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A Shape-Persistent Quadruply Interlocked Giant Cage Catenane with
Two Distinct Pores in the Solid State**
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Abstract: Discrete interlocked three-dimensional structures
are synthetic targets that are sometimes difficult to obtain with
“classical” synthetic approaches, and dynamic covalent
chemistry has been shown to be a useful method to form
such interlocked structures as thermodynamically stable prod-
ucts. Although interlocked and defined hollow structures are
found in nature, for example, in some viruses, similar structures
have rarely been synthesized on a molecular level. Shape-
persistent interlocked organic cage compounds with dimen-
sions in the nanometer regime are now accessible in high yields
during crystallization through the formation of 96 covalent
bonds. The interlocked molecules form an unprecedented
porous material with intrinsic and extrinsic pores both in the
micropore and mesopore regime.

The synthesis of mechanically interlocked molecules has
evolved from being a scientific curiosity to a renowned
subtopic in supramolecular chemistry.!l Interlocked mole-
cules, such as catenanes, rotaxanes, or trefoil knots, are
“molecules” by definition because at least one covalent bond
has to be broken to decompose two or more molecular parts,
which are mechanically interlocked and interact only through
noncovalent interactions."! After catenanes had been pre-
dicted theoretically, their first statistical syntheses suffered
from low yields.”! Later on, Sauvage and co-workers intro-
duced a remarkable synthetic improvement by using metal
templates to significantly increase the yields.”) The groups of
Hunter, Vogtle, Leigh as well as Stoddart developed methods
that are based on weak supramolecular interactions, for
example, hydrogen bonding or m—m stacking, to construct
catenanes.>! Even multiple interlocked rings, including
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olympiadan,’® were accessible as were sophisticated molec-
ular structures, such as Borromean links.” For the synthesis of
Borromean links, the dynamic formation of covalent imine
bonds and coordinative bonds is crucial to allow the system to
self-correct its structure.

The dynamic formation of covalent or coordinative bonds
is also the basis of high-yielding cage syntheses, which is
reflected by the many one-pot procedures that have been
published over the last decades.’! With this method, coordi-
nation cages or covalent organic cages with “giant” dimen-
sions from a molecular perspective have become accessi-
ble.’1 Depending on the conditions or parameters of the
dynamic system, monomeric cages sometimes tend to form
interlocked or catenated dimeric structures. Although Fujita
and co-workers already described the formation of such an
interlocked coordination cage in 1999, reports on inter-
locked or catenated cages are still very rare.l'">"*! For instance,
Clever et al. recently described the synthesis of interlocked
coordination cages, which, for example, allosterically bind
tetrafluoroborate anions or show pronounced stepwise oxi-
dation behavior, which is due to the incorporated phenothia-
zine subunits."¥ Polymeric structures of catenated coordina-
tion cages are less common, but have been observed in the
solid state.['”]

In contrast to coordination cages, purely organic cages are
still rarer.®!®! This is even more true for interlocked
structures. To the best of our knowledge, only two examples
of interlocked organic cage compounds have been described
in the literature. Beer etal. used a sulfate anion to pre-
organize two molecular subunits before synthetically closing
the subunits to cages by copper-catalyzed 1,3-dipolar Huisgen
additions to obtain an interlocked cage in 21 % yield.'”! The
second example was reported by Cooper et al.: Two [4+6]
imine cages formed a triply interlocked dimer during
crystallization.!'® The monomeric cage subunits have been
described before as one of the first examples of forming
permanent porous organic materials in the crystalline state
with Brunauer-Emmett-Teller (BET) surface areas of
624 m*>g~'.") As the cages are synthesized by the reversible
formation of twelve imine bonds, those bonds can be
dynamically cleaved and closed in solution. However, under
certain conditions (e.g., acetonitrile and trifluoroacetic acid),
catenated structures are formed preferably to non-catenated
structures. Unfortunately, because of the relative small cavity
size of each cage, the catenated dimers are basically non-
porous in the solid state.['¥)

During our ongoing studies on mesoporous shape-persis-
tent cages by the dynamic formation of boronic esters,'” we
observed the formation of a giant quadruply interlocked cage
in a one-pot 96-fold(!) condensation reaction of 40 molecules.
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Recently, we described the synthesis of the giant cage 3a
by a 48-fold condensation reaction of benzene tris(boronic
acid) 2 and a triptycene tetraol with two ethyl groups attached
to the third aromatic ring of the triptycene scaffold (1a;
Scheme 1).'% These molecules (3a) form a highly porous

1aR'=C,Hs, R2=H

1bR"'=H, R2=CgHy3

> [12+8]
BOH), - 48 H0
(HO),B” i ~B(OH),

2 [12+8] cage
3aR'=C,Hs R2=
3bR'=H R?= CeH13

solution phase

crystallization

[12+8] cage 3a [24+16] cage catenane 4

solid state

O [12+8] cage 3 g

Scheme 1. Top: Synthesis of [12+8] boronic ester cages 3a and 3b
and formation of the catenated cage 4 during crystallization. Bottom:
Molecular structure of one cage; alkyl chains are omitted for clarity.

material with a BET surface area of 3758 m*g ™' and pores

with diameters of >2 nm."'”) The triptycene precursor and
other derivatives with alkyl chains in the 13- and 16-position
have to be synthesized in eight consecutive steps from
commercially available starting materials. However, if the
alkyl chains were placed at the bridgehead positions instead,
the triptycene tetraol precursor could be made in just three

Angew. Chem. Int. Ed. 2014, 53, 5126 5130

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

steps in reasonable time and yield. To study the dependence
of the cage formation on the solubilizing side chains, we first
synthesized the 9,10-dihexyltriptycene 1b before investigat-
ing the cage formation. Surprisingly, despite the long alkyl
chains, we observed a lower solubility for triptycene 1b than
for 1a under the reaction conditions that are typically used to
obtain cage compound 3a.l'"? Nevertheless, we applied the
original conditions to the new reactants at a higher dilution
and obtained a clear solution after heating for 16 hours at
100°C. The 'H NMR spectrum showed one clear set of signals
and was thus similar to the spectrum of cage 3a, although
some of the peaks were more broadened (see the Supporting
Information). By diffusion-ordered NMR spectroscopy
(DOSY), exclusively one trace of signals with a diffusion
coefficient of 8.71 x 107! m?s~! was observed, which is related
to a solvodynamic radius of 2.03 nm, similar to the expected
value for cage 3b (see the Supporting Information).

The compound was crystallized by vapor diffusion of n-
hexane into a chloroform solution of 3b, and crystals of
sufficient quality for single-crystal X-ray analysis were
obtained. To our surprise, we found that two cages 3b were
interlocked in the crystalline state giving catenane 4
(Figure 1) as a racemic crystal with the space group
P4/n (see below). Each catenane 4 consists of two quadruply
interlocked cages 3b (Figure 1a,d). These two interlocked
cages show a number of short contacts between the alkyl
substituents of one cage molecule and the aromatic planes of
the triptycene units of the other cage molecule. It seems that
the great number of attractive dispersion interactions is one
driving force for catenane formation, resulting in a larger
negative enthalpy term for crystal formation. Because of
a lack of longer alkyl chains in 3a, this additional enthalpic
contribution by weak dispersion interactions is probably
much less pronounced and can be neglected, which explains
why 3a does not form interlocked structures during crystal-
lization."” This is in agreement with observations that were
made by other groups for similar structures.'!32) However,
further derivatives of boronic ester cages have to be made to
confirm this hypothesis.

The catenated structure 4 itself is of an ellipsoid shape
(Figure 1c¢), which is open at the two ends. The dimensions of
the ellipsoid are approximately 4.6-4.7 nm in length and
4.0 nm in width. As these geometric dimensions do not fit
with the measured data from DOSY NMR spectroscopy, it
seems to be more likely that the catenane is formed
exclusively during crystallization and is transformed into the
non-catenated cage 3b as soon it is redissolved in tetrachloro-
ethane: The '"H NMR spectrum is identical to that of the as-
synthesized cage compound 3b, and no splitting of the signals
could be observed, although this is normally the case for
catenated cage structures (see the Supporting Informa-
tion).18201 Unfortunately, it was not possible to strengthen
this hypothesis by mass spectrometry, because even the non-
catenated cage 3a cannot be observed by mass spectrometric
methods, which can be explained by the chemical lability of
the 24 boronic ester groups. However, from a thermodynamic
point of view, it seems to be beneficial that in solution, the
entropy increases by unlocking one molecule 4 to give two
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Figure 1. Crystal structure of cage catenane 4. a) Cage catenane (quadruply interlocked structure) depicted as a space-filling model; alkyl chains
are omitted for clarity. The two cages are shown in different colors. b) Cage catenane viewed along the crystallographic ¢ axis, depicted as a space-
filling model, showing the channel along this axis. Boron red, carbon gray, hydrogen white, oxygen red. c) Cage catenane viewed along the
crystallographic b axis with molecular dimensions. The cage catenane possesses a nearly closed shell around the central channel. d) Cage
catenane represented as a stick model; the alkyl chains are interacting with each other and the aromatic rings of the interlocked other cage.

e) Cage catenanes assembled in the solid state, viewed along the crystallographic ¢ axis. The orange sphere (2.0 nm) and the green sphere

(1.4 nm) show the sizes and positions of the formed channels and pores.

molecules of 3b and an increase in the overall number of
degrees of freedom.

The catenated cage 4 assembles in the crystalline state in
a way that two types of pores are inherent in the crystalline
state. One is the intrinsic pore of 4, which accommodates
a virtual sphere with a maximum diameter of 2.0 nm; the
other one is an extrinsic pore found between the self-
assembled cage catenanes. This extrinsic pore accommodates
a sphere with a maximum diameter of 1.4 nm (orange and
green spheres in Figure le). After solvent exchange of
inclathrated disordered solvent molecules by immersing the
crystals in n-pentane (6 x 12 h)?"! and activating the crystal-
line compound for nitrogen sorption by evacuating the
material at room temperature, we obtained isotherms for 4
that were similar at first glance to those of 3a (see
Figure 2). The isotherm can best be described as a type I
isotherm, although it is not as steep as expected for highly
microporous organic cage materials in the low-pressure
regime.”? In contrast to the isotherm of 3a, the isotherm of
4 shows a slightly larger hysteresis. The calculated BET
surface area of 1540 m?g~! or 1742 m’g~! (Langmuir model) is
still one of the highest that has been reported for porous
organic cage compounds.?>%! By the formation of catenated
dimer 4 through n—n stacking and CH-m interactions, half of
the molecular surface of each monomeric cage unit 3b is
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Figure 2. Nitrogen sorption isotherm of crystalline compound 4 after
desolvation. Adsorption data points: @; desorption data points: o.
The inset shows the pore-size distribution by NL-DFT.

already occupied by the stacking interactions that are
responsible for the dimerization; therefore, the accessible
surface area is roughly halved in comparison to that for the
crystals of 3a (3758 m’g™).'1 The pore volume is
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0.784 cm®g~'. By non-local density functional theory (NL-
DFT) methods, the pore size distribution was calculated, and
two very narrowly distributed, separated peaks with maxima
at 1.33 nm and 2.03 nm were obtained (Figure 2, inset). These
two peaks fit very well with the two distinct pores (extrinsic
and intrinsic) that were found in the crystal structure, which is
a hint that the overall crystalline order seems to be intact.
Indeed, the pattern obtained by powder X-ray diffraction
(PXRD) shows some degree of similarity to a pattern that was
simulated from the single-crystal structure of 4 (solvated
phase; see the Supporting Information), although it is not the
same. Solving three-dimensional structures from PXRD data
is not trivial for such large crystalline molecular structures
and certainly much more difficult than for crystals of cages of
smaller size, for example (for comparison, catenane 4 contains
1008 non-hydrogen atoms, whereas the catenane of Cooper
cage CC1 contains only 120 non-hydrogen atoms).'®! How-
ever, the NL-DFT data of the two pore sizes would not fit so
precisely with those for the crystal structure, if there was not
a certain structural similarity of the solvated and desolvated
phases. Nevertheless, further investigations to develop a more
accurate model of the desolvated phase will be done in due
course.

In conclusion, we have shown that the giant shape-
persistent cage catenane 4 can be formed in high yields (62 %)
by crystallizing the corresponding monomer 3b. For the
formation of 4, a 96-fold condensation reaction had to occur
in one step, which is, to the best of our knowledge,
unprecedented for any distinct molecular organic structure.
Furthermore, the catenane forms a porous material with
a BET surface area of 1540 m*g~" with two distinct pores with
narrow pore-size distributions with maxima at 1.4 nm and
2.0 nm. Therefore, the material contains one defined micro-
pore and one defined mesopore. This is the first example of
a porous molecular catenane. Currently, we are working on
getting a deeper insight into the structural needs of the
precursor molecules that are necessary to drive the formation
of an interlocked structure in the crystalline state. Therefore,
the influence of attractive dispersion forces (or CH-m
interactions) will be investigated, for example, by using
precursors with various alkyl chain lengths.

Experimental Section

For the synthesis and characterization of cage 3b and cage catenane 4,
see the Supporting Information. Crystals of cage catenane 4 were
obtained by vapour diffusion of n-hexane into a chloroform solution
of 3b. Crystal structure of 4: tetragonal, P4/n, a =b =37.7406(6) A,
c=47.0432 (15) A, a=f=y=90.0°, V=67006(3) A>, Z=8, pouc=
0.659 gem™, 0, =40.3420°, A(Cug,)=1.5418 A, T=100(2) K,
33601 measured reflections, 19063 independent reflections (R;, =
0.0489), 9562 reflections [I>20(I)], 736 parameters, R=0.1732,
wR=0.4856 (for all data). Data were collected on an Agilent
Technologies SuperNova A diffractometer using Cu radiation with
an Oxford Cryosystems Cryostream low-temperature device operat-
ing at 100 K. Data were processed using the CrysAlisPro software
package (Agilent Technologies 2013, CrysAlisPro Software system,
version 1.171.36.28, Agilent Technologies UK Ltd, Oxford, UK),
solved with SUPERFLIP, and refined using SHELX and the OLEX2
refinement programs.”?! The SQUEEZE function of PLATON was
used to remove the electron density of the solvate molecules.”!
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Furthermore, it was necessary to use constraints to control the
geometry of the aromatic rings and restraints to enforce chemically
sensible bond lengths and angles in the hexyl chains. Vibrational
restraints were also used to control atomic displacement parameters
of various atoms, in particular those in the hexyl chains, which have
considerably greater freedom of movement than the main framework.
CCDC 980837 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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