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New Form of Isomerism

Isomeric Constellations of Encapsulation
Complexes Store Information on the Nanometer
Scale**

Alexander Shivanyuk and Julius Rebek, Jr.*

Isomers in chemistry are defined through constitution.
Further stereochemical relationships between two molecules
can be assigned through configuration and conformation, but
collections of molecules can also
show isomerism through their ar-
rangements in space. We report
here a new form of isomerism
resulting from the encapsulation
of three small-molecule guests in
a cylindrical, reversibly assembled
host. The mobility of the guests
within the host is limited: the
guest molecules are held in differ-
ent constellations within the con-
fined space. The various combina-
tions and isomeric constellations
of capsules are nanoscale data
storage devices.

Encapsulation complexes are
reversibly formed assemblies in
which small-molecule guests are
surrounded by a multimolecular
host. The systems are held togeth- 1 2
er by weak intermolecular forces 7
comprising metal-ligand interac- |

lity of the guests, either within the capsule or through
exchange with molecules outside, in solution. We report here
isomeric constellations—arrangements of several molecules
in space—that emerge when two different guests, are
encapsulated within a cylindrical host.”] Specifically, all
combinations of chloroform and isopropyl chloride in the
encapsulation complexes (Figure 1) can be identified by
NMR methods. The isomerism is an emergent property of
the assembly, rather than that of individual molecules. The
phenomenon hints at applications in mechanistic organic
chemistry through the selective solvation of reactants!*! and
information storage at the molecular level.

CHCl,

CICH(CH,),

tions and hydrogen bonding. The CI’b‘cH, cl c e
assemblies are dynamic; they
form and dissipate on time scales
ranging from milliseconds to
hours. The mechanical barriers H, CHa

that constrain the molecules with- | CIJGMCH:’

H.
',.—“'!-.'_-B;E‘-a.._‘ -t ,rE.'i?,_'
CI™ "CH4

in molecules offer new possibili- . o \
ties for isomerism, first observed
in covalently bound carcerands.!
In reversibly bound encapsulation
complexes,? the lifetime of the
array is determined by the mobi-
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Isomeric constellations

Figure 1. Top: Line drawing of the cavitand and a ball-and-stick representation of the self-assembled,
cylindrical capsule. Bottom: the six different combinations of encapsulated CHCl; and CICH(CHj),.

The NMR spectrum of isopropyl chloride CICH(CHj3), in
the capsule using deuterated mesitylene as the solvent is
shown in Figure 2 a. Mesitylene is too large to be encapsulated
and cannot compete with appropriately sized guests present
at lower concentrations. Accordingly, the spectrum represents
array 1. The sharp, widely separated signals for guests in the
two locations reflect the sizable energetic barrier that
prevents the guest molecules from exchanging positions: they
are too large to slip past each other while within the capsule.
The rate of the exchange process is slow on the NMR time
scale. The assignments were confirmed by NOE experiments.
Irradiation of the upfield doublet gave NOEs with the
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Figure 2. Upfield regions of the NMR spectra of the complexes

(800 MHz; 298 K in [D;,]mesitylene (0.15 mL) and isopropyl chloride
(0.3 mL)). The Initial concentration of the capsule is 2 mm. a) isopro-
pyl chloride alone; array 1. The furthest upfield doublet is assigned to
the methyl groups of guests near the ends of the capsule, and the
downfield doublet is assigned to methyl groups of the guest located
near the middle. New arrays appear as the following volumes of CDCl,
are added: b) addition of 0.05 mL CDCl,. The isomeric constellations 2
and 3 arise as one guest is replaced and 4 appears as two guests are
replaced from the CICH(CHj;),-filled 1; c) addition 0.15 mL CDCl;. Ar-
ray 4 increases at the expense of 1, while the ratio 2:3 remains con-
stant; d) addition of 0.3 mL CDCl;; e) addition of 0.4 mL CDCl,. Array
4 becomes the dominant CICH (CH,),-containing species, and its con-
stellational isomer 5, having a single CICH(CHs,), in the center of the
capsule is identified.

resorcinarene hydrogen atoms, while irradiation of the down-
field doublet showed NOEs only with the imide N-H signals.
An energy-minimized structure for array 1 is shown in
Figure 3a, where the van der Waals surfaces featured on the
guests emphasize the constraints on their mobility within the
capsule.

Titration of CDCl; into the capsule filled with isopropyl
chloride generated the 800 MHz spectra shown in Figure 2b—e.
The identification of constellational isomers 2 and 3 was
possible in the upfield regions of the spectra (the regions
representing CICH(CHj;), guests at the ends and the middle of
the capsule). The first to appear are those in which one
CICH(CH,;), is replaced by CDCl, (arrays 2 and 3). A key to
the assignment of the signals lies in the identical stoichiome-
tries of these constellational isomers: the relative amounts of
2 and 3 need not be equal, but their ratio remains constant
throughout the titration. Integration of the signals shows this
requirement is met by the assignments indicated, with 3:2=
2.5:1. The next arrays that emerge during the titration are the
isomers with one CICH(CHj;), and two CDClI; guests, (4 and
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Figure 3. Energy-minimized structures of encapsulation complexes: 1:
HCCI(CH;), alone; 2 and 3: constellational isomers of

CHCl;-2 HCCI(CH3),; 6: CHCI; alone. The van der Waals surfaces of
the guests emphasize their inability to exchange places while within
the capsule.

5) but only 4 appears in the furthest upfield region of the
spectrum. Its constellational isomer S5 confines a single
CICH(CHs;), guest to the middle of the capsule, and the
appropriate region of the NMR spectrum is downfield
(Figure 2c—e). Three arrays feature centrally located
CICH(CH,;), guests: 1, 2, and 5. Identification of 5 follows
from the known resonance signal for 1 and that deduced for 2.

With CHCI; as the only guest (array 6) under these
conditions, the same exchange characteristics hold; a signal
occurs at 0 =3.52 ppm for CHCl; molecules at the ends of the
capsule, and a signal occurs at 0 = 6.46 ppm for the CHCl; in
the center. A reverse titration in which CICH(CHj;), was
added to the CHCl;-filled capsule showed the initial appear-
ance of signals for 4 and 5 followed by those for 2 and 3 in the
NMR spectra (data not shown).

In addition to all the upfield signals for capsules contain-
ing isopropyl groups (1-5) described above, an equimolar
mixture of CHCl; and CICH(CHj;), showed the appropriate
downfield signals for encapsulated CHCl;. Even the CHCls-
filled capsule 6 can be identified, that is, all six combinations
coexist at comparable concentrations for this pair of guests.
This may appear as an unlikely result because the six
combinations are not expected to have equal free energies
and appear at different concentrations. The attractive
forces—van der Waals and dipole—dipole interactions—
between the guests and the host, and between the guests
themselves are different for each arrangement. If the
energetic difference between the most favored and least
favored combinations exceeds 3 kcalmol~!, less than 1% of
the least favored isomer will be present at equilibrium at
ambient temperature; NMR methods would be hard-pressed
to detect both combinations. Specifically, only five of the six
combinations of CHCIl; with CICH,CH,CI in the capsule
could be observed, and generally, other solvent pairs tested
showed even fewer isomeric constellations coexist. Yet the
energies for the CHCLy/CICH(CH;), combinations are, evi-
dently, well within 1 kcal mol~! and all appear simultaneously.

The explanation lies in the nearly identical properties of
these two guests. Their shapes, dimensions, and volumes are
practically superimposable. For example, the volume of
CHCI, is 73 A% and that of CICH(CH,), is 74 A3; any
combination of three guests occupies about 53% of the
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capsule's internal space of 420 A3. The proper filling of space
is an essential determinant of reversible encapsulation: guests
that fill slightly more than half of the available space lead to
the most stable complexes.”] Either guest can interact
favorably with the polar seam of hydrogen bonds that hold
the capsule together through their modest dipole moments
(1.15 D for CHCl; and 2.1 D for CICH(CH,),).

The different combinations and isomeric constellations
introduced here represent information, temporarily stored in
the form of a binary code. The symmetry of the capsule
reduces the capacity to six bits from the eight expected. Long-
term storage of data on the nanometric scale may follow when
their arrangements can be precisely controlled, maintained,
and retrieved. In the meantime, reversible assembly provides
access to capsules with volumes capable of surrounding
numerous guests.[>”l The well-defined sizes and shapes of the
cavities impose limitations on the motions of the guests, both
internal, such as ring inversion®’ or external, such as
molecular translation and tumbling.'™'?l Guest-guest inter-
actions!®! offer even more possibilities for information
storage and we explore them in the sequel.
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Modular-Assembled Bowls and Crowns

Modular Cavity-Tunable Self-Assembly of
Molecular Bowls and Crowns as Structural
Analogues of Calix[3]arenes**

Shu-Yan Yu,* Hui Huang, Hong-Bo Liu, Zhong-
Ning Chen, Rongben Zhang, and Makoto Fujita

The construction of container molecules is still an interesting
topic in organic synthesis, particularly bowl-shaped mole-
cules, such as calixarenes, because of their potential applica-
tions in a variety of areas of supramolecular chemistry.!'l In
contrast to the inorganic approach, metal-directed self-
assembly has been widely employed to construct well-defined
metal-organic container molecules.”l Metal-assembled bowl-
shaped molecules that are structural analogues of calixarenes,
such as metallacalix[3]arenes,®! metallacalix[4]arenes, and
othersP ¢ have attracted considerable attention. We obtained
a metal-organic nanobowl by self-assembly,”) which was
found to assemble in aqueous media to form a dimeric capsule
that contains a large hydrophobic pocket inside the frame-
work.[®I This pocket served as a reaction container for a highly
stereoselective [2+2] photodimerization of olefins.’! These
findings inspired us to develop structurally and functionally
new container molecules with calixarene features to conform
with certain molecular architectures, and various reactions. In
addition, we noted that among the few inorganic analogues of
calixarenes, conformational conversion usually occurred
because of the flexibility of the ligand, and because of
distortion of the coordination geometry, as found in some
metallacalix[3]arenes (with partial cone conformer),l® and
metallacalix[4]arenes (with isomers).[! Therefore, self-assem-
bled metallacalixarenes with single rigid conformations (i.e.,
cone conformer, bowl form, and all-syn conformation) are
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