, argon atmosphere. b Isolated yields.

Indeed, the catalytic efficiency of CuI(Hm-TBTA) remained 
unchanged even in the presence of 20 equivalents of GSH. 
Under identical conditions, the catalytic efficiency of the 
canonical open complex CuI(TBTA) was totally suppressed. 
Moreover, it was previously reported that the addition of only 
2 equivalents of GSH was sufficient to inhibit the catalytic 
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activity of common tris(triazole)-based CuAAC catalysts.64 This 
behaviour also highlights the benefits of the hemicryptophane 
flexibility-rigidity balance, since Cu-catalysts encapsulated in 
azacryptand caged ligands were found to be too structurally 
flexible to efficiently prevent GSH-induced deactivation of the 
confined catalysts.65

Clearly, confining CuI active center inside a CTV-based organic 
cage offers an efficient protection of the active core against its 
deactivation by the abundant biological Cu(I) ligand, GSH. This 
strategy, inspired by Cu-containing metalloprotein pockets, is 
therefore encouraging for the future forging of artificial metal 
catalysts efficiently operating in complex biological media.

Toward chiral and functionalized artificial cavities.

Stereoselective recognitions of natural substrates are 
particularly important events for several natural biochemical 
catalytic processes. In order to reproduce these selective 
bindings, the preparation of chiral artificial cages have recently 
attracted considerable attention.66 In this context, the 
hemicryptophane structure is particularly interesting due to the 
inherent chirality of the CTV cap, which display a M or P 
configuration.67,68 Our team has developed remarkable 
preparation and/or purification technics (eg chiral HPLC 
resolution of enantiomers), allowing for the efficient 
preparation of enantiopure hemicryptophanes cages at the 
gram scale.69 These hosts could be considered as promising 
ligands for the preparation of both caged and enantiopure 
bioinspired complexes.70 

We therefore wondered: could the chirality of the northern 
CTV cap be transferred to a southern bioinspired ligand? To 
answer this question, we have designed hemicryptophane Hm-
CH2-TPA, displaying a southern tris(2-pyridylmethyl)amine 
(TPA) ligand and a CTV unit, linked in close proximity by short 
methylene -CH2- spacers. We investigated if a helical 
arrangement of the TPA could be induced and controlled by the 
CTV cap, in this structurally contracted cage (Fig. 11.). Indeed, 
controlling the interconversion of the TPA’s pyridines could lead 
to a propeller-like arrangement of the ligand, which becomes a 
chiral coordinating unit. We were pleased to observe that such 
propagation of the CTV chirality could indeed be achieved in 
Hm-CH2-TPA. The CTV unit was found to control the ligand 
helicity, with the P-CTV imposing a right-handed propeller 
arrangement of the TPA’s pyridines (while the M-CTV provides 
a left-handed arrangement). 

Fig. 11. Schematic representation of the chirality transfer 
observed in M-CuI(Hm-CH2-TPA)(Cl) (left), along with view of its 
XRD structure (right). 

Importantly, this chirality transfer remains intact in the 
corresponding CuI complex M-CuI(Hm-CH2-TPA)(Cl). XRD, 1H-
NMR, ECD analysis and DFT calculations confirm the formation 
of a highly unusual T-shaped TPA-CuI core with a controlled 
helicity.71,72 Connecting tripodal ligands with CTV-based hosts, 
could be therefore used to reach both optically pure and caged 
bioinspired complexes, that might find interesting application in 
enantioselective catalysis.

Another major structural feature of metalloenzymes is their 
binding cavities that guides the reactivity and selectivity of 
reactions via i) substrate positioning and ii) stabilization of 
extremely reactive intermediates. Several non-covalent second 
coordination sphere interactions exist in their hydrophobic 
channels (electrostatic or hydrogen-bonding interactions, salt-
bridges and long-ranges charge-effects).  Such weak binding 
events enable high chemo-, regio- and stereoselectivity by 
finely positioning the substrate. This behaviour has been 
demonstrated for both heme,73 and non-heme iron 
oxygenases.74 Particularly important H-bonding interactions are 
also found in O2 activating copper-containing metalloproteins. 
In these systems, H-bonding could account for a stabilization of 
highly reactive intermediates. The strong impact of bonding 
second coordination spheres have also been demonstrated 
with tailored open artificial catalysts.75 For instance, Karlin and 
Solomon reported efficient stabilization of end-on superoxo 
CuII(TPA)(O2

.-) intermediates by introducing H-bonding group at 
the second coordination sphere of the canonical TPA ligand.76, 

77, 78 Furthermore, highly precise and predictable C-H oxidation 
reactions, enable by substrate positioning at crown-ether 
tailored Mn or Fe bioinspired catalysts, was reported by Costas, 
Olivo and Di Stephano.79, 80, 81 However, despite both 
progresses in the development of i) caged bioinspired 
complexes and ii) open models displaying functional second 
coordination sphere, the preparation of bioinspired complexes 
combining a hydrophobic cavity with weak binding units, have 
been rarely explored.82 For instance, impact of functionalized 
second coordination sphere on metal ion lability and host-guest 
binding, was very lately evidenced using confined Zn(II) 
complexes displaying a calix[6]arene-based cavity decorated 
with phenol or quinone units.83 To better reproduce 
metalloproteins key structural features, bioinspired catalysts 
able to precisely orientate substrates inside an artificial cavity, 
will represent a major breakthrough in the field. 

Our first efforts toward construction of such kind of caged 
complexes, involved the building of a TPA-ligand surmounted 
with a triazole-decorated cavity. We reasoned that triazole 
could represent an attractive building block since it is a 
convenient connecting unit to covalently link the north (CTV) 
and south (ligand) part of a cage via well-known “click” CuAAC 
reaction. Additionally, triazoles could be used as H-bond donor 
moieties. Ctriazole-H are indeed good H-bond donors that have 
been, for instance, incorporated in the most efficient chloride-
binding covalent cage to date.84  We therefore design Hm-TriA-
TPA, where the bioinspired TPA ligand is connected to the 
hemicryptophane’s CTV by three triazole links (Fig 12a). This 
cage was the first TPA-based ligand surmounted with a Ctriazole-
H H-bonding cavity. 85  The structure of the corresponding zinc 
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complex ZnII(Hm-TriA-TPA) was elucidated by mean of 1H-NMR 
and DFT studies. An endohedral functionalization of the 
ZnII(TPA) complex, with the three triazole units remaining 
available for further H-bonding events, was observed (Fig. 12b). 
XRD structure of a cage complex was elucidated by replacing 
zinc with a copper(II) metal ion in CuII(Hm-TriA-TPA). In this 
case, additional CuII coordination, by one triazole unit, was 
observed in the solid state. Interestingly, this Cu-triazole bond 
could be replaced by coordination of an azide anion at the 
CuII(TPA) core, liberating the triazole unit (Fig. 12c). As 
mentioned earlier, TPA-based azidocopper(II) adducts are 
stable structural analogues of the biological end-on CuIIO2

.- 
intermediates. They are therefore convenient probes to 
investigate putative second coordination sphere stabilization 
via H-bonding. The electronic and vibrational properties of 
CuII(Hm-TriA-TPA)(N3) have thus been compared to that of the 
analogue CuII(Me3TPA)(N3

-) adduct devoid of H-bonding units. 
Remarkably, UVvis and IR analysis reveal respectively a typical 
blue shift of the azido to CuII LMCT and an increase of the ν(N–
N) stretching frequency, accounting for a stabilization of the 
azido adduct by the Ctriazole-H cavity.30,76-78

Fig. 12. Views of the DFT structures of a) the cage-ligand Hm-
TriA-TPA and b) it corresponding ZnII complex. c) View of the 
XRD structure of CuII(Hm-TriA-TPA)(OTf)2 along with formation 
of the corresponding azido adduct upon addition of 
tetrabutylammonium azide.
 

We were able to show that connecting both parts of a 
ditopic cage, via triazole linkers, can provide an easy route for 
confining bioinspired complexes in an H-bonding cavity. In 
addition to an endohedral functionalisation of the metal core, 

we confirmed that the Ctriazole-H bonds, found in the cavity, 
could engage H-bonding interactions at the second 
coordination sphere level. This approach therefore opens the 
way to further artificial catalysts displaying H-bonding cavities, 
allowing stabilization of reactive metastable intermediates 
and/or substrate positioning.

Conclusions
With the development of both bioinspired catalysis and 
supramolecular chemistry, series of well-defined synthetic cage 
structures have been designed to host enzyme-related artificial 
complexes. In this Featured Article, we have selected examples 
of caged complexes reflecting recent efforts in the field of 
bioinspired catalysis in confined space. We have especially 
emphasized the confined catalysts based on the emerging 
hemicryptophane ligands developed in our group. All these 
systems have been designed to artificially reproduce some key 
features offered by the enzyme pockets, that have been clearly 
identified as follow.

(1) Active site protection and reaction in complex media. 
The active metal core is usually deeply buried inside the enzyme 
architecture. This confers protection, in particular against 
intermolecular reactions between two complexes, resulting in 
undesired formation of polynuclear species or degradation 
events. This insulation from the bulk solution also protects the 
metal core from its deactivation by the external metal chelators 
found in the complex in-vivo media at high concentrations (like 
biothiols). The ability of organic cage-complexes to avoid the 
formation of polynuclear O-bridged compounds have been 
exploited to reproduce i) the reactivity and ii) the 2-histidine-1-
carboxilate facial triad, of important O2 activating enzymes. 
Although the key role of the cage structure was clearly 
evidenced, O2 activation at caged bioinspired catalysts usually 
results in an intramolecular oxidation of the ligand. Developing 
new caged catalysts able to guide this reactivity toward the 
oxidation of external substrates with strong C-H bonds, could 
therefore be considered as an important future direction. On 
another side, hemicryptophane-based complexes have proven 
useful to obtain catalytically active catalysts operating in the 
presence of biological strong metal chelators. We therefore 
believe that this finding opens opportunities to develop artificial 
catalysts working in living cells for in-vivo applications 
(bioconjugation reactions or drug development).

(2) Hydrophobic cavities for improvement of the catalytic 
behavior and selectivity. Besides offering protection, the 
hydrophobic pocket of enzymes also allows for recognition 
events leading to highly efficient and selective transformations. 
Reactions performed by metalloenzymes indeed strongly 
benefit from the recognition of a specific substrate 
accompanied with a promoted product-release. Obtaining 
caged bioinspired catalysts that remain catalytically active, is 
not an easy task. These systems should be robust enough to 
avoid cage disassembly, rigid enough to favor substrate 
recognition, but with a sufficient degree of flexibility allowing 
product release. Indeed, caged catalysts often suffer from 
inhibition by the product. As our knowledge on bioinspired 
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hemicryptophane catalyst increases, we are finding that this 
cage structure offers a remarkable flexibility-rigidity balance. 
Bioinspired catalysts surmounted by the hemicryptophane 
cavity have been successfully applied in oxidation catalysis. The 
hydrophobic cavity was used to favor accommodation of apolar 
substrates and promote release of less polar products to avoid 
overoxidation side reactions. However, in the case of more 
recalcitrant substrates (like methane), further improvement of 
the catalytic efficiency, in terms of number of turnovers, are 
required to get closer to metalloprotein efficiency. In particular 
our future efforts will be dedicated to combine highly stable 
capsules with more reactive bioinspired metal cores. 

(3) Binding cavities. To precisely control the adjustment 
between the active site and its co-encapsulated substrate, the 
sole hydrophobic effect is not sufficient. For instance, catalysis 
at metalloprotein strongly benefits from their binding pockets 
that both interact with substrates and active sites. These non-
covalent interactions guarantee substrate positioning and 
stabilization of highly reactive intermediates. Although a 
relatively large number of bioinspired complexes with discrete 
cavities have been reported over the past decades, complexes 
equipped with a functionalized cavity remain rare. The field of 
confined bioinspired catalysis assisted by weak bonding cavities 
is in its infancy and remains mainly unexplored. Examples of H-
bonding capsules able to stabilize structural (non-reactive) 
models of bio-relevant metal-based intermediates have been 
described.30, 85 But switching to functional complexes displaying 
reactivity inside discrete H-bonding confined spaces, is still 
particularly challenging. In this line, caged catalysts able to 
control substrate positioning, by mean of substrate-cavity weak 
bonding, appear as a major perspective to push the limits of 
current bioinspired confined catalysis.
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