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M olecules can behave quite differ-
ently when they are isolated from their
surrounding and are restrained within a
molecular container with a defined
shape, volume, and chemical environ-
ment. Since the pioneering work by
Cram etal. on covalent hemicarcer-
ands,!! in the last years also self-assem-
bled capsules based on the reversible
aggregation of smaller building blocks
have received broad attention. Different
kinds of molecular containers have been
developed, for example, on the basis of
metal-ligand interactions,”) H-bonds,"
ion pairing,”! or hydrophobic interac-
tions.”) This Highlight will focus on
some recent achievements in the field
of guest encapsulation within self-as-
sembled molecular containers. For ear-
lier work up to 2005, some excellent
review articles are recommended.”! We
will show how molecular containers can
be used 1)to selectively bind specific
guests, 2)to force guest molecules to
adopt otherwise unstable conforma-
tions, 3) to stabilize reactive intermedi-
ates, and 4)to control chemical reac-
tions.

Fabris and co-workers very recently
presented a new H-bonded capsule
based on trisoxime 1 (Figure 1a)." In
chloroform solution, 1 forms dimers
that selectively encapsulate small guests
such as methane, O,, N,, or Ar whereas
larger molecules such as cyclohexane
are not bound. Guest binding can be
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Figure 1. a) The trisoxime 1 forms H-bonded
dimeric capsules that bind small gas mole-
cules (O, N, CH,, Ar) in organic solution;
Cdark gray, N blue, O red, H light gray. b) Bu-
tane induces the solvophobic dimerization of
cavitand 2 in water, whereas smaller hydro-
carbons are bound less efficiently.

followed by using NMR spectroscopy.
On the one hand, the bound guest
experiences a high-field shift owing to
the anisotropy of the benzene ring
current. For example, bound methane
gives a 'H NMR signal at 6 = —2.64 ppm
(a downfield shift of Ad=—2.85ppm).
On the other hand, oxygen as a guest
also affects the NMR signals of the host.
Its paramagnetic triplet state changes
the relaxation times of the nuclei of the
host that are in close proximity of the
bound oxygen. Hence, the selective
broadening of some signals of host 1 in
the presence of oxygen can be used to
probe its position within the capsule.
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The capsule preferentially binds cylin-
drical guests such as O,, N,, or CO over
spherical guests (Ar, methane). The
optimal packing coefficient for gaseous
guests is in the range 0.40-0.55.

Sometimes more than one guest
molecule fits into a capsule. The deep-
cavity host 2 with a hydrophobic rim
takes up gaseous butane in aqueous
solution to form a 2:2 complex (Fig-
ure 1b).*l In this case, capsule formation
is templated by guest encapsulation.
Without the guest, only monomeric 2 is
present in solution, as could be shown
with DOSY NMR spectroscopy. Spon-
taneous gas uptake occurs on a time
scale of several hours and depends on
the partial pressure of the guest in the
gas phase. Propane also forms a similar
but weaker 2:2 complex. Its affinity is
only '/, of that of butane. Hence, an
aqueous solution of host 2 selectively
takes up butane from a 1:1 mixture of
butane and propane. Ethane is too small
to induce capsule formation, therefore
only a weak 1:1 complex between 2 and
ethane is formed. Such a selective guest
encapsulation within a molecular con-
tainer might find applications for gas
separation and storage. The bound guest
can be easily removed by increasing the
temperature of the solution or by purg-
ing with an inert gas.

When the noncovalent interactions
between the building blocks of the
capsule are strong enough, also guests
that are too large can be bound if they
can be forced to adopt a folded and
hence more compact conformation. For
example, Rebek, Jr. etal. could show
that within a resorcinol-based self-as-
sembled capsule 3 (Figure 2), alkanes up
to n-decane are bound in an extended
conformation which is also the energeti-
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Figure 2. Cavitand 3 forms a H-bonded dimer,
which encapsulates tetradecane in a com-
pressed conformation. Upon addition of gly-
couril 4, the capsule expands and allows the
guest to relax to its more stable extended
conformation.

cally most stable conformation for the
free molecule.”) However, tetradecane
is too long to fit into the cavity of the
capsule; nevertheless, it is bound but
forced to adopt a compressed, helical
conformation that contains at least eight
unfavorable gauche interactions. This
coiled conformation therefore exerts a
pressure onto the self-assembled capsu-
le as the tetradecane molecule tries to
uncoil. The system is in a sort of
mechanically excited state, representing
a molecular “spring-loaded” device.

Glycourils such as 4 can be incorpo-
rated into the H-bond network at the
dimerization rim, thereby extending the
capsule and allowing the tetradecane to
relax to an extended conformation. The
glycouril spacer can then be removed
again by the addition of acid (HCI),
thereby causing the precipitation of its
insoluble hydrochloride salt. The tetra-
decane molecule is then forced back
into the coiled conformation within the
once again smaller capsule. These coil-
ing/extension cycles can be repeated
several times, thus representing a model
for a molecular machine that is con-
trolled by an external stimulus (acid/
base, in this case).

The amount of “stress” that can be
forced onto a guest of course depends
on the strength of the noncovalent
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interactions that hold the self-assembled
capsule together. Therefore, the spring-
loaded device 3 only works in nonpolar
organic solvents as it relies on H-bonds.
Metal-ligand interactions are much
stronger, approaching the strength of
covalent bonds. Metallo-supramolecular
capsules are therefore also stable in
water in contrast to purely H-bonded
assemblies.

Fujita has used a prismlike porphy-
rin cage self-assembled from a pyridyl-
substituted porphyrin and { Pd"(en)} to
bind the tripeptide Ac-Ala-Ala-Ala-
NH, (Ac=acetyl, Ala =alanine) in wa-
ter.') The guest is bound within the
cage through extensive hydrophobic
interactions (K,,=10°mM""). However,
NOESY experiments showed that the
tripeptide adopts a -turn conformation.
Distinct NOE signals were observed
between the N-acetyl group and the C-
terminal alanine residue. In contrast, in
free solution the tripeptide is present in
an extended conformation. A f-turn is
normally only stable within a folded
conformation of more than nine amino
acids. So here again, the bound guest is
forced into a conformation that is not
the most stable one of the free guest.
However, this strained conformation
provides the best spatial fitting within
the cavity and allows for the most
extensive interactions between the guest
and host (CH—m interactions, as indicat-
ed by modelling data). Similarly, a nine-
residue peptide was folded into an o-
helical conformation upon encapsula-
tion within the dimeric capsule of a
metal-linked [M¢L,] (M = {Pt"(en)}, L=
tris(3-pyridyl)triazine) bowl-shaped
host.M"

The geometric requirements within
a self-assembled capsule can thus force a
molecule to fold into a specific confor-
mation. Furthermore, within the capsu-
le, the guest is isolated from the sur-
rounding, which significantly affects its
chemical reactivity. In this way, also
otherwise unstable molecules can be
efficiently trapped and isolated within
such capsules. Compared to the stabili-
zation of reactive intermediates within
covalent hemicarcerands, as developed
by Cram etal. and now continued by
Warmuth et al.,''l the use of self-assem-
bled capsules makes this approach syn-
thetically much easier. One just has to
mix the building blocks of the capsule as
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well as the guest in solution, and the
complex forms spontaneously.

However, the entrapped guest can
exchange with its surrounding even
though its lifetime within the capsule
can vary from milliseconds to weeks (the
latter especially for very stable metallo-
supramolecular cages). This process of
course limits the lifetime of any reactive
intermediate trapped within a self-as-
sembled capsule.

In the crystalline state, guest ex-
change is more or less impossible.
Therefore, Fujita and co-workers were
able to generate the coordinatively un-
saturated complex [Cp'Mn(CO),] (6;
Cp’ = CsH,Me) within a self-assembled
[M¢L¢] coordination cage 5 (Figure 3).1'%]

Initially, the stable precursor
\N/
R Al N,
O : [ 9 ?
/N

QQNO$ -

Figure 3. Fujita et al. used a self-assembled
[MgLg] cage 5 to encapsulate and stabilize
reactive organometallic intermediates such as
6 or to impose geometric constraints onto the
[4+2] cycloaddition of anthracene and male-
imide to give an unexpected regioselectivity.

[Cp'Mn(CO);] was encapsulated. The
reactive intermediate was then generat-
ed upon photoirradiation of the crystal,
which led to the dissociation of one CO
molecule. The X-ray structure analysis
showed that the unstable [Cp'Mn(CO),]
fragment adopts a pyramidal geometry.

Raymond et al. were able to isolate
the highly reactive ion [Cp(Ru(cis-1,3,7-
octatriene)|" (8; Cp=CsH;) within a
tetrahedral [M L] self-assembled cage 7
(Figure 4).11 This reactive organome-
tallic intermediate is stable within the
capsule for weeks in aqueous solution
even though it otherwise decomposes
within minutes in water. Nevertheless, it
can still react within the cage, for
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Figure 4. The self-assembled [M,L¢] cage 7, developed by
Raymond et al., preferentially binds cationic substrates
such as 8 or iminium ions 9 that are otherwise unstable in
aqueous solution. Even acid catalysis in basic solution
(pH 11) becomes possible, as shown for the hydrolysis of

an orthoester.

example, with CO which is present in
the solution.

Also unstable organic species can be
stabilized within the same capsule.'”)
The self-assembled [M,L4] cage prefer-
entially hosts cationic guests over neu-
tral ones as the cage is negatively
charged. For example, iminium ions
are formed from the condensation of a
secondary amine with an aldehyde or
ketone. This is an equilibrium reaction
that, in the presence of water, normally
lies completely on the side of the
reactants. The concentration of iminium
ions is negligible in neutral or basic
aqueous solution. The cage 7, however,
efficiently traps and stabilizes the imi-
nium ions within the capsule (Figure 4).
Once encapsulated, the iminium ions
are stable for months at room temper-
ature even in water at pH > 7. However,
the shape of the capsule dictates which
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activated substrate

iminium ions can be entrap-
ped. The binding efficiency
depends on the size, shape,
and hydrophobic character
of the iminium ion. For
example, for iminium ions
formed from pyrrolidine
and 2-alkanones, the encap-
sulation efficiency first in-
creases until an optimum is
reached for 2-pentanone be-
fore it decreases again with
longer alkyl chains. Finally,
no iminium ion could be
observed for 2-undecanone,
which is obviously too large
as a guest to be accommo-
dated within the cavity of

OH~

\ the host.

\ Guest encapsulation

—()  within a self-assembled mo-

J lecular container can also
significantly change the

chemical properties of the
bound guest. The preference
of 7 for cationic guests over
neutral ones affects the ba-
sicity of encapsulated guests
(amines become more basic
by about four orders of
magnitude). As Raymond
etal. just recently
showed, ' this pK, shift al-
lows also for acid catalysis in
basic solution (Figure 4).
Upon encapsulation within
the cage, orthoformates
HC(OR); (R=C1-C5 alkyl groups)
are easily protonated by water even at
pH 11. The protonated orthoester with-
in the cage is then hydrolyzed to give the
protonated ester. After release from the
cage, the ester is immediately converted
into the carboxylate. As the carboxylate
is no guest for the cage anymore, no
product inhibition occurs: The self-as-
sembled host acts as a real supramolec-
ular catalyst, accelerating the hydrolysis
of orthoformates up to a factor of 890
over the uncatalyzed reaction. Of
course, only those orthoformates that
fit into the capsule are hydrolyzed.
Triphenylorthoformate is too large and
does not react. Furthermore, similarly to
enzymes, a better binding guest such as
NPr,” also effectively prevents hydrol-
ysis owing to competitive inhibition.

In this case, the molecular container
first enables the reaction under the
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specific conditions. However, the capsu-
le can also change the selectivity of a
reaction as a result of the geometric
constraints it imposes on the bound
guests. Rebek, Jr. and Kang showed
some years ago that a H-bonded capsule
promotes Diels—Alder reactions by
bringing the two reactants into close
proximity upon coencapsulation.!'”! Fu-
jita and co-workers have now used 5 to
impose an unusual regioselectivity upon
the Diels—Alder reaction between an-
thracene and N-cyclohexyl malei-
mide.'¥ Within the capsule, the two
reactants are orientated in a way that
only allows cycloaddition to the 1,4-
position of the anthracene molecule
(Figure 3). The usual 9,10-adduct can
not be formed owing to geometric con-
straints. The large N-cyclohexyl sub-
stituent on the maleimide forces the
double bond over the terminal ring of
the anthracene molecule. However, this
reaction is not catalytic, as the product is
bound even better than the two starting
materials for entropic reasons. Howev-
er, this product inhibition allowed Fujita
and co-workers to obtain the crystal
structure of the reaction product bound
inside the cage, thus illustrating its
orientation within the capsule.'™ The
scope of this reaction was very recently
extended by Fujita et al. to other aro-
matic compounds besides anthracene.
Also arenes such as triphenylene give
efficient formation of Diels—Alder ad-
ducts through coencapsulation with N-
cyclohexyl maleimide, even though in
free solution they are not substrates for
[442] cycloadditions.'™!  Similar geo-
metric constraints in reactions have also
been observed for guests encapsulated
in dimeric capsules of host 2.

These examples show that the field
of guest encapsulation within self-as-
sembled containers has matured in re-
cent years. Such nanovessels provide a
very specific environment in terms of
size, shape, and chemical properties
around a bound guest, which not only
dictates the selectivity of guest binding
but can also be exploited to control the
structure or the chemical reactivity of
encapsulated species. At the moment,
the choice of capsules still dictates which
species are bound and which reactions
can be performed within. But as our
knowledge of these phenomena im-
proves, the more likely tailor-made
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nanovessels for specific purposes will
become available. Perhaps we will even
see self-assembled minienzymes in the
future?
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