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ABSTRACT: We show that a [3 + 6] trigonal prismatic imine (a) cage
can rearrange stoichiometrically and structurally to form a [6 + 12] cage
(b) with a truncated tetrahedral shape. Molecular simulations rationalize
why this rearrangement was only observed for the prismatic [3 + 6] cage
TCC1 but not for the analogous [3 + 6] cages, TCC2 and TCC3. Solvent
was found to be a dominant factor in driving this rearrangement.

� INTRODUCTION
Porous organic cages (POCs) are discrete, shape-persistent
molecules that possess an intrinsic void, which is accessible via
windows in the cage.1 In contrast to extended, bonded
framework materials, such as metal�organic frameworks
(MOFs)2 and covalent organic frameworks (COFs),3 POCs
are often soluble in common organic solvents, opening up a
number of processing options and applications.4�6 The cage
packing in the solid state has a profound e�ect on their
properties, and this can be controlled by the size and shape of
the cage, the functionality present on the outer molecular
surface, and the conditions under which the cage is isolated
from solvent.7,8 For example, changing the crystallization
solvent can result in multiple polymorphs for the same cage
molecule, each possessing di�erent physical properties.9 The
inherent solubility of POCs also opens up the possibility of
forming cage cocrystals, which can possess tunable properties10

and a�ord access to unique crystal packings.11

Typically, organic cages are synthesized from one or two
precursors that are able to self-assemble: for example, the
imine-based organic cage CC3-R is synthesized by the reaction
of four molecules of 1,3,5-triformylbenzene with six molecules
of (R,R)-1,2-cyclohexanediamine. The precise size and shape of
the resulting cage is sensitive to the choice of starting material
and the position of the reactive groups with respect to one
another,7,8 and the assembly mode is not always intuitive. For
this reason, we have developed computational strategies to
predict the reaction outcome in silico.12,13 For dynamic
systems,14 reversible bond formation enables error correction
during synthesis and can often a�ord clean formation of the
desired cage. To synthesize cage molecules with di�erent
shapes or topologies, it is common to use precursors with

di�erent geometries.7,8 It is relatively rare to see changes in cage
geometry and/or topology by simply changing the reaction
conditions for the same starting materials. However, rearrange-
ment of imine-based cages in solution to form alternative
molecular species is possible because of the dynamic nature of
the imine bonds, which can allow equilibration of the reaction
mixture in response to external stimuli. Hence, the product
distribution may be a�ected by changes in the reaction
conditions, such as temperature, concentration, solvent
composition, the presence of a catalyst, or the presence of a
templating species.15 Warmuth demonstrated that solvent can
have a strong in�uence on the outcome of the cage-forming
reaction between tetraformylcavitand and ethylenediamine.16

Simply switching the reaction solvent between chloroform,
tetrahydrofuran, or dichloromethane prompted the formation
of octahedral [6 + 12], tetrahedral [4 + 8], or square
antiprismatic [8 + 16] nanocages, respectively.16,17 We also
observed that recrystallizing the tetrahedral [4 + 6] cage, CC1,
from DCM with o-xylene led to the formation of the
thermodynamic triply interlocked [8 + 12] catenated species.18

By using TFA as a catalyst, it was possible to form the [8 + 12]
catenane directly in the synthesis.18 The ability to switch the
stoichiometry of the cage products demonstrates that the
energetics of host-solvent interactions can be used to �ne-tune
the outcome of a particular synthesis; this is similar to the
ampli�cation e�ect observed in dynamic combinatorial receptor
libraries.19,20 Here we show that two distinct organic cages,
TCC1[3+6] and TCC1[6+12], could be synthesized from the same
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precursors and that TCC1[3+6] is able to undergo re-
equilibration to a larger species, TCC1[6+12], with only mild
experimental stimuli (Scheme 1).

� RESULTS AND DISCUSSION
We recently reported a family of chiral cage molecules with a
triangular prism shape (the topology can be denoted Tet3

3Di6,
according to our recently introduced nomenclature),21 referred
to here as TCC1[3+6], TCC2[3+6], and TCC3[3+6] (Figure S1).22

The smallest cage in this family, TCC1[3+6], was shape
persistent and found to have an apparent BET surface area
(SABET) of 2037 m2 g�1 as a homochiral crystalline material. In
a subsequent crystallization screen for TCC1[3+6], we observed
a new crystal habit for this system. Crystallization of TCC1[3+6]

from a chloroform solution containing ethanol or methanol as
an antisolvent a�orded a mixture of acicular or needle-like
crystals, along with the previously observed crystals of
TCC1[3+6], which are cubes. The needles were found to be
single, although some non-merohedral twinning was observed.
Single crystal X-ray di�raction (SCXRD) revealed the presence
of a large cage, TCC1[6+12] (Scheme 1). While TCC1[3+6] has a
triangular prism geometric shape (Figure 1a), TCC1[6+12] has a
truncated tetrahedron geometric shape (Tet6Di12 topology)
(Figure 1b). TCC1[3+6] has two triangular shaped windows at
either end of the triangular prism-shaped cage, but TCC1[6+12]
has four equivalent triangular windows that form the truncated
faces of the tetrahedron (Figure 1c). In addition, TCC1[6+12]
has four larger windows that are located between six
hexagonally arranged aromatic rings (Figure 1d). Identical

Scheme 1. Reaction Scheme for the Formation of TCC1[3+6], Which Then Re-equilibrates in Solution to TCC1[6+12], This
Reaction Can Be In�uenced by a Number of Factors Detailed in the Texta

aThe cyclohexane groups are shown in red; other C, gray; N, blue; H omitted for clarity in the crystal structure representation.

Figure 1. (a) Triangular prism geometric shape of TCC1[3+6]; (b) Truncated tetrahedron geometric shape of TCC1[6+12]; (c) Triangular windows of
TCC1[6+12]; (d) Hexagonal windows in TCC1[6+12]. The cyclohexane groups are shown in red; other C, gray; N, blue; H omitted for clarity in the
crystal structure representation.
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