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Abstract. The conceptual idea of molecular container compounds and their synthesis has opened
an entirely new and very interesting research field: the chemistry of and within molecular container
compounds and their complexes. Molecular containers have inner phases just large enough to ac-
commodate a single guest molecule. Beginning with Donald J. Cram’s first synthesis of a carcerand,
which permanently entrapped a single guest molecule, many other containers such as hemicarcer-
ands, molecular lantern, self-assembled capsules and fullerenes have been synthesized and studied.
Not only is the design and development of new container compounds an ongoing challenge for or-
ganic chemists, but also the systematic investigation of chemical reactions within their inner phases.
The results of a large variety of inner phase reactions spanning acid-base, reduction, oxidation, nucle-
ophilic substitution, addition, thermal, photochemical and pericyclic reactions have provided us with
more insight into the relationship between bulk phase and inner phase reactants and the mechanism of
the transfer of electrons and photons through the insulating shell of a container molecule. They have
also led to very spectacular applications of molecular container compounds such as the stabilization
of reactive intermediates by incarceration. These highlights of inner phase chemistry and the current
efforts and successes towards using molecular containers as catalytic reaction vessels are presented
and discussed.
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1. Introduction

If two bowl-shaped molecules are connected rim-to-rim, a closed-shell spherical
molecule results which is wrapped around an inner space large enough to occupy
an organic guest molecule. This was Donald J. Cram’s conceptual idea that led
him to design and synthesize the first molecular container compound which he
called a carcerand [1]. The name carcerand is derived fromligand and from the
Latin wordcarcer, meaning prison, which truly suits this new class of compounds.

? Dedicated to Professor Donald J. Cram on the occasion of his 80th birthday.



2 RALF WARMUTH

Chart 1.

Carcerands such as1 differ from other organic molecules in that they have two
distinct, non-connected surfaces. Its outer surface is exposed to the bulk phase and
its inner surface sets the boundaries for its inner cavity. Indeed, a single organic mo-
lecule can be incarcerated in these cavities. The guest is held inside by constrictive
binding, a new binding phenomenon which results if the portals are too narrow,
preventing guest escape. Isolated from the bulk phase, the guest can freely rotate
and translate inside its molecular prison [2]. Cram coined the name “inner phase”
for the interior of a container compound since the properties of an incarcerated
guest molecule are different from those in the bulk phase.

In 1985, Cram and coworkers reported the first successful carceplex synthesis
[3]. When equimolar amounts of the two cavitands2 and 3 were treated with
Cs2CO3 in a mixture of dimethylformamide (DMF) and tetrahydrofuran (THF)
under high dilution conditions, a mixture of different carceplexes1·Guest were
obtained as insoluble material in 29% yield.

Despite the unexpected insolubility of these carceplexes which prevented the
application of solution NMR techniques for their structural analysis, their ex-
act composition could be determined via elemental analysis, IR and FAB-MS in
combination with chemical tests. During its formation,1 essentially incarcerated
every component present in the reaction mixture that can be accommodated in its
inner cavity in Corey–Pauling–Koltun (CPK) space filling models. The FAB-MS
showed signals for1·Guest, with the guests argon, DMF, THF, H2O, Cs+, and
also ClCF2CF2Cl, if the shell-closure reaction was performed in the presence of
ClCF2CF2Cl (Freon). If in the latter case, the carceplex mixture was degraded with
refluxing trifluoroacetic acid, free ClCF2CF2Cl could be detected by GC-MS. Vari-
ation of the appendent substituents allowed the preparation of soluble carceplexes
4·Guest and5·Guest in subsequent studies [4].

Since the first carceplex synthesis, a large variety of (hemi)carcerands with
different shapes and sizes of their inner cavities have been prepared in the labor-
atories of D. J. Cram and others by connecting two cavitands together with four
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Chart 2.

appropriate linkers [5–10] and their binding properties have been studied. These
(hemi)carcerands have cavities suitable for the incarceration of guests of a wide
range of sizes and shapes from small molecules such as N2, O2, or Xe [5d] to
molecules as large as C60 which itself is a container [5j]. A very important break
through has been the recent synthesis of the first water-soluble hemicarcerand by
Yoon and Cram which will direct this field into a new dimension [10].

The novelty of the (hemi)carcerand structures have lured molecular container
chemists to study their properties and the properties of their trapped guests. For
example, the mechanism of their template assisted formation which leads in one
case to exceptionally high yields of 87% for a reaction that involves the collection
of seven components and the formation of eight covalent bonds [11]; the relation-
ship between size, shape, and electronic nature of the inner phase and their binding
properties [1b–c, 2, 5–8, 10]; the mystery around the mechanism of guest entrance
or exit at high temperature in complexes, whose guest freely rotates and which are
almost infinitely stable at room temperature [12, 7b]. Furthermore, there are many
interesting questions related to the guest reactivity: Could one conduct reactions
inside these reaction vessels and how would those reactions differ from their bulk
phase counterparts? How do small reactants such as protons, electrons or photons
pass through the host skeleton in order to reach the incarcerated guest? Can we even
generate and protect highly delicate molecules inside the inner phase and prevent
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their self-destruction via dimerization or the reaction with bulk phase reactants that
are too large to pass through the protective host skin? Is catalysis possible in such
novel reaction chambers?

In the following, I will summarize all recent efforts to answer the latter ques-
tions regarding inner phase reactions and the stabilization of reaction intermediates
inside molecular containers such as hemicarcerands, fullerenes, molecular lanterns
and hydrogen-bonded self-assembled capsules (‘soft-balls’). This will provide the
reader with an overview of inner phase chemistry starting from the discovery of
molecular containers by Donald. J. Cram until now, and an outlook on how this
exciting research field might develop.

2. Inner Phase Reactions

Reactions in inner phases are at the interface between solution phase and bulk phase
reactions. On one hand, one can treat a molecular container as a novel reaction flask
and the inner phase and its incarcerated guest as a single molecule gas. In such a
single molecule gas, the mobility of the reactant is more restricted by the host
compared to a macroscopic gas. However, we can also regard inner phase reactions
as similar to solution phase reactions in which reactants and encounter complexes
are surrounded by solvent cages. Areas of the rigid inner host surface function
as such a solvent cage which has to stabilize the inner phase reaction transition
states. It is clear that such inner phase reactions will considerably differ from their
analogous solution or gas phase counterparts. Conceptually, we can divide inner
phase reactions into four categories:
1. Intermolecular inner phase reactions.
2. Intramolecular inner phase reactions.
3. Mother molecule–daughter molecule inner phase reactions.
4. Innermolecular inner phase reactions.

In intermolecular inner phase reactions, the incarcerated guest reacts with a
bulk phase reactant. This may require the full incarceration of both reactants or
the partial passage of the bulk phase reactant through one of the openings in the
host shell. In most observed bimolecular inner phase reactions carried out inside
hemicarcerands, it is difficult to discriminate between both models. Many different
intermolecular reactions, which will be summarized in Sections 3 and 5, have been
carried out with sometimes very surprising outcomes and have lead to the discovery
of the first real catalytic reaction chamber.

Intramolecular inner phase reactions are triggered by an external stimulus (e.g.,
light or heat) that causes the rearrangement of the incarcerated guest or its cleav-
age into two or more fragments which subsequently might exit the inner phase.
Such reactions which have lead to the generation and stabilization of incarcerated
reactive intermediates will be discussed in Section 3.

Two further new inner phase reaction types have been introduced recently.
In Okazaki’s mother molecule–daughter molecule-reactions, an external stimulus
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Figure 1. The graphic shows different types of inner phase reactions which have been
observed.

leads to the release of a guest (daughter) which was covalently linked to the
inner surface of the surrounding host (mother) to form a new mother molecule–
daughter molecule complex. Innermolecular reactions are the exact opposite. The
incarcerated guest reacts with the inner surface of the surrounding molecular con-
tainer leading to a covalent adduct. The latter two reaction types are particularly
interesting. The mother molecule–daughter molecule complex formation allows
the generation of an encapsulated reactive intermediate or of an endohedral-fixed
reactive functionality, which both are protected by the surrounding capsule shell.
Recent application of this principle will be discussed in Section 6. Innermolecular
reactions are interesting since these reactions take place at the concave inner sur-
face of one reactant (the host), which is rather uncommon. Such type of reactions
will be discussed in Sections 3 and 6.

3. Hemicarcerands as Unimolecular Reaction Vessels

3.1. PROTON-TRANSFER REACTIONS

In order to answer the question of whether reactions between incarcerated guest
molecules and bulk phase reactants through the shell of the surrounding host are
possible, proton transfer reactions come immediately to mind due to the small size
of the proton. Through-shell protonations also provide insight into the effect of
incarceration on the acidity and basicity of guests compared to their bulk phase
counterparts. Cram and coworkers addressed these questions by studying through-
shell proton transfer reactions of incarcerated amines6·pyridine,6·(CH3CH2)2NH
and6·CH3(CH2)3NH2 [5d].

Despite the fact that the chosen hemicarcerand6 provides large enough holes in
its shell for the free passage of H+, any attempt to protonate incarcerated pyridine



6 RALF WARMUTH

Chart 3.

6·pyridine with bulk phase CF3COOD in CDCl3 failed. Under the same condi-
tions, free pyridine was quantitatively protonated. As expected for a hydrophobic
inner phase, incarcerated pyridine is much less basic than freely dissolved pyrid-
ine. Cram suggested that this reduced basicity is possibly due to the ineffective
solvation of the pyridinium ion by the rigid host, the inability to form a contact
ion pair in the inner phase, and the larger size of the pyridinium ion compared to
the pyridine. An inaccessibility of the unshared electron pair of incarcerated, freely
rotating, pyridine would be a possible explanation, but seems very unlikely.

Through-shell proton transfer was possible with6·(CH3CH2)2NH accompan-
ied by the instantaneous decomplexation of6·(CH3CH2)2ND+2 . The ability to
protonate6·(CH3CH2)2NH with CF3COOD in CDCl3 results from the location
of the nitrogen of (CH3CH2)2NH in the equatorial region close to the portals.
After protonation, the counterion pulls the guest out of the inner phase. If 10 eq.
of CF3COOD was added to the incarcerated isomeric6·CH3(CH2)3NH2, a 2:1
mixture of 6·CH3(CH2)3ND+3 and 6·CH3(CH2)3NH2 was detected by1H-NMR
spectroscopy. This ratio remained constant over time although decomplexation
slowly continued at 22◦C with a rate half-life time of 22 min to give free6 and
CH3(CH2)3ND+3 ·−O2CCF3. Complete protonation of6·CH3(CH2)3NH2 was only
possible with 100 eq. of CF3COOD. However, the addition of a large excess of
the weaker acid CD3COOD resulted only in a H/D exchange of the amine protons.
These results show that the acidity of incarcerated n-butylamine is comparable to
the acidity of trifluoroacetic acid in CDCl3. The strong upfield-shifted amine pro-
tons of6·CH3(CH2)3NH2 (1δ 3.18 ppm) imply a guest alignment along the polar
axis of 6. Model examinations suggest that in this orientation, the through-shell
protonation occurs most likely through the holes in the polar caps of6.
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Figure 2. Space-filling model of6·pyridine showing the exposed nitrogen of the pyridine
guest. The pendent groups R = CH2CH2C6H5 of 6 are substituted for CH3 groups.

3.2. ELECTRON-TRANSFER REACTIONS

Electron transfer (ET) plays an important role in many organic reactions and is
heavily studied experimentally and theoretically. Although ET processes are most
efficient upon contact donor acceptor complexes, it does not necessarily require the
direct contact between donor and acceptor. In this case ET would be nonadiabatic.
Due to the small size of the electron, ET reactions are well suited to be studied
between an incarcerated guest and a bulk phase reducing or oxidizing agent. An
oxidation-reduction cycle for the four hydroquinones8–11could be carried out in
the inner phase of7 [13].

Oxidation with Ce(NH4)2(NO2)6-silica gel-CCl4 or Tl(O2CCF3)3–CCl4 led to
the parent incarcerated quinones12–15 in essentially quantitative yields. Des-
pite their usual instability if in solution, the incarcerated quinones were stable
below 100 ◦C in the absence of light, protected from self-destruction by the
surrounding host. The reduction back to the hydroquinones was possible with
SmI2/MeOH. The same reagent reduced incarcerated nitrobenzene16 to N-
hydroxyl-aniline17. Surprisingly, aniline, which is the product in the liquid phase,
is not formed. This latter result, the high yields, and the instability of freeo-
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quinones, suggests that all reduction/oxidation took place in the inner phase, rather
than by a dissociation – bulk phase reaction – association mechanism. It also
demonstrates that electrons are transferred readily through the host shell in and
out of the inner phase. The exact mechanism of the ET and the role of the in-
tervening medium (the host) is not clear yet. To get more insight, Kaifer and
coworkers recently compared the electrochemical behavior of free ferrocene with
that of incarcerated ferrocene (18·ferrocene) [14]. They demonstrated successfully
a reversible heterogenous electron transfer. However, in the inner phase, the ET
was strongly hindered kinetically and thermodynamically. A more positive half-
way potential for the oxidation, due to the strongly hydrophobic nature of the inner
phase, as well as a 10-fold rate retardation was measured. To support their conclu-
sion of an inner phase oxidation/reduction cycle, Kaifer isolated the incarcerated
oxidized ferrocene hemicarceplex18·ferrocene+ as a dark blue solid. The NMR
spectrum showed large spectral shifts compared to the spectrum of18·ferrocene
and also strong linebroadening. Both results are consistent with the formation of
the paramagnetic guest ferrocene+ . The blue color and the NMR spectrum per-
sisted at room temperature for several days until18·ferrocene+ slowly reverted
back to18·ferrocene, revealing that guest dissociation/association can be excluded
within the time frame of the electrochemical experiments. Kaifer suggested that
the slower ET between the incarcerated ferrocene and the electrode surface could
result partially from the higher mass of18·ferrocene compared to ferrocene and
also from a reduction of the electronic coupling between the ferrocene center and
the electrode which is affected by a remarkable increase in distance from 3.5 Å
to about 9 Å. Whether the hemicarcerand’s aromatic structure may mediate the
electron coupling between incarcerated ferrocene and the electrode surface is not
clear on the basis of the limited amount of data.
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Chart 5.

Chart 6.

3.3. PHOTO-ELECTRON-TRANSFER AND TRIPLET ENERGY TRANSFER

To get more insight into the mechanism of electron transfers between a donor and
an acceptor which are separated by an ‘insulating’ material, Kurt Deshayeset al.
started a systematic investigation of triplet energy transfer processes from an incar-
cerated guest through the surrounding hemicarcerand shell to a bulk phase acceptor
[15]. They chose as the incarcerated donor the triplet sensitizer acetophenone (Ac).
Acetophenone forms a hemicarceplex with host19which is stable at room temper-
ature. Indeed, hemicarceplex19·Ac was able to photo-sensitize the isomerization
of cis-piperylene totrans-piperylene, when a solution ofcis-piperylene and19·Ac
was irradiated.

Taking into account the different lifetimes of free (240 ns) and incarcerated
triplet acetophenone (160 ns), Deshayeset al.determined a 2.7-fold slower triplet
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Scheme 1.

Figure 3. Rates of triplet energy transfer vs.−1G for 19·biacetyl and theoretical curve for
k = A exp[−(λs +1G + λv)2/4λskBT ] with λs = 0.2 eV andλv = 0.2 eV. Reprinted with
permission fromJ. Phys. Chem., February 1996,100, 3305–3307. Copyright 1996 American
Chemical Society.

energy transfer rate for19·Ac compared to free acetophenone. This corresponds
to an almost diffusion controlled rate for19·Ac. Deshayeset al. concluded that
triplet energy is transferred through the shell by an electron exchange mechanism
which is believed to require a close contact between donor and acceptor. Since a
direct contact is impossible in the present case, sufficient overlap of the HOMO and
LUMO of the donor-acceptor pair through the host-shell must exist. This example
unambiguously proves the possibility of a pure through-space pathway for a triplet
energy transfer. The precise role of the intervening hemicarcerand in such through
space energy transfers is not clear based on this study. In an extension of their initial
work, Farrán and Deshayes studied the triplet energy transfer between incarcerated
biacetyl (Scheme 1) (19·biacetyl) and various bulk phase triplet energy acceptors.
They found that the hemicarcerand retards the triplet energy transfer in all cases
[16].

The hyperbolic relationship between the logarithm of the measured triplet en-
ergy transfer rate constantkET and the driving force1G is consistent with a
nonadiabatic system that moves into the inverted region at low exothermicity
(Figure 3).
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The decreased triplet energy transfer rates with19·biacetyl suggest a reduced
electron-coupling between donor and acceptor as a result of the intervening dis-
tance imposed by the hemicarcerand. Consistent with this model is that the
measured triplet energy transfer rate constants decrease with increasing thermody-
namic driving force, as the Golden Rule predicts for weakly coupled nonadiabatic
processes.

Very interesting is the extremely slow triplet energy transfer rate to oxygen
with 19·biacetyl, despite the fact that oxygen is a highly efficient triplet energy
quencher. Farrán and Deshayes concluded that when oxygen is prevented from
coming into direct contact with the donor, the quenching rate drops off drastic-
ally. In an independent investigation using the same donor19·biacetyl, Pinaet
al. measured a similar triplet energy transfer rate constant to oxygen [17]. Fur-
thermore, Parolaet al. independently studied the triplet energy transfer rates with
the donors19·biacetyl and free biacetyl to various triplet energy quenchers that
quench via energy transfer [18]. In addition to the quenchers shown in Figure
3, phenanthrene, 9-fluorenone, benzanthrone and acridine were investigated. The
measured triplet energy transfer rates basically coincided with those of Farrán and
Deshayes. However, Parolaet al. concluded that the difference in energy transfer
rate constants of free and incarcerated biacetyl is a result of different electronic
exchange matrix elements, rather than the different Franck-Condon factors as sug-
gested by Farrán and Deshayes. Parolaet al.argued that it is very unlikely that the
electronic exchange matrix element is constant throughout the series of structurally
different triplet quenchers used in both studies. In particular, the large scattering
of the data and the poor correlation is likely a consequence of the different sizes
of the hydrocarbon quenchers. This results in different donor-acceptor distances
and/or orientations leading to different values for the electronic exchange matrix
elements. Similar poor correlation and scattering of data was observed in other
donor-acceptor pairs covalently connected with a rigid spacer [19]. Hence, Parola
et al. are rather careful in taking the observed parabolic like relationship as firm
evidence for inverted behavior as suggested by Farrán and Deshayes.

Nevertheless, triplet energy transfer reactions between a donor and acceptor
which are separated by an insulation barrier are truly novel. The complexity of
such systems is enormous as should be obvious from the above discussion. Since
our knowledge and understanding about carceplexes and hemicarceplexes is not
complete yet, further more detailed studies are required and are already underway
in Deshayes’ laboratories [20]. We can look with great excitement towards the
results of these investigations which will hopefully favor one of these models.

3.4. THROUGH-SHELL NUCLEOPHILIC SUBSTITUTIONS AND ISOTOPIC

EXCHANGE REACTIONS

Much insight into the relationship between guest reactivity, guest orientation and
bulk phase reagent size was provided by the alkylation studies of Kurdistaniet
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Figure 4. Preferred orientation ofpara-substituted phenols and the linear transition state
for the methylation of an incarceratedortho-substituted phenolate in the inner phase of
hemicarcerand7.

al. [7a] These relationships are very characteristic for through-shell reactions.
Different phenols were alkylated in the inner phase of7 [5h]. Two factors determ-
ined the observed reactivity: (a) the portal size, and (b) the guest orientation in
the inner phase. The ability to methylate the phenolic OH-groups with NaH/MeI
in THF can be correlated to the preferred guest orientation in the inner phase
relative to an equatorial-located portal. Alkylation of 4-HOC6H4CH3 (p-cresol)
or 4-HOC6H4OH (p-hydroquinone) was impossible. Under the same conditions,
2-HOC6H4CH3 (o-cresol), 3-HOC6H4CH3 (m-cresol), and 3-HOC6H4OH (resor-
cinol) were quantitatively methylated. 2-HOC6H4OH (catechol) gave a mixture of
mono- and dimethylated carceplexes.

An examination of typical crystal structures of 1,4-disubstituted benzene hemi-
carceplexes7·Guest such as the 1,4-diiodobenzene or thep-xylene hemicarceplex
[5h], suggests that the OH-group of 4-HOC6H4CH3 would be located in a protected
polar cap of the host. On the other hand,ortho- or meta-disubstituted benzene
guests have one of the substituents located inside a shielded polar cap of the host,
whereas the second substituent is located near an equatorial-located entryway. This
suggests that these reactions must occur in the entryways through a linear transition
state which is partially ‘solvated’ by the alkoxy-units that align the host’s portals
(Figure 4). Since this ‘pseudo solvent cage’ has limited conformational flexibility,
the alkylation with larger alkylating agents failed.

Similarily, no D-for-H exchange of the hydroxyls of7·Guest was possible
in D2O-saturated CDCl3 when guests were 4-HOC6H4CH3, 2-HOC6H4OH or
4-HOC6H4OH. In the presence of the large base diazabicyclo[5.4.0]undec-7-ene
(DBU), 4-HOC6H4OH exchanges its hydroxyl-protons, whereas the more con-
formationally fixed 4-HOC6H4CH3 does not. In THF-NaH at 25◦C followed by
D2O-quench, the hydroxyl-protons of 2-HOC6H4OH which are more exposed to
the equatorial-located hemicarcerand portals exchange, but the more protected
hydroxyl-protons of 4-HOC6H4OH and 4-HOC6H4CH3 do not exchange.

Such steric interactions in the transition state that are serving as selectivity
criteria in these inner phase reactions also contribute to the highly structural re-
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cognition in enzyme-catalyzed reactions. The understanding of these interactions
will give us valuable guidelines for the rational design of novel highly selective
catalysts in the future.

3.5. PHOTOCHEMICAL GENERATION OF REACTIVE INTERMEDIATES

One of the most ingenious, unparalleled applications of hemicarcerands is the in-
ner phase stabilization of reactive intermediates. The surrounding hemicarcerand
serves as a protective shell that prevents the guest from dimerization or from the
reaction with bulk phase reactants that are too large to pass through one of the
portals in the host shell. The spectroscopic characterization of molecules with bent
or twisted multiple bonds or with antiaromatic character is a very important field
in theoretical and structural organic chemistry [21]. The taming of these highly
reactive species has always been a special challenge for the experimentalist. For
decades, highly sophisticated techniques have been developed for this purpose
which mostly rely on matrix-isolations under cryogenic conditions or ultra-fast
spectroscopy. The beauty of the container compound approach, however, is its
simplicity.

3.5.1. Cyclobutadiene

Cram and coworkers introduced this novel approach by stabilizing one of the
most interesting and deeply studied reactive intermediates: cyclobutadiene20, the
‘Mona Lisa of organic chemistry’ (Figure 5) [22]. Cyclobutadiene is the proto-
typical example to verify the theory of aromaticity [23]. It has transient existence
under normal working conditions and is stable only in cryogenic matrices at 8K
where Orville L. Chapman recorded its FT-IR spectrum [24].

Cram and coworkers generated20 photochemically fromα-pyrone21 inside
hemicarcerand6. If empty 6 and α-pyrone are heated in refluxing chloroben-
zene,α-pyrone enters the inner phase of6 to form the stable hemicarceplex6·21.
Photolysis of this hemicarceplex with the unfiltered light of a Xenon arc lamp gen-
erated incarcerated cyclobutadiene and CO2. The latter was subsequently expelled
out of the inner phase of6. If oxygen was excluded from the reaction mixture,
cyclobutadiene was stable up to 60◦C!

This allowed for its first NMR spectroscopic investigation in solution. A sharp
singlet for20atδ 2.27 ppm was observed, which is 3.03 ppm upfield from the ring
proton of22 [25], due to the shielding effect by the aryl units of the surrounding
host.

The sharpness of the inward pointing methylene protons proved the singlet
ground state of20. When oxygen was passed through a solution of6·20, 20 was
oxidized in the inner phase to malealdehyde23, whose existence was confirmed by
its characteristic carbonyl stretch at 1696 cm−1 and its NMR spectra. If a solution
of 6·20 was heated in a sealed tube at high temperatures for a short period, the
guest escaped the protective shelter and dimerized to give cyclooctatetraene which
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Figure 5. Photochemical and thermal inner phase reaction leading to cyclobutadiene stabil-
ized by incarceration [22].

Scheme 2.

was revealed by its characteristic odor once the tube was opened. Prolonged pho-
tolysis of6·20split 20 into two acetylene molecules which escaped the inner phase
and could be precipitated as red cuprous acetylide. Cram and coworkers further
studied the mechanism of its formation by selective generation of the relevant
intermediates. Photolysis with filtered light (λ > 300 nm) converted6·20 into
photopyrone6·24, which as a solid, thermally rearranged at 90◦C into 6·25. At
higher temperature,6·25 reverts quantitatively back to6·21.

These three photochemical and two thermal transformations were essentially
quantitative. They took place in the same reaction environment: the inner phase.
Cram proposed that these inner phases would allow in the future for the stabil-
ization and examination of many other highly reactive species containing bent
acetylenes and allenes, antiaromatic rings, radicals, or carbenes. He predicted
correctly.
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Figure 6. The two photochemical reactions leading too-benzyne inside the inner phase of
hemicarcerand7 (symbolized with a circle) [28].

3.5.2. Benzocyclopropenone ando-benzyne

Almost half a century after Georg Wittig postulated didehydrobenzene26 [26], and
John D. Roberts proved undoubtedly its existence via14C-labeling studies [27], this
reactive intermediate could be stabilized by incarceration (Figure 6) [28].

The benzocyclobutenedione hemicarceplex7·27 served as a precursor for the
generation of incarceratedo-benzyne. Photolysis above 400 nm yielded the highly
strained benzocyclopropenone28. The latter could be studied in solution only
below−78 ◦C [29]. However, protected from hydrolysis by the surrounding host
shell, it was stable at room temperature, thus allowing for its X-ray crystal structure
analysis [30]. The strong upfield shift of the H(2) of28 (1δ = 3.48 ppm) suggests
that in the preferred guest orientation, its C2 axis is aligned with the long polar D4
axis of the host. In this orientation, the carbonyl group is deeply buried in the upper
cavitand of7. This orientation would explain why incarcerated28 hydrolyzes so
slowly to form the benzoic acid hemicarceplex, despite its high reactivity and that
water is small enough to reach into the inner phase. Here, we have another example
of an inner phase protection from bulk phase reactants.

The photolysis of benzocyclopropenone has been studied in cryogenic matrices.
Photolysis with unfiltered UV light extrudes CO to giveo-benzyne, which photo-
chemically equilibrates with cyclopentadienylideneketene in the presence of CO
[31]. Cyclopentadienylidenketene is the dominant product atλ > 308 nm, but
reverts back too-benzyne and CO upon irradiation with light below 290 nm.
Hence, the photolysis of7·28 with filtered UV light at 280±10 nm extruded CO
and generated26 of which a solution1H-NMR spectrum could be recorded at
−75 ◦C (Figure 7) [28]. The assignment of the two guest proton signals atδ 4.99
ppm andδ 4.31 ppm was successful with a deuterium labeled 3-d-o-benzyne. As
already mentioned for cyclobutadiene, the1H-chemical shifts are strongly upfield
shifted by the surrounding host. Under the assumption that theo-benzyne protons
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Figure 7. 1H-NMR spectra ([D8]THF, −75 ◦C) of (a) a photolyzed solution of7·28 imme-
diately after warming from−196 ◦C to −75 ◦C; (b) after 30 minutes at−75 ◦C; (c) the
o-benzyne hemicarceplex7·26; (d) the benzene hemicarceplex7·benzene. The peaks marked
with black dots and an asterisk indicate the1H nuclei of incarceratedo-benzyne and ben-
zene, respectively. Reprinted with permission fromAngew. Chem. 1997, 109, 1406–1409;
Angew. Chem., Int. Ed. Engl.1997,37, 1347–1350. Copyright VCH Verlagsgesellschaft mbH,
D-69451 Weinheim, 1997.

feel the same shielding by the surrounding host7 as the protons of the structurally
similar benzene [5h], the chemical shifts of “free”o-benzyne were estimated at
δ 7.0 ppm andδ 7.6 ppm. Jiaoet al. calculated the chemical shifts at the SOS-
DFPT-PW91/III level [32]. The small deviation of1δ = 0.1 ppm and 0.3 ppm,
respectively between experiment and theory documents the high quality of this
computational method.



THE INNER PHASE OF MOLECULAR CONTAINER COMPOUNDS 17

Figure 8. Two possible orientations ofo-benzyne inside the inner phase of hemicarcerand7.

The chemical shifts of the guest protons showed a very strong temperature
dependency [33]. This temperature dependency can be explained as the result of
a change in the population of the two conformationsA and B of the o-benzyne
hemicarceplex (Figure 8). At low temperature, the two cavitands of7 will come
closer together in order to increase the number of van der Waals contacts between
host and guest. This will change the shape of the inner phase such that it is comple-
mentary too-benzyne in orientationA rather than too-benzyne in orientationB.
As a result of a higher thermal energy upon increasing the temperature, orientation
B will be more populated. Hence, theo-benzyne protons H(1) will feel a stronger
shielding by the host. On the other hand, the protons H(2), which are in the less
shielded equatorial region of the host in orientationB, will experience a downfield
shift. OrientationA explains whyo-benzyne reacts very fast with an aryl ring of
the host above−75 ◦C, but does not react with water of the bulk solvent phase.

Much less relatively upfield shifted are the guest13C-signals. Hence, they
should provide more insight into the electronic properties ofo-benzyne and also
allow better comparison between calculation and experiment. A fully13C-labeled
o-benzyne was generated inside7 and its13C-NMR spectrum recorded at−98 ◦C
in THFd8 [28]. The measured chemical shift for the quarternary carbon of26 at δ
181.33 ppm is within the experimental error of the average of the three chemical
shift tensor principle valuesδ 193±15 ppm of matrix isolated13C-enriched26 at
20 K in argon [34]. The13C-NMR spectrum of incarceratedo-benzyne also offered
information about the13C-13C-coupling. Comparison of the experimental13C-13C-
coupling constants with the coupling constants of model compounds suggested
a cumulenic character ofo-benzyne which, however, contradicts the most recent
results of ab initio calculations [32]. They show no evidence for a pronounced bond
length alternation necessary for a cumulenic structure ofo-benzyne. From their
calculation of the magnetic properties ofo-benzyne, Jiaoet al. concluded thato-
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benzyne is aromatic according to its geometric, energetic and magnetic properties,
and that the in-planeπ -bond induces a small amount of bond localization resulting
in an acetylenic character [32]. Nevertheless, the successful x-ray crystal structure
analysis of the highly reactive benzocyclopropenone hemicarceplex leaves hope
that in the nearest future a X-ray structure analysis of ano-benzyne hemicarceplex
will unravel the ‘real’ structure.

3.6. INNERMOLECULAR DIELS–ALDER REACTION OFo-BENZYNE

In the cyclobutadiene hemicarceplex, no reaction between the guest and the host
took place. However, the high reactivity ofo-benzyne led to a Diels–Alder reaction
with the surrounding host7 [33].

This Diels–Alder reaction is slow enough below−75 ◦C (half life time of 205
sec [28]) to allow for the recording of the1H-NMR spectrum ofo-benzyne but it
reduces the guest’s lifetime at room temperature to approximately 7 msec. In this
bimolecular reaction, one reactant is completely encapsulated within the second
reactant which also serves as a reaction vessel. It is referred to as an innermolecular
reaction. In the innermolecular reaction,o-benzyne adds across the 1,4-position
of one aryl unit of7. Although an innermolecular reaction is undesired if one’s
goal is the stabilization and characterization of a reactive intermediate, there are
interesting aspects associated with it. An innermolecular reaction takes place at
the concave inner surface of one reactant and is expected to be strongly affected
by steric effects. Furthermore, the surrounding hemicarcerand constrains the guest
mobility. This will have consequences for the entropy contributions to the activa-
tion barrier of an innermolecular reaction compared to a reaction in the liquid or
gas phase. In addition, innermolecular reactions are expected to be independent
of the bulk phase properties, as has already been observed for the photophysical
properties of incarcerated biacetyl [17]. Innermolecular reactions can be used to
probe topochemical effects that are seen, for example, in solids or rigid matrices
(matrix effect) [35]. The reaction of incarceratedo-benzyne is very selective and
only one product is formed [33]. In this case, the selectivity is a result of the large
difference in the stability of the two possible regioisomers29 and30 [36].

However, the MM3∗ minimum energy conformer of theo-benzyne hemicar-
ceplex also shows a strong preorganization of the reactive triple bond for the
observed Diels-Alder reaction with distances of 4.53 Å and 4.05 Å between the
reactingo-benzyne carbons and the corresponding aryl carbons of7. A similar
orientation was already deduced from the temperature dependency of the observed
o-benzyne proton chemical shifts [33]. The high preorganization is a result of the
rigidity of the inner phase and is reflected in the measured activation entropy
1S

‡
expt(298 K) of −10.7 cal mol−1 K−1 [33]. The 1S‡

expt compares well with

the activation entropy of the Cope rearrangement of hexatriene (1S
‡
expt(298 K) =

−6.05 cal mol−1 K−1) [37] or the intramolecular Diels-Alder reaction of triene31
(1S‡

expt(298 K) =−14.4 cal mol−1 K−1) [38]. Benoet al.calculated the activation
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Figure 9. Comparison of the kinetic activation parameters of the innermolecular Diels-Alder
reaction betweeno-benzyne and the surrounding hemicarcerand7 [33] with the calculated
energies for the Diels-Alder reaction betweeno-benzyne and benzene [36].

parameters for the Diels-Alder reaction betweeno-benzyne and benzene on the
Becke3LYP/6-31G∗ level (Figure 9) [36]. Interestingly, the1H ‡

calc of 10.7 kcal
mol−1 compares very well with the experimental1H ‡

expt of 11.6 kcal mol−1 of the
innermolecular reaction. The fact that the electron donating substituents of the aryl
unit of 7 will certainly increase its reactivity relative to benzene, shows that the
increased reactivity of7 must be compensated by steric repulsion in the transition
state leading to29. The MM3∗ optimized structure of29 reveals the origin of such
steric repulsion [36]. Although the phenyl unit is not located in a too crowded
environment compared to the regioisomer30, the phenyl-H(1) in29 experiences
some repulsive interaction with the aryl unit A which should be felt in the transition
state, too. The proximity to the aryl unit A causes the large upfield shifted chem-
ical shift of H(1) (δ 3.12 ppm). In addition, Benoet al. calculated the activation
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barriers for a stepwise Diels-Alder reaction betweeno-benzyne and benzene [36].
The1H ‡

stepwiseis only 2.4 kcal mol−1 higher than for the concerted pathway. The
above mentioned repulsive interactions in the innermolecular reaction transition
state should be larger for a concerted pathway than for a stepwise pathway with
the intermediary formation of biradical32. This highly suggests, that the steric
constraint imposed by the surrounding host changes the reaction mechanism in
the inner phase from a concerted pathway to a stepwise biradical pathway. This
hypothesis awaits further experimental and computational efforts.

3.7. STABILIZATION OF EXCITED STATES BY INCARCERATION

The photophysical properties, in particular the excited state life-time of mo-
lecules enclosed in constrained media such as cyclodextrins or zeolites, have
always been of great interest due to the possibility to develop novel photophysical
probes for immuno assays, information storage devices, or solar-energy conver-
sion devices [39]. Hemicarcerands are a very interesting new class of constrained
media. Their molecular skeleton can interact with the incarcerated guest and also
forms an “insulating” skin preventing a direct contact between the guest and
bulk phase components. Parolaet al. investigated the photophysical properties of
1-cyano-anthracene (CA) incarcerated in hemicarcerand18 [40].
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They observed remarkable differences in the photophysical properties of incar-
cerated CA compared to free CA. The surrounding host caused a red-shift of the
absorption spectrum of CA and also reduced the lifetime of the singlet excited
state1La by a factor of 40. In addition, the quantum yield was 50 times smaller
for incarcerated CA compared to free CA. An energy transfer between the host
and the guest, however, was observed only with negligibly small efficiency (<3%)
upon selective excitation of18. Furthermore, the insulating surrounding host-shell
completely prevented a fluorescence quench by the bulk phase quencher 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN). Since no overlap between the guest emission
bands and the host absorption bands was observed, energy transfer quenching from
the host to the guest can be ruled out. Parolaet al. concluded that the electron
transfer quenching would be most likely caused by the methoxybenzene units of
18 and estimated that such electron transfer would be exothermic. Based on this
result, they suggested that this hemicarceplex might lead to a new class of highly
efficient luminescence labels for immuno assays. Further studies from this group
[17] and independently by Farrán and Deshayes [16] with triplet sensitizer biacetyl
incarcerated in host19 provided more insight into the role of the host on the life-
time of excited states. The measured lifetime of theT1 excited state of incarcerated
biacetyl in solution was almost twice as large as the lifetime of free biacetyl in
solution and unaffected by the nature of the solvent. Even more interesting, despite
its small size, dioxygen was virtually unable to quench the phosphorescence of
incarcerated biacetyl. The dioxygen quenching rate was estimated to be 106 times
smaller than for free biacetyl. TheT1 excited state life-time of incarcerated biacetyl,
which is longer than the life time of free biacetyl in the liquid phase, but shorter
than the lifetime in the gas phase, was interpreted as incarcerated biacetyl being
in a not-too-tight cavity. This provides more free space with less specific cage-
guest interactions, compared to a solvent cage. But it still causes a higher number
of collisions of the incarceratedT1 excited state with the surrounding host walls
compared to the gas phase.

3.8. THERMAL REACTIONS

A very interesting thermal retro-Diels-Alder reaction inside the asymmetric carcer-
and33 [7h–j] was recently reported by Reinhoudt and coworkers. They studied the
extrusion of SO2 and butadiene from an incarcerated 3-sulfolene carceplex33·3-
sulfolene by electron impact mass spectroscopy (EI-MS) and field desorption mass
spectrometry (FD-MS) [7j].

The extrusion of SO2 and butadiene from free 3-sulfolene readily takes place
at 100–130◦C. However, when the probe was loaded with the carceplex33·3-
sulfolene and gradually heated up, SO2 was detected by EI-MS only above
170–180◦C, and butadiene at 215◦C. The FD-MS showed only the intact car-
ceplex up to temperatures of 180◦C. Above 180◦C, the empty carcerand was also
detected, but neither a SO2 carceplex, nor a butadiene carceplex was observed.
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Since this host is stable at such high temperatures, guest escape due to the thermal
destruction of33 can be excluded. Hence, the detected SO2 and butadiene must
result from33·3-sulfolene and must escape from the inner phase through one of
the larger side portals. Reinhoudt explained the unusually high thermal stability of
incarcerated 3-sulfolene with a fast recombination rate for the extrusion products
in the inner phase. Below 180◦C, a thermal equilibrium between 3-sulfolene, SO2

and butadiene is established, which is pulled towards the extrusion products via
their escape from the inner phase above 180◦C. This shows impressively how the
confined inner phase changes the rates of bimolecular reactions by providing a very
high local concentration of both reactants. Several more of such bimolecular inner
phase reactions will be discussed in Section 5.

4. Molecular Lantern and Reaction Bowls

The exact opposite of an innermolecular reaction is the cleavage of an endohedrally
anchored functional group leading to an encapsulated guest molecule. This new
principle of supramolecular complex formation was developed and first realized
by Renji Okazaki and his coworkers [41]. Using this principle, highly reactive in-
termediates incarcerated or endohedrally fixed inside a container compound can be
generated and are protected from self-destruction. Okazakiet al.noticed the ability
of enzymatic binding sites to stabilize highly unstable and reactive species by pre-
venting their self-destruction or oligomerization via the protein framework around
the active site. For example, sulfenic acids R–S–OH are unstable in the bulk due
to rapid self-destruction reactions leading to thiosulfinates R–S(O)–SH, disulfides
R–S–S–R or sulfinic acids R–SO2H [42, 43]. However, it has been suggested that
the oxidation of cysteinyl side chains in the active site of papain or glyceraldehyde-
3-phosphate dehydrogenase leads to stable cysteine sulfenic acid Cys-SOH which
is unable to react with another Cys-SOH or Cys-SH moiety [43a]. With the aim
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Figure 10. Schematic representation of an endohedral functional group X inside areaction
bowl.The reaction bowl prevents the dimerization of X and its reaction with large bulk phase
reactants, but allows for a selective reaction with small bulk phase reactants.

Chart 10.

to simulate the sulfenic acid stabilization in enzyme binding sites, Okazakiet al.
developed a new type of compound which they referred to asreaction bowls.

Reaction bowls have a functional group embedded in a deep concave bowl-
shaped cavity [44]. If this functional group is highly reactive, the surrounding bowl
prevents its dimerization or oligomerization, but leaves it still exposed to the bulk
medium. This design is particularly elegant for the mimicking of enzyme active
sites. Three types of reaction bowls have been successfully prepared. These bowls
are based on bridged cyclophanes34 [45], bridged calix[6]arenes35 [46], or the
acyclic 4-tert-butyl-2,6-bis[(2,2′′ ,6,6′′-tetramethyl-m-phenyl-2′ -yl)methyl]phenyl
group 36 [47], each with an aryl group X, shielded by the surrounding carbon
skeleton.

To prove the initial hypothesis, Okazakiet al. transformed the X-group of each
reaction bowl chemically into a sulfenic acid group. The sulfenic acid group in
34a [45], 35a [46a], and36a [48] were stable far above ambient temperature,
protected from dimerization and self-destruction by the steric demand of the sur-
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rounding bowl. The presence of stable sulfenic acid groups was confirmed via
X-ray structure determinations of35a [46a] and36a [48]. Despite its inability to
react with another sulfide or sulfenic acid group embedded in another reaction
bowl, the sulfenic acid group was still accessible for small bulk phase reactants.
Oxidation of the sulfenic acid group to a sulfinic acid function was possible with
m-chloroperbenzoic acid, as well as the reaction with 1-butanethiol to afford di-
sulfides, but with a strongly reduced rate compared to the parent reaction of free
sulfenic acids [45, 48]. Using the same reaction bowls, Okazakiet al. prepared
stable selenic acids35b [46d] and36b [41] and most recently a stable sulfenyl
iodide derivative36c [49], which was protected from disproportionation. The geo-
metric features of these very delicate functionalities were successfully investigated
via X-ray crystallographic structure determinations [46d, 49]. A conformation
dependent reactivity towards external sulfides was observed for the selenic acid
inside calix[6]arene reaction bowl35b [41]. In the 1,2,3-alternate conformation,
1-butanethiol led at room temperature to selenylsulfide37 whereas no reaction
was observed in the cone conformation even at higher temperatures. This suggests
that the tailoring of the reaction bowl rims and of the orientation of the embedded
functional group within the cavity can result in high structural recognition and
selection for bulk phase reactants.
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Figure 11. Schematic representation of themother molecule–daughter molecule complex
formation via photolysis or thermolysis of alanternmolecule.

Chart 12.

An extension of the concept of reaction bowls aremolecular lanterns38 [50,
51]. They are derived by capping a reaction bowl with a cavitand. This design leads
to a completely encapsulated endohedral functionality, which cannot self-destruct
and is even more shielded from the bulk medium than in a reaction bowl.

Molecular lanterns38 adopt two distinct conformations. In their concave con-
formation, the X-group is exohedral, whereas the X-group is deeply buried in the
inner cavity of the upper cavitand in the convex conformation. Which conformation
is preferred depends largely on the steric demand of X. For X = COCH2SCH3 and
R = H 38a, the chemical shift of the thiomethyl group suggests that the molecular
lantern is in the concave conformation in CDCl3 (δ 2.19 ppm), but in the convex
conformation in [D8]toluene (δ −1.22 ppm) [51].

Okazakiet al.applied the molecular lantern38afor the stabilization of reactive
intermediates [51]. The photochemical cleavage of the endohedral methylthioacet-
ate group lead to thioformaldehyde39 encapsulated in the inner phase of the
surrounding lantern40. Since in this complex, the guest has not been introduced
from the outer bulk medium, but via bond cleavage from the inner surface of the
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lantern, Okazakiet al. suggested the name ‘mother molecule–daughter molecule’
complex for these compounds.

The thioformaldehyde guest could be chemically trapped in the bulk phase with
Danishefsky’s diene41 after it escaped the inner phase. Despite its extreme in-
stability, the encapsulated thioformaldehyde had a much longer life-time, protected
by the surrounding cage, and could still be captured 7 seconds after the photo-
lysis was complete. More interestingly, the photochemical reaction left behind
an endohedral monosubstituted enol40, which for the first time allowed for its
chromatographic purification and isolation without any observed tautomerization.
This endohedrally protected enol resisted ketonization to42 at room temperature
in CDCl3 for more than four days. It required three days to reach completion
in the presence of trifluoroacetic acid, which would instantaneously tautomerize
any simple free enol. Goto and Okazaki proposed that the principle of mother
molecule–daughter molecule complexes would lead in the future to the stabiliza-
tion of many reactive intermediates, fixed within the capsule and almost completely
isolated from the bulk [41]. Also, novel delivery systems based on the structural
framework of lantern molecules can be envisioned in which an intense brief stimu-
lus generates a daughter molecule which is then slowly released into the bulk on a
controlled rate which depends on the shape and size of the openings in the mother
molecule.
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5. Self-Assembled Capsules as Reaction Catalysts

The high local concentration of both reactants is the underlying principle of the rate
enhancing effect of H-bond stabilized self-assembled capsules on several Diels-
Alder cycloadditions [52]. In 1993, Wyler, de Mendoza and Rebek introduced self-
assembled molecular containers [53a]. The two concave shaped halves43are held
together via multiple weak hydrogen-bond interactions and form a “softball” like
closed-shell capsule43–43around an inner space that can accommodate one or
even more small organic guest molecules. As a result of the non-covalent bonds
that hold these capsules together, guest binding and exchange is a dynamic process,
which can be detected and followed by solution phase NMR. In analogy to the
formation of Cram’s hemicarcerands via shell-closure reactions, the formation of
a dimeric capsule requires templation by a guest molecule and shows also high
structural recognition [54]. Over the past years many different dimeric capsules
have been synthesized and studied [53].
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Particularly, the dynamics of guest binding and the simultaneous binding of
two molecules of benzene inside capsule44–44[53n], lured Kang and Rebek to
investigate the possibility to use capsules as novel reaction vessels for bimolecular
reactions [55]. They studied the effect of44on the Diels-Alder reaction betweenp-
quinone12 and cyclohexadiene45 [55b, c]. In the absence of44, using millimolar
concentrations of both reactants, the half-life of the reaction between free12and45
could not be measured but was anticipated to be one year. However, if the dimeric
capsule44–44(1 mM) is added to a solution of both reactants (4 mM), the product
complex44–44·46 slowly formed within one day as followed by the change in the
1H-NMR.

From an analysis of the initial rate, approximately a 200-fold rate acceleration
was determined. Kang and Rebek compared the proposed initial tetrameric com-
plex 44–44·12 + 45 as an analog of a Michaelis complex in enzyme catalyzed
reactions. Consistently, upon varying the cyclohexadiene concentration, saturation
kinetics was observed. A Lineweaver-Burk plot revealed aVmax of 0.001 M−1 d−1

and akcat of 1 d−1. Clearly the strong binding of46 by the capsule prevented turn-
over. Similarly, other potential guests, such as benzene or [22]-paracyclophane,
when added to the reaction mixture, completely inhibit the accelerating effect of
the capsule. The belief that the rate acceleration is truly a result of the encapsulation
and not due to a catalysis by the phenolic hydrogens of44 was proven with the
kinetic results obtained in the presence of47 and48.

No rate acceleration was observed for47, which has the same functional groups
as44. However, its S-shape does not allow dimeric capsule formation. Also48,
which has the same shape as44 but whose methoxy groups sterically prevent
capsule formation, showed no rate acceleration. In addition,44–44does neither ac-
celerate the corresponding reaction of the larger naphthoquinone49, which cannot
be encapsulated together with45, nor the reaction between12and cyclopentadiene
50, which is too small to form a favorable complex.

All of this suggests the necessity of encapsulation. To find the origin of the
rate acceleration, Kang and Rebek estimated that the local concentration of each
reactant inside the capsule would be five molar, over 1000-fold higher than the
concentration of the reactants in the bulk. Hence, the enhanced concentration of
the reactants is most likely the reason for the increased rate of the Diels-Alder
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reaction rather than a particular stabilization of the transition state compared to the
reactants as in antibody catalyzed Diels-Alder reactions. Rebeket al. proposed that
true catalysis via encapsulation could be possible if the clever design would allow
a stronger stabilization of the transition state, compared to the reactants [55b].

In order to find a real turn-over catalyst, Rebek and coworkers further invest-
igated other Diels-Alder reactions with the hope of finding a system in which
the Diels-Alder adduct would be less strongly bound than the reactants. For ex-
ample, turn-over would result if the primary Diels-Alder adduct could be altered
in a subsequent reaction step leading to a secondary product that is less strongly
bound by the capsule. This approach was successfully applied before by Hilvert
for an antibody catalyzed Diels-Alder reaction [56]. With this hypothesis in mind,
Rebek and coworkers studied the reaction between12 and thiophene dioxide51.
They hoped that SO2 extrusion from the primary Diels-Alder adduct52 would
reduce the capsule’s affinity for the product and would result in turn-over [55a].
And indeed, turn-over was observed, however, as the result of a different driving
force. In the presence of 10 mol% of the dimeric capsule44–44, pseudo-first-order
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Figure 12. Catalytic cycle of the formation of52 via an inner phase Diels-Alder reaction
betweenp-quinone12and thiophene dioxide51encapsulated inside a “softball”44–44[55a].

kinetics were observed over two half-life times which indicated that no product
inhibition took place, but true catalysis leading to a 10-fold rate enhancement. This
corresponds to more than seven turn-overs by the capsule. The driving force for this
turn-over is the stronger binding of two molecules of12 by the capsule compared
to the product52.

Although the overall acceleration was modest, the key point has been proven:
catalysis. Rebek proposed that self-assembled molecular capsules might have a
promising future as catalytic reaction chambers.

6. Fullerenes

Since their somewhat spectacular discovery, fullerenes have received much atten-
tion among the scientific community [57]. Fullerenes are a novel modification of
carbon with spherical inner cavities surrounded by a carbon skeleton which, unlike
that of carcerands, has no openings. The inner cavity dimensions of fullerenes,
with diameters larger than 3.5 Å, make them suitable for the incarceration of small
molecules and single atoms. Several endohedral fullerene complexes containing
metal cations [58] or noble gas atoms [59] have been generated and characterized.
Some of these show very interesting physical properties. For example, the alkali
metal salts of C60 exhibit superconductivity (K3C60, Tc = 18 K, Rb3C60, Tc = 30
K) [60], ferromagnetism (Tc = 16 K) in the charge transfer salt with ((CH3)2N)2C=
C(N(CH3)2)2 [61], and third-order optical non-linearity [62]. Only one example
of a non-metal and non-noble gas endohedral fullerene complex, which is the
recently reported endohedral nitrogen complex of C60, N@C60, has been prepared
[63]. However, this complex is particularly interesting. EPR and ENDOR stud-
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Figure 13. Schematic representation of an exohedral (left) or endohedral addition (right) of
thep-orbital of nitrogen to a carbon of the C60 cage.

ies confirmed that this fullerene contains the nitrogen atom in its ground state
(4S3/2), and not covalently bound to the fullerene cage as one would immedi-
ately expect for such a reactive species [63]. This suggests that, unlike the outer
surface, the inner surface of a fullerene exhibits an unusual inertness. Hirschet
al. performed semiempirical (PM3-UHF/RHF) and density functional calculations
(UB3LYP/D95∗//PM3) in order to find an explanation for the passiveness of the
inner fullerene surface [64]. They calculated the energy profile for the approach of
the doublet state of the endohedral N atom to a carbon atom, a [5, 6] bond, or a [6,
6] bond of the cage. Local energy minima were located for each approach. How-
ever, the energies of the resulting adducts are 20–50 kcal/mol higher than doublet
state N@C60, which is calculated to be 22 kcal/mol above the quartet ground state.

This is in vast contrast to an attack of N to the exohedral surface, which is
known to easily undergo addition reactions to form stable exohedral adducts [65].
On the molecular orbital level, this different reactivity can be explained as a result
of the concavity. Here concavity leads to an averageσ -bond hybridization of sp2.28

[66], a partial s-character of theπ -orbitals, and a higher charge density on the outer
surface of C60 due to fewer electron repulsions compared to the endohedral surface.
Upon an endohedral addition, the nitrogen and carbon orbitals poorly overlap.
Further destabilization results from valence electron repulsions and unfavorable
geometries. The exohedral nitrogen addition, however, leads to the exact opposite
effect – a less strained addition product (Figure 13).

Interestingly, the calculated energy barriers for the penetration of the doublet
N from the interior through a [5, 6] or a [6, 6] bond are rather low (49 and 41
kcal/mol, respectively) compared to the most favorable calculated barrier for He
escape out of He@C60 (225 kcal/mol) [67]. Helium escape requires temperatures
higher than 600◦C and is accompanied by permanent cage destruction [59a–d].
However, based on these calculations, an autocatalytic non-destructive dissociation
pathway as outlined in Figure 14 should exist for N@C60. Hirschet al. tested this
hypothesis experimentally. Indeed, when N@C60 was heated to 260◦C, the EPR
signal continuously decreased, suggesting that the N guest must have penetrated



32 RALF WARMUTH

Figure 14. The autocatalytic escape of endohedral quartet nitrogen out of C60 via an
endohedral and an exohedral nitrogen-C60 adduct [64].

the cage leading to diamagnetic products. The activation energy was estimated at
40 kcal/mol from the decrease in intensity with time.

The unexpected low reactivity of the inner surface of fullerenes, which Hirsch
et al. called a ‘chemical Faraday cage’, makes them particularly attractive for the
investigation of other reactive atoms or even molecules. Taking into account the
recent successes in the isolation of higher fullerenes, in synthesizing them via ‘wet
chemical methods’ and in ‘cracking’ them open [68], we can expect in the future
many other interesting studies of reactive species inside the inert inner phases of
fullerenes.

7. Conclusions

The large variety of different reactions which have been summarized in this review,
and the ability of photons, electrons, and protons to pass through the shell of a
molecular container clearly shows that the inner phases are a new and highly in-
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teresting environment for chemical reactions. Container compounds not only open
up new avenues for the design of delivery systems, molecular switches or other
photophysical devices, but they will certainly be used in the future as catalysts
which show all the positive features of enzymatic catalytic binding pockets. Im-
portant steps toward this goal are the observation of the high structural selection in
through-shell alkylations and hydrogen transfer reactions, and the demonstration
of turn-over in molecular capsule-mediated Diels-Alder reactions. In the light of
the fast development of new hemicarcerand and self-assembled capsules with dif-
ferent shapes, sizes and solubility properties, we can expect many more interesting
examples of inner phase reactions in the future.

Furthermore, the photochemical or thermal generation of highly reactive in-
termediates in the inner phases of molecular containers and their stabilization
by incarceration will always play an important role in the investigation of reac-
tion mechanisms and in the structural and electronical characterization of highly
unstable or strained organic molecules.
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