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Reactions in Endohedral Functionalized Cages

Matthias Otte*'

The introduction of enhanced functionalization is a key aspect
in the current design of cage chemistry. At the moment, several
approaches are intensively investigated. The synthesis of cage
compounds that display endohedral functionalization plays a
key role among them. Here, the studies of reactions that occur
in endohedral-functionalized cage compounds is reviewed.
After an introduction in current trends in cage-chemistry the
discussion of reactions in endohedral-cage compounds is

1. Introduction

Cage and capsule compounds have proven their ability to
mediate or catalyze chemical reactions. These so-called molec-
ular flasks have demonstrated to impact the reaction outcome
in a way, which often cannot be achieved without the cage or
capsule present.

The regioselectivity of a reaction can be different inside a
cage when compared to the reaction in bulk solution. Taking
Diels-Alder reactions as an example, this has been demonstrate
by Fujita."! Rebek reported on selective macrocyclization using
a cavitand that causes folding of the diamine substrates.”
Cages can alter the properties of encapsulated guests. Raymond
and Bergman demonstrated that encapsulated orthoformates
change drastically their pK, values, which enables an acid
catalysis hydrolysis in basic solution.”

Due to their limited pore sizes, cage compounds can
selectively convert substrates based on their size or positioning
of their functional groups, leading to size-, site- or substrate-
selective reactions. Tiefenbacher demonstrated the size-selec-
tive hydrolysis of diethyl acetals that is catalyzed by a
resorcin[4larene capsule” Raymond, Bergman and Toste
reported on the encapsulation of a rhodium based hydro-
genation catalyst in a supramolecular cage. This system is
capable to selectively hydrogenate one carbon-carbon double
bond, even if multiple alkene functionalities are present in the
substrate.”) This system can also differentiate between two
substrates when they possess carbon-carbon double bonds in
different distance to the terminal carbon.
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divided into three sections. These are: 1) Endohedral groups
that are by themselves functional, 2) endohedral groups that
can bind to a transition-metal complex and 3) endohedral
groups that can bind by themselves to a metal. The article
closes with an outlook on additional current developments in
the field of endohedral-functionalized cage-compounds, which
may contribute in the future towards reactivity in cage
compounds.

Supramolecular hosts can protect an encapsulated catalyst
from certain deactivation pathways. Nguyen and Hupp reported
on a molecular square built of porphyrins, which is able to
protect an encapsulated manganese porphyrin. The manganese
porphyrin is an epoxidation catalyst, which undergoes deactiva-
tion via formation of an oxo-bridged dimer when it is not
encapsulated.”” This concept has been used by de Bruin to
protect cobalt and manganese porphyrins in a cubic Mgl
Nitschke-type cage.”™ Raymond and Bergman demonstrated
that catalyst encapsulation can also result in catalyst protection
from substrates that would cause inhibition while other
substrates can be converted at the same time. This has been
shown for the rhodium catalyzed isomerization of allylic
alcohols.”

Most molecular flasks described in the literature are highly
symmetric compounds (Figure 1, top). Such symmetric com-
pounds are often obtained as the thermodynamic products via
metal-ligand coordination, supramolecular interactions such as
hydrogen bonding or dynamic combinatorial chemistry.*'?
These compounds possess often aromatic walls and in case of
species that assemble via metal-ligand coordination also high
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Figure 1. Approaches to advanced cage functionality.

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

European Chemical
Societies Publishing


http://orcid.org/0000-0001-6858-4960

Chemistry
Europe

European Chemical
Societies Publishing

Review

EurJOC . .
doi.org/10.1002/ejoc.202300012

European Journal of Organic Chemistry

charges. In recent years, the field of cage design expanded to
new synthetic strategies with the aim to add functionalities to
the molecular flasks.

One approach is the introduction of exohedral functionali-
zation to cages (Figure 1, left). Such exo-groups can impact the
solubility of the cage assembly. Casini and Kihn studied exo-
CH,OH-functionalized Pd,L, cages as delivery vehicles for the
anticancer drug cisplatin.® exo-Functionalization may also be
used to connect cages. Clever reported on the use of banana
shape ligands that are connected via a linker to synthesize
[Pd,L',L%,] dimeric cages that consist of two linked cages.""
Exohedral functionalization may also be used to build a cage
around a cage as shown by Fujita."” This however, might also
be seen as an endohedral functionalization that results in the
formation of a cage in a cage. The connection of cages via
exohedral functionalization may also result in the formation of
polymeric structures. Bloch demonstrated the synthesis of
amine-functionalized Cu,,L,, cages that turn into gels upon
dialdehyde addition."” The connection of organic cages via
organic linkers can lead to the formation of cage based covalent
organic frameworks. Examples of such frameworks have been
reported by Wang or Chen, Little and Cooper."”'® In addition to
the formation of frameworks, exo-functionalization can also be
used to assemble so-called cage-dumbbells. Greenaway re-
ported the formation of organic cage dumbbells, while Roemelt
and Otte showed a cage dumbbell that uses an Fe(terpy),
moiety as connecting unit.['**"

A different approach to increase functionality is the selective
synthesis of cages with lower symmetry (Figure 1, centre). These
compounds are often difficult to obtain selectively as their
formation competes with scrambling processes. However,
significant progress has been made in this field within the last
years. Mukherjee showed the selective synthesis of a cage with
a Pd, boat structure that self-assembles from a reaction mixture
containing tri- and tetra-imidazole donors.”"! The obtained cage
is able to catalyze Knoevenagel condensation reactions. Clever
reported the selective synthesis of heteroleptic [Pd,L’,L%] cages
via the use of different bis-monodentate pyridyl ligands that
possess different bite angles.”? Severin demonstrated the
synthesis of a [Pd;,L,,] sphere by using an unsymmetric 3-(4-
(pyridin-4-yl)phenyl)pyridine ligand. Remarkably, one cage is
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selectively obtained out of 350696 isomers.”® Beuerle showed
that social self-sorting could be achieved for the construction of
three-component cages of the A,B,C, type with A being a
compound with three catechol units and B and C are diboronic
acids with bite angles of 120° and 180°.2 Mastalerz showed
examples of social-self-sorting of different building blocks that
result in the same cage geometries. Within these studies [2 4 3]
and [8+ 12] salicylimine cage compounds have been selectively
obtained.””

Within the recent years, examples emerged that show the
possibility to selectively assemble and disassemble
supramolecular structures based on external stimuli (Figure 1,
bottom). Goeb and Sallé presented cages that are assembled
from pyridine coordination of building blocks containing
extended tetrathiafulvalene units.*® Such building blocks
undergo conformational changes upon oxidation leading to a
disassembly of the cage. This process is reversible and a
reassembly is observed upon reduction. Nitschke showed that a
supramolecular triangular receptor, suitable to encapsulate Cq,
can be disrupted upon addition of triphenylphosphine. Triphe-
nylphosphine competes with the N,N-bidentate chelating units
of the receptor for the structure giving copper. Addition of a N-
oxide and an oxo-transfer catalysts results in the formation of
the OPPh;, causing the reassembly of the supramolecular
receptor.””

The combination of photochemistry and supramolecular
assembly and disassembly processes is a particular field that
receives currently much attention. Clever showed a coordina-
tion cage based on a ligand embedding a diazocine photo-
switch. The thermodynamic more stable cis-isomer assembles
to a mixture of species upon palladium coordination, while the
less stable trans-isomer gives a [Pd,trans-L,] cage. That cage is
only stable under UV light and in the absence of this stimulus
the system converts into the cis-system.”® Schmidt combined
light switchable azobenzenes and imine condesations to macro-
cycles resulting in a photoresponsive and dissipative dynamic
covalent macrocycle.” Beves introduced a photoswitchable
ligand allowing to switch between a [Pd,L,] cage and a [PdL,]
species”” McConnell and Herges introduced a mixture of
regioisomeric diazocine ligands that can switch between the E-
and Z-configuration each upon irradiation with violet and green
light. Upon switching to the Z-form, one ligand forms a Co,(L-
Z); species, while the other forms a mixture of oligomers.
Switching to the E-form, the opposite was observed. The ligand
that gave oligomers with the Z-form results now in the
formation of a Co,(L-E); species.®"

After this brief overview on current developments for an
enhanced functionalization of supramolecular cage compounds,
the focus should now lie on an additional way to bring function
into cage chemistry. That is the introduction of endohedral-
functionalization into the cage cavities (Figure 1, right). Such
endo-functionalization may serve different purposes, like sens-
ing of compounds or to mediate or catalyze chemical reactions.
The endo-group can be functional by itself or bind to a
functional group of a guest molecule or guest complex. The
functional group may also serve directly as a ligand. In
particular, the developments of endo-functionalized cages with
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respect to mediating or catalyzing reactions will be discussed
here. Hooley reviewed the synthesis and application of endo-
functionalized metal-ligand cage complexes in 2019.5?

Here, the scope is extended to organic cage compounds
and also the development in recent years will be included. The
examples being discussed will be ordered regarding the role
that the endo-group plays. It will start with systems where the
endo-group by itself will be functional in terms of mediating or
catalyzing reactions. It will continue with a section on
endohedral-functionalized systems that can bind to a complex
ligand and afterwards a section follows where the endohedral-
functionalized cages act by themselves as ligands. The manu-
script closes with an outlook where also other developments of
endohedral-functionalized cages are mentioned, which may
contribute in the future to cage catalysis.

2. Endohedral Group is Functional by Itself

Endohedral functionalization was long time seen as to be too
difficult to be achieved with synthetic supramolecular cage
compounds. The reason given was that such cavities would be
too small to host endo-groups. Fujita demonstrated in 2005 that
M,,L,,**" spheres (1) that assemble from Pd>* ions and bis(4-
pyridyl)-functionalized building blocks (2) are suitable for endo-
functionalization (Figure 2; left).’¥ Within this study, several
spheres have been reported with different functionalized
building blocks, ranging from a CHs;-group (1a) to an
oligo(ethylene oxide) chain (1b). The later one has been shown
to be capable of encapsulating La(lll) ions with a ratio of
roughly 1:1 of La(lll) to endo-group, leading to a species with
around 20 La(lll) ions in the spheres cavity. In a later study,
Fujita showed that also 24 methyl methacrylate units can be
included in these types of spheres (1¢) (Figure 2).*% Using 2,2'-
azobis(isobutyrnitrile) (AIBN) as radical initiator, conversions of
up 73% were obtained for the endohedral radical polymer-
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ization. After hydrolysis, gel permeation chromatography
reveals a number-average molecular weight of 1315 and a
polydispersity index of 1.60. In a following study, Fujita
employed glucose functionalized building blocks (1d) to obtain
spheres capable to act as templates for the sol-gel condensa-
tion of alkoxysilanes leading to monodisperse silica
nanoparticles.®

The M;,L,, complexes are once formed stable and ligand
exchange between different spheres seems to occur only very
slowly on a time scale of weeks or months. This advantage has
been used by Fujita to place two catalysts that would react with
each other in two different M;,L,, spheres. The unusual func-
tional group tolerance has been achieved via connecting each
catalyst via a linker to a bis(4-pyridyl)-functionalized building
block resulting in two different endo-functionalized spheres
(Figure 3).°9 Connecting TEMPO to such a building block
resulted in 3a that after reaction with Pd®" ions gives 4a while
connection of MacMillan's enantioselective Diels—-Alder catalyst
resulted after reaction with Pd** ions in the self-assembly of
4b.57 In the absence of any sphere-protection, the TEMPO-
catalyst would oxidize the Diels-Alder-catalyst (Figure 3, box).
This could be prevented by containing each catalyst in the
corresponding sphere during the reaction. In this regard, it was
possible to have a one batch reaction going from the alcohol 5
via oxidation to aldehyde 6 to the enantiomeric enriched Diels-
Adler-reaction product 7. Given that under normal circum-
stances individual reaction set-up with following work-up and
purification after each step is time and material consuming, this
study is a conceptual approach how multistep cascade
processes might be realized in a one-pot procedure via the help
of supramolecular chemistry.

The bis(4-pyridyl) building blocks leading to M,,L,, spheres
can be functionalized in a broad range. As such, the resulting
spheres can be endo- or exo-functionalized.®® Recently, Old-
enhuis and Johnson combined different building blocks leading
to endo- and exo-functionalization of spheres.®® The exo-

ic

Figure 2. Left: Assembly of endo-functionalized M,,L,,*** spheres from Pd>" ions and bis(4-pyridyl)-functionalized building blocks;**-* right: Molecular model
of 1c. Reproduced from Ref. [34] Copyright (2007), with permission from Wiley-VCH.
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Figure 3. M,,L,,*** spheres for a site-isolation strategy leading to new
cascade reactions. The cascade consists of a TEMPO-catalyzed alcohol
oxidation and an asymmetric Diels-Alder reaction.?®

building blocks link thereby several 1,3-bis(pyrdin-4-
ylethynyl)benzene units. This causes the formation of gel like
polymeric structures where the physical properties of the gel
are determined on the ratio of the endo- and exo-building
blocks that are applied and which exo-building block is used.
This approach aims to combine the advantages of swollen gels
such as a great reagent mobility with those of crystalline,
porous polymers (e.g. metal-organic frameworks; MOFs) which
is the exquisite local tuning of catalyst environment. A
precursor to the endo-functionalized spheres that has been
used is 8 (Figure 4). This can be combined with the already
introduced TEMPO-functionalized building block 3 a, leading to
gels of the type 9 (Figure 4 top). The obtained gels 9 have been
shown to catalyze the oxidation of alcohol 10 to aldehyde 11
(Figure 4 bottom). The oxidation of 10 occurs in the presence of
9 in a similar rate as it happens in the presence of 3a. Further, 9
can be recycled and maintains its performance for five cycles
(conversion > 95 %).

Hooley introduced the M,L¢" cage 12, which has carboxylic
acid groups as endo-functionalization (Figure 5).*” That com-
pound is obtained via self-assembly from an extended 2,7-
dianilino-fluorene (13), 2-formylpyridine (14) and Fe(NTf,),. 12 is
able to catalyze the hydrolysis of acetals at room temperature
(Figure 6a). Apparently, the cage is needed around the carbox-
ylic acid groups as the control carboxylic acid-functionalized
compound (15; Figure 5, box) is not capable to perform the
catalysis under the cage operating conditions. Further, the

Eur. J. Org. Chem. 2023, 26, €202300012 (4 of 15)
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Figure 4. Top: Schematic depiction of the synthesis of M,,L,,** sphere-
based gels 9 via combination of 3a and 8. Bottom: Application of M,,L,,**"
sphere-based gels as catalysts for the oxidation of alcohols to aldehydes.®”

HO, OH
. S
6 HN Q ' O NH,  + 12 /\N o

13 14

4 Fe(NTfy),

MeCN, 80 °C
48 h

12

Figure 5. Synthesis of the endo-functionalized cage 12. In the box is the
acid-functionalized control compound 15 that is used for comparison.””!

endo-functionalization is needed for catalysis, as a M,L®* cage-
derivative of 12 that is not endo-functionalized, caused no
aldehyde formation. 12 is also able to catalyze substitution

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Figure 6. 12 as catalyst for the transformation of organic substrates: a) acetal
hydrolysis;“” b) nucleophilic substitution;**" ¢) oxa-Pictet-Spengler

reaction.*?

reactions of activated electrophiles like triphenylmethanol or its
ethyl ether with thiols as nucleophiles (Figure 6b).*" Control
acid 15 is again a way worse catalyst for this transformation as
12 operates with an acceleration of around 1000-fold compared
to 15. Also, amines like N-trityl-4-bromo-phenylaniline can be
used as electrophile. However, in this case the liberated aniline
reacts with the cage as it competes with 13 for the aldehyde
14. This results in a destruction of the cage and hence a drop in
catalytic performance, highlighting the role of 12 for the
substitution reactions.

In a following study, Hooley reported on 12 as a catalyst for
the oxa-Pictet-Spengler reaction.” This cyclization between
tryptophols and aldehyde derivatives is usually catalyzed by
strong Lewis-acids such as AlCl;. While 12 is able to catalysis the
reaction between tryptophols and acetals (Figure 6¢) the
unfunctionalized M,L; cage-derivative and 15 are both not able
to do so. Interestingly, the size of the acetals that can be
converted is limited, as bulky once such as 9-(dimethoxymeth-
yl)anthracene give way lower yields. In addition to the reactions
depicted in figure 6, cage 12 has been shown to catalyze the
thioether/ether exchange in acetals and the thioetherification
of tertiary allylic alcohols."**

Derivatives of building block 13 have been synthesized as
well. An example is the diamine functionalized building block
16 that assembles in the presence of 2-formylpyridine (14) and
Fe(ClO,), to cage 17 (Figure 7).*¥ While the cage 17 is built
from four iron ions, an excess iron salt was actually needed for
the synthesis. ESI-MS of 17 revealed that 3-8 molecules HCIO,
are accompanying the cage. The HCIO, may cause protonation
of the NMe, groups, which is supported by broad peaks for
these groups in the proton NMR. The origin of these protons is
believed to be water formed upon the imine condensation that
occurs during cage formation. The resulting hydroxide ions may
react with residual iron which explains why an access iron is

Eur. J. Org. Chem. 2023, 26, e202300012 (5 of 15)
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Figure 7. Synthesis of the endo-functionalized cage 17.

needed for the synthesis of 17. The deprotonation of the
amines can be accomplished via an addition of an access
organic base such as DABCO. 17 is able to hydrolyze the acetal
PhCH(OMe), in the presence of water and promotes amine
detritylation. In a very recent work, a new generation of such
M,Ls cages have been introduced. There the 2,7-diarylfluorene
scaffold used for 12 and 17 has been changed for a 2,7-
diarylcarbazole scaffold.*” As a consequence, now one instead
of previous two endo-groups are employed per cage edge. New
cages introduced in this work possess CH,CH,NMe, and
CH,CH,SMe functions as endo-groups.

The cages shown so far have been obtained via metal-
ligand self-assembly. Endohedral-Functionalized cage com-
pounds can also be of a purely organic nature. A particular
interest in endo-functionalization lies in the modification of the
endo-groups after sphere synthesis. The imine condensation
reaction of triamine 18 with salicyldialdehyde 19 leads to the
endo-functionalized [4+6] cage 20 in 68% yield (Figure 8).¢
Mastalerz showed that the endo-positioned hydroxy groups in
20 can be further manipulated to give several ethers such as
the methoxyether-functionalized cage 21. 21 is obtained in
81% yield via reaction of 20 with methyl iodide using
potassium carbonate as base. Notably, the direct synthesis of
21 from 18 and the methoxy ether derivative of 19 gives the
desired product only in a low yield of 17%. In addition to the
low yields, 21 is obtained in a mixture from where it cannot be
isolated from by chromatographic methods. The approach
demonstrated by Mastalerz is an elegant way to circumvent
such synthetic problems. In addition, this approach has the
potential to allow a quick access to families of endo-functional-
ized cage compounds in good yields.

Chen introduced the organic cage 22 that is formed from
23 via reductive amination, followed by the removal of the

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Figure 8. Synthesis of the purely organic endo-functionalized cage 20 and its
post modification to 21.4¢ 20 and 21 are depicted as their X-ray structures.
Reproduced from Ref. [46] Copyright (2013), with permission from Wiley-
VCH.

methoxymethyl (MOM) protection group and methylation of
the secondary amines (Figure 9 top).”” Thus 22 is another
example where functional group manipulation occurs after the
cage has been synthesized. 22 possess endohedral hydroxy
groups that are able to catalyze Friedel-Crafts allylations
between trans-B-nitrostyrenes and 1-methylindole. For trans-B-
nitrostyrene a yield of 86% was obtained with a cage-catalyst
loading of 10% at room temperature and 168 h reaction time
(Figure 9 bottom). Notably 22 performs significant better
compared to uncaged model-compounds. Introducing two tert-

1) CHCl,

2) NaBH,, MeOH, CHCl,
3) NaBH,, TFA, (HCHO),
THF

Step 1: 95%
Step 2 + step 3: 60%

/ 10 mol% 22
©N“°2 @E) DCM, rt, 168 h
o
86%
10 mol% 22
N0 DCM, rt, 168 h

/
N
OV

Figure 9. Synthesis of the purely organic endo-functionalized cage 22 and its
application as a catalyst for the Friedel-Crafts reaction.””
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butyl-groups in meta position of the olefine substrate resulted
in a low yield of 20%, indicating size-selectivity of 22 in this
transformation.

Martinez and Dutasta presented the encaged Verkade's
superbase 24 (Figure 10, left).*® This compound has been
shown to be capable of catalyzing several reactions. As a base,
24 can catalyze Diels-Alder reactions.* An example is the
reaction between 3-hydroxy-2-pyrone and N-methylmaleimide
(Figure 10, right). Interestingly, 24 can catalyze this reaction
with a higher diastereoselectivity compared to a model
compound that has no cage structure. This report is the first
example of an encaged superbase as organocatalyst. In a later
study, 24 has been shown to form a frustrated Lewis-pair (FLP)
with TiCl,.>® The FLP is able to catalyze the Morita-Baylis-Hilman
(MBH) reaction between p-chlorobenzaldehyde and cyclopente-
none (Figure 10, right). While 24 gives a yield of 48% for this
reaction, model-compounds that provide no cage structure
gave the reaction product in smaller yield (17%) or not at all.
This observation indicates that the reaction is occurring in the
cavity. In an additional study by Martinez and Dufaud,
protonated 24 and derivates of it have been investigated for
the ability to convert carbon dioxide with epoxides to cyclic
carbonates.” Within this study, it has been shown that caging
of the active site protects it from deactivation pathways while
increasing the catalytic activity for CO, conversion.

3. Endohedral Group Binds to a Functional
Molecule

The introduction of endohedral groups in a cage can also be
used to interact with guest molecules that are able to act as
catalysts. Reek used this conceptual approach to design endo-
guanidinium-binding site functionalized M,,L,, Fujita-type
spheres 25 (Figure 11a).%? The spheres assemble from building
block 26 and Pd*" or Pt*" ions. The guanidinium-functionaliza-
tion is able to interact with an encapsulated gold complex
(TPPMSAu™; Figure 11b) via hydrogen bonding interaction
between the guanidinium group and a sulfonate group located
on the gold complex ligand. The binding of the sulfonate
guests is strong (>10°M™" in CD;CN). At the same time 25 is
capable to host also carboxylate guests. These features have

o]

o 1molo% 24, THF Lé © endo
HO

Q |<: _ o m15min_ o
100% o,
de=77% -
(endo:exo) o7 ex0

HO o

o 10 mol% 24, TiCl,

= o
LN_) b DCM, rt, 10 min
+

24 s 48%

OH ¢

A0

Figure 10. Encaged Verkade's superbase 24 and its application as catalyst for
the Diels-Alder and Morita-Baylis-Hilman reactions."®*"!
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Figure 11. a) Synthesis of the endo-guanidinium-functionalized M,,L,,
spheres 25; b) employed gold-catalyst TPPMSAu*; ¢) application of 25 in the
gold-catalyzed cyclization of acetylenic acid; d) schematic representation
how the sphere 25 enables the catalysis via preorganization of substrate and

catalysts via hydrogen bonding interaction;*? e) employed copper-catalyst

SXantphosCu(l).5*

been used to employ sphere 25 for the gold-catalyzed
cyclization of 4-pentynoic acid (Figure 11c). Interestingly, the
catalysis works best when the substrate is deprotonated (40
fold rate enhancement), while the conversion is way slower
when base is absent and the substrate is present as an acid.
This is explained via hydrogen bonding interactions between
25 and the catalyst and the carboxylate substrate at the same
time. This results in a preorganization of both inside the sphere
and hence a perfect match for catalysis (Figure 11d). The neutral
enol lactone product can easily leave the cavity and cause no
product inhibition as the carboxylate substrate is the preferred
guest. The acid prior to deprotonation has only a little tendency
to enter the sphere while the carboxylate binds with 10* M~ in
CD,CN. This study presents a very interesting approach on how
supramolecular catalysis might be selectively been switched on
demand on and off.

Spheres 25 are able to host several equivalents of metal
complexes at the same time. This results in a high local
concentration of the catalyst, which is beneficial when the
reaction requires for instance a bimetallic activation pathway of
the substrate. The Cu(l)(Xantphos) catalyzed cyclization of 4-
pentynoic acid to the corresponding enol lactone is such a
reaction. Reek showed that a sulfonated analogue of
XantphosCu(l), the so-called SXantphosCu(l) (Figure 11e), can be
encapsulated in 25.%¥ Overall, 25 can bind up to 12 equivalents

Eur. J. Org. Chem. 2023, 26, €202300012 (7 of 15)

of copper catalyst. Interestingly, even when the average catalyst
concentration is low, improved reaction rates are still observed
with this system, showing the advantage of catalysis at high
local concentrations.

The supramolecular binding of guests via an endohedral
functionalization is an attractive alternative to employing this
function directly via a covalent linker as endohedral group. It
has been shown that this approach is also useful to host
medicinal relevant compounds. Crowley demonstrated that
Pd,L, cages with L=2,6-bis(pyridine-3-ylethynyl)pyridine are
hosts of cis-platin.*¥ The binding occurs here via hydrogen
bonding interactions between the amine ligands of platinum
and the central pyridine moiety of the cage. Another advantage
of this conceptual approach is that many different interior
designs might be realized without synthesizing each time a
new endohedral building block. However, differences in the
reactivity between these two mentioned approaches, that is
supramolecular via covalent functional group incorporation,
have been observed. An example is the linker dependence for
the electron transfer of redox-active species encapsulated in
MeL,, and M,,L,, supramolecular cages.”

4. Endohedral Group Acts as a Ligand

Endohedral groups can directly act as a ligand towards metals.
Fujita reported an example, where the central arene in the
bis(4-pyridyl)-functionalized building blocks, that are used to
synthesize M,,L,, spheres, was substituted for a pyridine."® It
has been shown that these pyridines could coordinate to
transition metals. The pyridine functionalized M,,L,, spheres
have been reported to host 24 Ag™ ions via pyridine coordina-
tion. Reek showed that via the use of Fujita type M;,L,, spheres,
catalysis at high local concentrations is possible. Two examples
have already been discussed in the previous section where the
endo-groups interacted with matching functionalized transition
metal complexes. Prior to these studies, Reek demonstrated
that M,,L,, spheres can also be synthesized containing bis(4-
pyridyl)-functionalized building blocks that have phosphine
groups attached that coordinate already to gold (27) (Fig-
ure 12). Combining these with ester endo-functionalized build-
ing blocks 28 results in the access of statistical mixtures of
M;,L,, spheres.”” Mixing 27 and 28 in ratios from 24:0 to 0:24

@\P,AUC\

27 Phy

Figure 12. Building blocks 27 and 28 used to study the reactivity of
statistical M,,L,, sphere mixtures used in Table 1.5

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Chemistry
Europe

European Chemical
Societies Publishing

Review

EurJOC . .
doi.org/10.1002/ejoc.202300012

European Journal of Organic Chemistry

in the presence of Pd’>" ions created a series of statistical
mixtures of M,,L,, spheres possessing different average local
concentrations of gold centers. However, the overall gold
concentration is kept constant (accept in the 0:24 case). This
series of sphere mixtures has been investigated for the hydro-
alkoxylation of an allenol. A clear trend can be seen, which is
that the yield increases with respect to increasing local gold
concentrations (Table 1). Notably, the used AuCl complex is at
low local concentration (1:23) inactive and gives hence no
cyclization product. In a following study this approach was
optimized by switching to Pt*" based spheres, which resulted
in more stable assemblies.”¥ These allow also the formation of

Table 1. Hydroalkoxylation of an allenol.*”
Ph  Ph catalyst 0)
z OH > 7
4‘3/\)&’ CH,Cly, 25 °C, 12h /\<—Z—Ph
Ph

Entry  Ratio 27/28  Mol[%] spheres ~ Mol[%] 27  Yield [%] TON
1 1:23 48 48 0 0
2 12:12 4 48 37 0.76
3 18:6 2.7 48 55 1.13
4 24:0 2 48 90 1.86

N=

\_7

\ o
o]
o
Vi m
\/
4
8
m P2+
27

catalyst °

—_— /
CDCly, 25 °C, 48h /\(—Z-ph

Ph

Ph_ Ph

¢CMOH

5%

catalyst o

///\)J\OH %(_7?0

D,0, 25 °C, 48h
94%

244

Figure 13. Top: Schematic depiction of the synthesis of M;,L,,*** sphere-
based gels 29 via combination of 8 and 27. Bottom: Application of M,,L,,**"
sphere-based gels as catalysts for gold catalyzed cyclization reactions.”
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cationic gold complexes via the post sphere synthesis reaction
with silver salts.

Oldenhuis and Johnson employed their approach to M;,L,,
sphere-based gels also to connected spheres that possess
building block 27 (Figure 13).5? The gel 29 was used to study
the cyclization of the allenol that was also explored by Reek.
After a reaction time of 48 h, a conversion of 90% was reached.
The activity of the gold-catalyst-functionalized gel was main-
tained for seven cycles. A conversion of 60% was still achieved
after ten cycles and a TON of 41. Further, the cyclization of 4-
pentynoic acid has been investigated. For this reaction the
catalyst loses only very little activity over 12 recycling cycles. As
an additional feature, catalysis in D,O has been performed with
the sphere containing gels.

The combination of bioinorganic chemistry  with
supramolecular cage compounds is a topic of growing
interest.”” In recent years examples using endo-functional cage
compounds emerged. Hydrogenases are metalloenzymes able
to catalyze the reversible conversion of protons into molecular
hydrogen at high rates and at almost no overpotential.*” For
iron-iron hydrogenases it has been shown that one important
feature is an internal proton relay.®” Inspired by these findings,
Reek studied the mimicking of the iron-iron hydrogenase by
using endohedral functionalized spheres.® Within this report
the authors mention that many synthetic analogous of this
active site had been synthesized by that time but none where
proton reduction would occur at a low overpotential. The
approach chosen by Reek uses M;,L,, spheres where two
different ligands L are mixed in a 5:19 ratio. The ligand of
which five equivalents have been used is the actual iron-iron
hydrogenase active site mimic 30 (Figure 14). The other ligand

12 eq. Pd?*
N .
\ 7/ 30 @O

19.eq.\\ S //Fe(CO)3
“Fe(CO)s
4

N—7

31

32 34

Figure 14. Synthesis of the spheres 32 and 34 that have been investigated
as functional mimics of the iron-iron hydrogenase.*® Images of the
molecular mechanics models are taken from reference 62.
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31 is a bis(4-pyridyl)-functionalized building block that has no
additional group for endohedral functionalization. Mixing these
two building blocks with Pd®" ions resulted in the formation of
sphere 32. Formation of the sphere resulted in a reduced
overpotential for proton reduction of 230 mV compared to the
free 30. That is explained by the environment of the iron sites
within the cage which results in stabilization of reduced
reaction intermediates by the positive cage framework. Addi-
tion of an external acid is here necessary. Unfortunately, while
the overpotential is reduced the catalytic rate is reduced as
well. This observation has been addressed by changing 31 for
building block 33 that possess an ammonium group capable of
transferring protons and making the reaction faster. Mixing 30
and 33 resulted in the sphere 34 (Figure 14). Indeed, while a
lowering of the overpotential was again observed (250 mV in
comparison to 30), the new sphere resulted in an enhancement
of the reaction rate of more than two orders compared to 32.

The metal coordination of three imidazole units belonging
to histidine plays an important role in many metalloenzymes.
For copper this is well known for several enzymes such as the
Cug site in particulate methane monooxygenase or
tyrosinase.**” Otte mimicked such a coordination for copper
containing enzymes via the use of the endohedral functional-
ized cage 36 (Figure 15).%” The cage is obtained via reductive
amination of the triamine that was also used to synthesize 22
and the dialdehyde building block 35 that is already imidazole-
functionalized. 36 is able to form complex 37 upon addition of
copper(l)salts. The cage possesses a flexible structure due to the
secondary amine groups that are next to two sp® carbons.
Within enzymes the coordinating groups are in close distance

HoN

NH

) 2.0 eq. NH, Q

NHz ks
O NN
DCM MeOH, rt, 48 h =/

3.0eq. 2) NaBH,, 1t, 2 h O i
o 36 N%ﬁ/l

[Cu(MeCN),]SbFg
DCM, rt, 2h
88%

10 mol% 37
/@AOH 7 mol% TEMPO /@AO
—_—
N, N,
© H,0, DCM, air © o8%
i, 16 h

Figure 15. Synthesis of endohedral-functionalized cage 36 and its corre-
sponding copper cage-complex 37.° Application of 37 as catalyst for the
aerobic oxidation of alcohols.
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while they can be on very different positions within the amino
acid sequence. That behavior is somewhat mimicked in 37 as
two coordinating nitrogen are 29 atoms apart. In the presence
of TEMPO, cage-complex 37 is a catalyst for the aerobic
oxidation of benzylic alcohols to benzyl aldehydes.

As the coordination spheres of many enzymatic active sites
possess different types of amino acid ligands, it is of interest to
employ this also in synthetic mimics. As many cage compounds
assemble as the thermodynamic products in high symmetry it is
challenging to synthesize cages of lower symmetry while
maintaining the overall shape. For organic cages Otte reported
on a stepwise approach using a derivative of the triamine used
for the synthesis of 36 where one amine is masked via an azide.
This approach can be used to synthesize organic cages with
different endohedral groups and substitution patterns.”®

With this strategy, derivatives of 36 have been synthesized
where one imidazole group has been substituted for a
carboxylate group that is connected to the cage backbone via
an alkyl linker. An example is the synthesis of 38. Such a ligand
sphere is used to mimic enzymatic iron active sites possessing
the so-called 2histidinelcarboxylate facial triad. This motif
occurs in many non-heme iron enzymes such as naphthalene
dioxygenase or taurine dioxygenase.”” For the synthesis of 38,
dialdehyde 35 reacts with the mentioned diamine 39 to give a
macrocycle with azide groups (Figure 16).°® The azides can be
transformed to amines via a Staudinger reaction resulting in
macrocycle 40 which gives 38 after reaction with 41. 38 is a

HoN Ny

\

O DCM, MeOH, rt, 48h
2) NaBH,4

35 3) PPhs, THF
MeOH, H,0

59%

DCM, MeOH, t, 48h
2) NaBH,

78%

o : rr o b
2 slow : 24
—_— . : C e
reaction 4
o %t $ . -~
1o o Sy
HO OH LN <
o fast
reaction
2) 0,

Figure 16. Synthesis of endohedral-functionalized cage 38 and its corre-
sponding iron cage-complex 42.® Reactivity of 42 towards oxygen in
absence and presence of alpha-ketoglutarate. Box shows the X-ray structure
of the NEt; adduct of 42 taken from reference 68.
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suitable ligand for transition metals. Within this study the
coordination to zinc and iron has been investigated. Reaction of
38 with an iron salt results in the formation of a new species 42
that is paramagnetic. A synthetic challenge in the design of iron
carboxyl complexes is to prevent the formation of carboxyl
bridged dimeric species. DOSYNMR shows that no such
dimerization occurs in solution for 42. Further, the triethylamine
adducts of 42 allowed to obtain a x-ray structure. That
demonstrates that also in the solid state no dimerization occurs
and that the ligand coordinates with both imidazoles and the
carboxylate as a bidentate ligand, as it also occurs at the
enzymatic active sites. In addition to the structural similarity, 42
mimics also the reactivity of such enzymes in a way that it does
not react readily with oxygen. Many iron enzymes need co-
substrates such as alpha-ketoglutarate to be able to activate
oxygen. In the presence of alpha-ketoglutarate, 42 reacts
directly with oxygen.

The particulate methane monooxygenase (pMMO) is an
enzyme of very high interest. It's active site and its mechanism
of action are under debate. In recent years the Cu. site has
been discussed to be the active site of pMMO.**”% The ligand
environment of the Cu site consists of two imidazoles and one
carboxylate. Inspired by these results, Otte reported a derivative
of 38 that has a shorter linker to the carboxylate group. That
cage 43 has been shown to form the copper(l)-complex 44
(Figure 17)."" 44 can be chemically oxidized to the correspond-
ing copper(ll)-complex. This Cu(ll) complex has in the presence
of water EPR features that reveal strong similarities to the actual
Cuc site® 44 is able to oxidize hydroquinones to quinones
under aerobic conditions. Such reactivity has been proposed to
be important for methane oxidation by pMMO.”? Interestingly,
empty cage 43 can perform also such oxidation but in lower
yields compared to 44. This may indicate a cooperative effect
between the secondary amines and the copper center.

NH

86% O

5 mol% 43 5 mol% 44
o CD,Cly, air OH CD,Clj, air o
-20 °C, 20 min -20 °C, 20 min
- —_—
33% quant.
o OH o
5 mol% 43 5 mol% 44
o] CD,Cly, air CD,Cly, air o]
¢/ -20°C, 20 min ©/ 20°C, 20 min_
20% 86%

Figure 17. Synthesis of copper cage-complex 44 from 43 and the application
of both for the aerobic oxidation of hydroquinones.””
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Hemicryptophanes have also been shown to use their
amine functionalities to coordinate to transition metals. An
example is 45, which has been reported by Makita (Fig-
ure 18)."? 45 can be obtained from the corresponding empty
hemicryptophane and Zn(OAc),. The cage-complex has been
studied as a catalyst for the hydrolysis of para-nitrophenyl
carbonate. This reaction results in the formation of the
corresponding phenol, carbon dioxide and methanol. The
performance of 45 has been compared with the uncapped 46.
Interestingly 45 is for the methyl carbonate 2.2 times faster
compared to 46. This ratio changes to 0.8 when the methyl
group in the carbonate is changed for a tert-butyl group. One
possible explanation could be that the enhanced size of the
substrate hinders the ability to reach the catalytic active site
within 45.

Inspired by copper containing enzymes, Dutasta and
Martinez used a hemicryptophan to study its binding to
copper.” The copper(ll)-complex 47 was used to catalyze the
oxidation of cyclohexane to cyclohexanol and cyclohexanone
(Figure 19). At 35°C and a catalyst loading of 1 mol% a yield of
28% oxidation products was obtained using 10 equivalents
hydrogen peroxide as the oxidative reagent. The alcohol ketone
ratio is under these conditions 4:3. The performance of 47 was
compared with the uncapped catalyst 48. Under the mentioned
conditions, 48 gives a yield of 15% of oxidation products with
an alcohol to ketone ratio of 2:1. Kinetic investigation shows
that the conversion using 48 stops after 1 h while 47 stays
another hour active, explaining the roughly 2-fold higher yield.
It seems that the cage has an impact on the catalyst
deactivation and prevents it at least for some time. Within this
study, a size-dependence of substrates has also been inves-
tigated. In competition experiments between cyclohexane and
adamantane, different conversion ratios have been observed for

R ] 0Ac
!
0 Q ©
OA
_ AN
HNNZ‘,,_NH NH~Z\,1-'_;NH
| N D)
45 46
10 mol% 45
5 eq. EtN(i-Pr),
10 eq. D,O

(o Xgge) OH
ISRN o
O,N © O,N
2 DMSO-dg, 1t -

kops(10°3 h1) =35
-CO,, - MeOH obs

10 mol% 46
O/OTO\ ° ?g'SNS;Por)Z OOH
N ° DMSO-dg, 1t OaN
605, - MeOH kops(10® h) = 16

Figure 18. Hemicryptophane 45 and its use as catalyst for the hydrolysis of
carbonates. Comparison to the uncapped 46.7?
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Figure 19. Hemicryptophan copper(ll)-complex 47 and its use as catalyst for the oxidation of cyclohexane with comparison to model-complex 48.

47 and 48. While it is 5 for the cage-catalyst 47, it is only 1.7 for
the model complex 48.

In a subsequent study, Guy, Gao and Martinez introduced a
set of hemicryptophans that possesses binaphthol moieties.”
These compounds were used by Martinez to synthesize the
oxido-vanadium(V)-complexes 49 (Figure 20).">' Further their
uncapped derivatives 50 were synthesized to evaluate the cage
effect. This work built also on a previous study by Dutasta
where hemicryptophan oxido-vanadium(V)-complexes have
been used to sulfoxidize thioanisol and other thioethers with
turnover numbers (TONS) of up to 180."® The aim behind these
new ligands was to construct more hydrophobic cavities.
Further, it should result in a better isolation of the reactive
center from the bulk solution. With this new set of complexes,
the catalytic sulfoxidation of thioanisol was investigated (Fig-
ure 20). Using cumene hydroperoxide (CHP) as oxidant and a
catalyst loading of 1.5 mol% in DCM at 0°C gave with 49 the
oxidized product after 180 min with yields between 85 and
93%. The uncapped set of catalysts 50 gave yields between 15
and 16%, highlighting the advantage of the capped catalyst.
Using M-(5,5,5)-(R,R,R)-49, at catalyst loadings of 0.01 mol% at
room temperature resulted in a yield on 85% after 10 h. After
13 h, TONs of up to 10000 were reached. No lost in catalyst
activity was found over four-cycle experiments. The catalytic

g
e

Qi
\Cfiﬁo A0 O

P-(5,5.5-(5.5,5)-49

P-(S.5.5)-(R.R,R)-49

M-(S.5,9)-(5.55-49 49 50 (s5,9)-(5.59-50

M-(S.5.5)-(R.A.R)-49 (55.5-(RRR)-50
o 15mol% (S,S5)-(RAA-50 1.5 mol% P-(S,5,5)-(S,5,5)-49 o

1.0 eq. CHP, DCM; 0 °C, 3 h 1.0 eq. CHP, DCM; 0 °C, 3 h
-—

g N
©/ 16% ©/ 93%

Figure 20. Hemicryptophan oxido-vanadium(V)-complex 49 and its use as
catalyst for the sulfoxidation of thioanisol with comparison to model-
complex 50.7
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system follows Michaelis-Menten kinetics. Notably, catalyst
performance can be inhibited when Me,N* is added as a
competitive guest.

Sorokin and Martinez used hemicryptophan metal-com-
plexes to study their ability towards methane oxidation.””
Methane oxidation is difficult due to the high C—H bond
dissociation energy of 104.9 kcal mol™'. Further, it is very
difficult to have a selective oxidation to methanol as this
product is easier oxidized then methane, which results in over
oxidation. Among the complexes investigated in the study by
Sorokin and Martinez are 47 and 49 but also derivatives that
offer a tris(2-pyridylmethyl)amine-based (TPA) ligand sphere.
These are the copper(ll)- and iron(ll)-complexes 51 and 52
(Figure 21). The complexes tested are inspired by the pMMO
where the active site is presumably in a hydrophobic cavity
which should be mimicked by the cage. Reaction conditions
employed use the cage catalyst in the presence of methane
(30 bar) in water at 60°C and hydrogen peroxide as the solvent.
The presence of formic acid, formaldehyde, methyl hydro-
peroxide and methanol as reaction products was analyzed
(Table 2). The copper complexes 47, 48 and 51 show only low
total TONs for methane with 47 having the highest with 1.8. 47
is also the only copper complex in this study where methanol
formation was observed (TON 0.3). The vanadium-complexes
give the highest TONs in this study. 49 is here shown as an
example with a total TON of 13.2. Most of the formed product is
formic acid with 10.1 while methanol is formed with a TON of

Figure 21. Hemicryptophan-complexes 51 and 52 that contain a TPA motive
and its uncapped iron-complex 53. These were used to study the oxidation
of methane.””
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Table 2. Methane oxidation catalyzed by hemicryptophan-complexes and
comparison to their uncapped model compounds.””!

cat. (1 umol)

H,0, (0.33 M)

CH, ————— > HCOOH + HCOH + CH300H + CH3;0H
H,0, 60 °C, 20 h
(30 bar)
Catalyst HCOOH HCHO CH,00H CH,0OH Total
TON TON TON TON TON

47 13 0.2 none 0.3 1.8
48 0.5 none 0.1 none 0.6
51 1.4 0.1 none none 1.5
49 10.1 24 none 0.7 13.2
52 4.7 20 1.4 1.1 9.2
53 1.7 23 0.7 none 4.7

[Cu(MeCN)4]PFg (1 mol%)
Ligand (1 mol%)
GSH (20 mol%)

DCM MeOH 10:1
25 °C, 24h

SH ; 54 = 99%
55=7%

Figure 22. TBTA-functionalized hemicryptophan 54 and its model 55 that
have been used to study the CUAAC in the presence of its inhibitor GSH.7

cat. (10 umol)
2 H,0, (10mM) ————— > 2H,0 +O.
202 ( ) pH74 2 2
(PBS buffer)

Figure 23. Tri-Mn(Salen) cryptand 56 that has been investigated on its ability
to transform hydrogenperoxide into oxygen and water.®”

0.7. The iron(ll)-complexes 52 and 53 give total TONs of 9.2 and
4.7. As for the other systems in table 2, formic acid is for both
complexes the major product formed. However, 52 forms
methanol with a TON of 1.1, which is the highest observed in
this study.

The tris(benzyltriazolemethyl)-amine (TBTA) motive has also
been incorporated in organic cage type compounds. David
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Figure 24. X-ray structure of 58 and schematic representation of the
substitution reaction of 1,3,5-benzenetricarboxylate for iminodiacetic
acid."® Reproduced from Ref. [103] Copyright (2022), with permission from
Wiley-VCH.

reported the coordination to zinc by such systems.”® In a recent
study, Martinez and Colomban incorporated the TBTA motive in
a hemicryptophan.” The resulting ligand 54 is capable to
catalyze the Cu-catalyzed azide-alkyne cycloaddition reaction
(CuAACQ) (Figure 22). The results were compared with the
uncaged model ligand 55. Interestingly, in most cases the
uncaged system performed better. However, when the click
reaction was performed in the presence of the biological CUAAC
inhibitor glutathione (GSH), superior yields have been obtained
with 54, while 55 performs only poorly. These results indicate
that 54 is capable to protect the active copper site from
inhibitor.

Inspired by the antioxidant properties of natural catalases,
Kang, Sessler and Zhang reported on tri-Mn(Salen) cryptands.
The aim of these cryptands is to act as potential antioxidant
metallodrugs.®” The cryptands have been investigated for their
ability to transform hydrogen peroxide into oxygen and water.
An example of the tested compounds is cage-complex 56
(Figure 23). In comparison to control complex 57, 56 produces
dioxygen 6.8 times faster. The reaction occurs in PBS buffer at a
pH of 7.4 In a following work, 56 has been combined with a
photosensitizer to construct a programmable
phototheranostics.®"

5. Conclusion and Outlook

Endohedral-functionalized cage compounds are a research field
of growing interest. Within this article the application of such
cages for their ability to mediate or catalyze reactions within
their cavities has been reviewed. In addition to this aspect,
other applications of endohedral-functionalized cage com-
pounds have been explored and for some of these it is likely
that they will contribute at some time to catalysis inside
cavities.
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One current aspect in cage chemistry is the development of
systems that have the ability to switch a certain behavior on
demand on and off. Fujita reported on M,,L,, spheres that have
due to endohedral-functionalization 24 azobenzene moieties in
their cavity. Upon photoisomerization the hydrophobic environ-
ment in the sphere can be fine-tuned and hence the guest
uptake can be controlled.®? Molecular motors are a field of very
high importance that is related to supramolecular chemistry.®*
Molecular rotors as such introduced by Feringa have been of
particular interest in the last decades.® Clever installed
molecular rotors as endohedral-functionalization in Pd,L,
cages.®™ The dynamics of the reported push-pull rotors is
among other factors influenced by the derivatization of the
electron-withdrawing moieties. Li, Zhang and Zheng introduced
recently Pd,L, cages that have endohedral groups that possess
a light-triggered rotary function and be able to host Cg, as a
guest

Within cage chemistry, it is often mentioned that enzymes
are a major inspiration. As also discussed in this manuscript,
mimicking the enzymatic active sites while mimicking the active
site pocket via cage compounds at the same time leads to new
pathways in bioinorganic chemistry. Another approach is to use
cages as hosts for enzymes. Fujita reported in 2007 a first step
in this direction when M,,L,, spheres have been reported that
offer peptides as endohedral-functionalization.®” In 2012, Kato
and Fujita showed that M,,L,, spheres can also host a protein.®®
The sphere was assembled via reaction of 23 equivalents of
unfunctionalized bis(4-pyridyl) building block and one equiv-
alent of protein functionalized building block in the presence of
Pd*" ions. The protein is anchored via reaction of a cysteine
thiol group with the maleimide of the functionalized building
block. Fujita and Fujita showed 2021 that encapsulation of a
cutinase-like enzyme in a molecular cage can stabilize its
tertiary structure.®™ It has further been demonstrated that this
improves the enzymatic activity. When the confined enzyme
was exposed to an organic solvent, like acetonitrile, its half-life
was prolonged 1000-fold.

The formation of a cage-compound can be controlled via
endo-functionalization. Beuerle studied the reaction of hexahy-
droxy tribenzotriquinacene with meta terphenyl-based dibor-
onic acid compounds.”® The unsubstituted 120° bite angle
compound assembles to a [4+6] cage compound. Upon
introduction of an additional benzoic acid substituent at the 2'-
position of the terphenyl-based diboronic acid compound a [2
+ 3] cage is observed as the major product. The new selectivity
is explained via hydrogen bonding interactions of the endohe-
dral boronic acid groups, which overcompensate the strain of
the smaller cage. A study of Reek showed, that for the selective
formation of Fujita-type Pt,,L,, spheres, functionalization of the
ligands plays a role.””

Endohedral-functionalization can also be combined with
other supramolecular motifs. Stoddart and Fujita showed that
M;,L,, spheres can be equipped with pseudo-rotaxane
groups.®? These are based on a tetracationic cyclophane host,
cyclobis(paraquat-p-phenylene), and a 1,5-dioxynaphthalene
guest. This system showed a stimulus-responsive behavior
towards ions. Furthermore, as the cyclophane host is 47
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charged this system is an example of encapsulated cations
inside cations. Liu showed that crown ether moieties can be
incorporated in Pdgl,, cages.” These can host potassium
cations which allows inclusion of boron-dipyrromethene dyes
into the cage cavities. These host-guest complexes display a
circularly polarized luminescence, while both cage and dye by
themselves do not show such behavior.

Hosting of oxo-anions by cage compounds is for environ-
mental reasons of interest as such host-guest interactions
might be used to purify contaminated industrial water.*” Also
for medicinal reasons, such host-guest complexes can be of
interest. Archibald and Lusby reported the encapsulation of
TcO,” and ReO, (often used as TcO, surrogate) in a cobalt-
coordination cage.” TcO,™ is used in clinical nuclear diagnostic
imaging scans. The reported TcO,” cage host-guest complex
showed a different biodistribution compared to the free oxo-
anion. Pasini and Amendola employed a chiral cage as a
chiroptical sensor for ReO,” in aqueous media.”® The used
cryptand is of low symmetry and contains a 1,1'-binaphthyl-2,2'-
diol (BINOL) moiety as endohedral-functionalization. The syn-
thesis occurs via a reductive amination protocol from a
diamine-functionalized macrocycle and 2,2'-dihydroxy-1,1"-bi-
naphthyl-3,3'-dicarbaldehyde. These systems present another
example of the successful combination of low-symmetry cages
and endohedral-functionalization.

Endohedral-functionalized cages of lower-symmetry, which
assemble via metal ligand coordination have been shown to be
suitable for binding guests. Clever introduced such heteroleptic
[Pd,L",L%] cages via a shape complementary assembly. That is
that the bite angles of the ligands used direct the cage
formation. These cages possess endohedral carbazole motifs
that are either N—H or otherwise functionalized, such as N-
CH,.®" These compounds have been studied for their ability to
bind to deprotonated phosphate diesters. A system with a N—H
group shows significant higher binding constants in compar-
ison to its N-CH; derivative, which is explained via the
possibility to form hydrogen bonds. Very recently, Clever
demonstrated the synthesis of a [Pd,L'L’L’L*] cage by a
combination of ligand shape complementary, strain balance
and inter ligand C—H-mt interaction.” In addition to the bite
angle control of the building blocks, heteroleptic cages have
also been shown to be synthesized via ligand interaction such
as steric bulk or hydrogen bonding interactions.”®'® Zhang
used such an approach to design endohedral-functionalized
[Pd,L',L% %] cages.'™ The synthesis of these cages starts with
the formation of a [Pd,L',] macrocyclic species. The Ligands are
here trans to each other. Methyl-functionalization of the
coordinating pyridines avoids here the formation of an
undesired cage. The [Pd,L',] macrocyclic species is reacted with
L? leading to a bowl type species [Pd,L',L%]. L* introduces an
endo-functionalization to the bowl. This functionalization is
sterically demanding and hence does not allow the formation
of a [Pd,L",L%] cage. The bowl reacts afterwards with L* to the
desired [Pd,L',1? 3] cages. Ligand L® can introduces a second,
but sterically less demanding endohedral-functionalization to
the cage.

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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It has also been shown that endohedral-functionalization
can be introduced after the cage has been formed. Hooley
reported that smaller derivatives of 17 that possess no endo-
functionalization can undergo iron-catalyzed C—H oxidation on
the fluorene moieties. The hydroxylation occurring is diaster-
eoselective in the presence of templating counter ions that are
encapsulated in the cage."* Very recently, Fang demonstrated
that endo-functionalization can be exchanged after the cage
has been assembled."® The polyoxometalate cages 58 studied
can host aromatic carboxylates such as 1,3,5-benzenetricarbox-
ylate (Figure 24, left). These aromatic carboxylates can be
substituted for others such as iminodiacetic acid (Figure 24,
right).

In conclusion, the field of endohedral cages is vibrant and
many recent findings promise more spectacular results to come
in the next years. In particular, it will be interesting to see the
application of such cages that combine this approach with
other approaches mentioned in figure 1 or additional ap-
proaches in cage chemistry that may develop over time.
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