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Abstract

A completely unsymmetrical porous organic cage was synthesized from a C;, symmetrical building
block that was identified by a computational screen. The cage was formed through a 12-fold imine
condensation of a tritopic C;, symmetric trialdehyde with a di-topic C; symmetric diamine in a [4+6]
reaction. The cage was rigid and microporous, as predicted by the simulations, with an apparent
Brunauer-Emmett-Teller surface area of 578 m? g*. The reduced symmetry of the tritopic building
block relative to its topicity meant there were 36 possible structural isomers of the cage. Experimental
characterization suggests a single isomer with 12 unique imine environments, but techniques such as
NMR could not conclusively identify the isomer. Computational structural and electronic analysis of
the possible isomers was used to identify the most likely candidates, and hence to construct a 3-
dimensional model of the amorphous solid. The rational design of unsymmetrical cages using building
blocks with reduced symmetry offers new possibilities in controlling the degree of crystallinity,
porosity, and solubility, of self-assembled materials.



Introduction

Porous molecular materials, such as porous organic cages (POCs), are a sub-class of porous materials
that lack the 3-dimensional extended bonding found in networks such as zeolites, metal-organic
frameworks (MOFs), and covalent organic frameworks (COFs). POCs are molecules that have intrinsic
porosity as a result of an internal cavity that can be accessed through multiple windows.>? In the solid
state, these molecules can pack together to afford a 1-, 2-, or 3-D pore network that passes through
the internal cage cavities; the intrinsic porosity of the cage may be augmented by extrinsic voids
located between the cages. POCs have shown potential in applications such as chemical separations,?
sensing®® and as porous liquids.® Because of their molecular nature, one can control both crystal phase,
the degree of crystallinity and, hence, the porosity by post-synthetic processing.””*? This can be done
by varying the solvent, the crystallization temperature, the mixing rate, or by modifying the desolvation
process. For example, cages can be directed to form 3-D interconnected pore networks simply by
changing the crystallization solvent,’® or made intentionally amorphous using techniques such as
freeze-drying.’

Conventionally, porous materials—both molecular solids and frameworks—tend to be synthesized
from highly symmetric precursors to generate crystalline structures. The use of building blocks with
reduced symmetry to construct such materials results in a larger number of possible structural
isomers, and thus a greater phase space of structural possibilities. This makes purposeful design based
on chemical knowledge much more challenging than for more symmetrical precursors. Mukherjee et
al. have recently observed a self-selection process between multiple structural isomers when an
unsymmetrical ditopic building block was employed for the synthesis of imine cages,'* but such
processes are very hard to anticipate. In the area of frameworks, Zhang et al. showed that it was
possible to obtain COFs with heterogeneous pore structures by using a Ca, tritopic building block.?
These studies suggest that introducing asymmetric building blocks, or reducing the overall symmetry
of the building blocks, has the potential to create increased structural complexity and hence access to
novel properties. For porous molecular materials, reduced symmetry has the potential to increase
porosity of the materials, by frustrating efficient packing, or to dramatically improve solubility.

However, this increased structural complexity for less symmetrical materials presents a major
challenge for purposeful design, for experimental characterization methods, and for atomistic
simulations. Figure 1a illustrates the structural isomerism that is generated for an assembly when we
reduce the precursor symmetry. By reducing the symmetry of a tritopic building block on each vertex
of a tetrahedral structural model to C;,, the number of potential structural isomers increases. In the
presence of a strong driving force (thermodynamic or kinetic), synthesis might favor a specific
structural isomer. In the absence of such a strong preference, a statistical mixture of isomers may be
expected.’ It is extremely difficult to pre-judge which of the possible isomers, if any, will be favored
by experiment. As a result, it is difficult to design these less symmetrical systems, for example by
making analogies with known polyhedral cages.

Here we present the formation of a POC that was synthesized from a tritopic aldehyde building
block of reduced symmetry (Cz) with a ditopic amine building block. This building block was suggested
by a large-scale computational screen. This demonstrates the power of such strategies because we
would not otherwise have selected this reduced symmetry precursor based on existing chemical
knowledge. Compared to related cages formed from more symmetrical precursors, this cage is
unsymmetrical and, hence, highly soluble (Fig. 1b). The structure of the unsymmetrical cage could not
be determined definitively by experiment, and further computational modelling was therefore used



to assistin its identification. As such, computation was key to both the genesis and the characterization
of this unusual porous organic cage.
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Figure 1. Structural complexity generated by cage precursors with reduced symmetry. (a) Scheme for a
tetrahedral topology with a tritopic precursor on each of its four vertices. With a C3, symmetric precursor, a 120°
rotation about the C; axis of the tetrahedron results in no new structural isomers of the assembly. By contrast,
with a C;y symmetric precursor, each rotation creates a new structural isomer of the assembly: a total of 9
symmetry-inequivalent isomers results for this example; (b) Formation of symmetrical CC3 using a tritopic Dz
symmetric building block, and the proposed structure of the unsymmetrical cage species formed using the
tritopic C,, building block. The D3, and C;y symmetry assignment of the tritopic precursors only describes the
symmetry of the substituted aromatic cores and does not take into account the aldehyde orientation.

Results and Discussion

This work started with a computational screen where we assembled 10,000 combinations of tritopic
aldehydes and ditopic amines from a subset of the Reaxys database'® into [4+6] cages. From this
screen, we identified 5-(4-formylphenyl)-isophthalaldehyde (trialdehyde 1) as an interesting potential
precursor. This screening procedure used our supramolecular toolkit (stk)!” to automate the cage
assembly and then to test candidate cages for “shape-persistence” by running a short gas phase
molecular dynamics simulation, checking if an internal cavity was retained. If the candidate cage
contained a cavity that was large enough to accommodate a nitrogen molecule (kinetic diameter 3.84
A), and all four windows had a spherical diameter at least large enough to accommodate a hydrogen
molecule (kinetic diameter 2.8 A), then the cage was deemed shape-persistent. After discarding those
cages that lacked shape persistence and collapsed (~95% of combinations), we then inspected the
results for promising synthetic candidates. Shape-persistent cages formed from trialdehyde 1 caught
our attention: these were not structures that we would have otherwise designed, and they offered the



potential to form an unsymmetrical cage. This precursor also led to predicted shape-persistent cages
by in silico combination with different diamine partners (3 shape-persistent combinations predicted in
total). Of the 84 potential diamine partners selected from the Reaxys database, the C; symmetric
(1R,2R)-cyclohexane-1,2-diamine ((R,R)-CHDA) was particularly promising and commercially available.
This diamine has also been used previously to synthesize a number of POCs, including CC3, formed
with the tritopic aldehyde, (Fig. 1b),*® and TCC1-3, formed with tetratopic aldehydes.*

A high-throughput (HT) experimental screen of trialdehyde 1 with 16 diamine partners (see further
details in the Supporting Information, section 3), also identified (R,R)-CHDA (Fig. 1b) as a promising
cage-forming partner, with the formation of a [4+6] cage indicated by high-resolution mass
spectrometry (HRMS) (Fig. S5).

Optimization and scale-up of the reaction between trialdehyde 1 and (R,R)-CHDA resulted in the
formation of a [4+6] cage molecule with 96% mass recovery and 91% (a/a) purity as analyzed by HPLC.
Based on our previous experience, the observed stability of the cage to solvent removal suggested that
the cage might be shape-persistent, because cages that lack shape-persistence quite often also exhibit
some chemical decomposition along with collapse of the cage cavity.?%?! A single peak in the HPLC
suggested the formation of a single cage species (Fig. S12). However, the 'H NMR spectra was very
complex by comparison with spectra usually observed for symmetrical cages (Fig. 2b, Fig. S45-546): for
example, the [4+6] cage CC3 (Fig. 1b) displays a single chemical shift for all 12 imine protons and a
single chemical shift for the 12 aromatic protons. This complex NMR suggested that the reaction with
trialdehyde 1 either forms a mixture of cage isomers, or a single highly unsymmetrical cage isomer. To
aid characterization, further purification was carried out by preparative-HPLC to afford the
unsymmetrical cage with >98% (a/a) purity. Despite the complexity of the *H NMR spectra, which could
suggest the presence of cage isomers, the integration of the peaks as whole numbers before and after
purification suggested instead that a single cage had formed, rather than a mixture of species. To
further confirm this, diffusion NMR was used to determine both the size of the cage in solution and to
establish whether a mixture of cages with varying shapes (and sizes) had formed. The measured
solvodynamic diameter of the cage was 18.6 A, which is consistent, by comparison with previous
measurements, with a [4+6] cage containing an internal cavity (Table S11). A single size of cage species
was suggested because all peaks had identical diffusion co-efficients, as illustrated by the *H DOSY
spectra (Fig. 2d, Table S4).

We next sought to gain more insight into the cage structure. Discrete peaks for most of the
‘structurally equivalent’ carbons in the cage were observed in the 3C NMR spectra (Fig. 2c) in
particular, different shifts were observed for all 12 imine carbons as well as the 12 carbons on the
cyclohexyl ring adjacent to the imines. We also observed discrete resonances for each of the other
aromatic and quaternary carbons originating from the trialdehyde 1. The use of 2D NMR (for COSY,
HSQC and HMBC spectra see Fig. S15-517) assisted in the assighment of both the *H and 3C NMR
spectra, alongside allowing the identification of four individual ‘faces’ in the cage species (Fig. S18-
S21), with 1D-NOEs enabling the assignment of the 12 different corresponding imine protons (see Fig.
$23-S27). Furthermore, there was evidence of connectivity between these faces by through-space
interactions observed in the 1D-NOEs — see Fig. S28. This suggests the formation of a single [4+6] cage
that has no symmetry (C; symmetry).

Multiple attempts at crystallizing the unsymmetrical cage from different solvents were unsuccessful
(for details see the Supporting Information), with powder X-ray diffraction (PXRD) indicating the
formation of an amorphous solid (Fig. S31). This is likely due to the lack of an extended packing motif
- using comparable crystallization conditions, a series of porous organic cages with tetrahedral,?? or



trigonal prismatic symmetry,” with strong 3-D and 1-D packing motifs respectively, can be routinely
crystallised. This indicates that our low symmetry precursor results in a cage that hampers
crystallization.
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Figure 2 Experimental characterization of the unsymmetrical cage. (a) Reaction scheme; (b) *H NMR spectra of
the isolated cage, showing the aromatic region with the different peak shifts for the protons originating from
trialdehyde 1 indicating different chemical environments, with the integrations suggesting the presence of a
single species; (c) *C NMR spectra showing the unsymmetrical nature of the cage inset (red) shows the 12
different shifts for the imine carbons; (d) *H DOSY spectra of the isolated cage suggesting a single size of cage
species.

The amorphous solid was found to be microporous, with an apparent Brunauer-Emmett-Teller
surface area (SAger) of 578 m? g*. The N, and H, uptake was 13.1 mmol g* and 4.7 mmol g7,
respectively (1 bar, 77 K) (Fig. S33). This suggested to us the presence of an intrinsic cavity in the cage,
based on our prior experience of amorphous cage solids formed from more symmetrical cages where
the cavity collapses to form a non-porous material.?°

Taking the experimental data as a whole suggests the formation of a single, completely
unsymmetrical, shape-persistent [4+6] cage. To our knowledge, this is the first example of its kind
among POCs. The cage was found to be extremely soluble (>400 mg/mL in CHCl3) compared to
previously reported symmetrical cages (see Fig. S35), for example, CC3 has ~3 mg/ml solubility in
CHCl3.%* This is presumably because of disruption of the lattice packing in this highly unsymmetrical
molecule, and highlights the potential advantage to exploring lower symmetry cage molecules.

Without a single crystal to definitively solve the structure of the cage molecule, we again turned to
computational modeling, following the computational pipeline summarized in Figure 3. There are two

possible cage topologies, Tri*Di® and Tri;Di®,? that would lead to the [4+6] molecular mass ion



identified by HRMS ([M+2H]** 759.9211 g mol?; Fig. S29). The Tri*Di® molecule would consist of four
tritopic and six ditopic building blocks. The subscript “2” in the TrizDi® topology nomenclature
indicates that the tritopic building blocks are connected twice to another tritopic block (see image in
Fig. 3 and Supporting Information Section 5 for a full description).? For each of these two topologies,
we generated all possible structural isomers by rotation of the C,, tritopic building block around the
topology’s Cs rotation axis. This corresponds to 3*=81 structural isomers for each of the 2 topologies.
The resulting 162 isomers were then reduced by removing symmetry equivalent structures to afford
36 unique isomers, of which 9 were obtained from the Tri*Di® topology and 27 from the Tri;Di®
topology (Figure 3). For details on the methods used to determine structurally unique isomers, see
Supplementary Information Section 5.3.
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Figure 3 Computational pipeline for the generation and screening of isomers. 162 structural isomers were
assembled in 2 topologies. Through a combination of experimental data and computational predictions, these

were filtered down to 4 unique isomers. Teal and purple connectors correspond to tritopic and ditopic building
blocks, respectively.

To obtain good structural models for these 36 cage isomers, we first geometry optimized each
model using the OPLS3 force field,?® which we have previously found to reproduce the structure and
energetics of cage molecules.”®? We then used simulated annealing to search for low energy



conformers (see Supporting Information Section 5.4. for full details). The resulting lowest energy
conformer for each isomer was then re-optimised at Density Functional Theory (DFT) level (B3LYP-
D3/Def2-TZVP),?®73% and finally a single point M06-2X/Def2-TZVP calculation was conducted to obtain
accurate total energies.?*** A polarizable continuum model with a dielectric value of 8.93 for
dichloromethane was employed in the last step to reproduce the electrostatic influence of solvent on
the final energy of the various isomers.

The final structures of the 36 cage isomers were then investigated for structural properties such as
pore size and average weighted diameter. Both properties were calculated with the use of pyWindow,*”
a python package we have developed for the structural analysis of discrete porous molecules (see the
Supporting Information for full details). To identify the most likely structural isomer of our synthesized
cage, we applied the following criteria to successively narrow down the possibilities: (i) remove cages
that are collapsed or that have cavities smaller than 3.64 A, which corresponds to the kinetic diameter
of N3, on the basis that sorption analyses suggest that the molecule contains an intrinsic void large
enough to accommodate Ny; (ii) remove candidates that fall outside the energy range of 60 kJ mol?
from the lowest energy remaining isomer—this assumes that the lowest energy isomers are the most

),%® but by having a large window, we

likely to be obtained experimentally (i.e., thermodynamic control
also consider that there may be kinetic bottlenecks in the synthesis;* (iii) select only the isomers that
are completely unsymmetrical and that therefore contain 12 unique imine environments, to match
NMR observations; and, finally; (iv) select the structural isomer with the lowest mean absolute error
(MAE) between calculated and experimental *H NMR chemical shifts.

The first criterion, pore size, reduced the number of potential isomers from 36 to 9, which ranged
in predicted pore diameter from 4.2 to 7.2 A. The next criterion, relative energy, reduced the number
of potential isomers from 9 to 7. Consideration of the number of unique imine environments left 4
potential isomers. The structural and electronic properties for the final selected isomers are shown in
Table 1 and Fig. 4. A full discussion of how we determined the number of unique imine environments

can be found in the Supporting Information Section 5.3.

Table 1 Simulated properties of the four selected cage isomers.

Cage Pore Average Relative MAE H
isome diamet weighted energy (kJ NMR

r er (A) diameter (A) mol %)t (ppm)

1 6.8 16.1 18 0.085

2 6.7 16.7 39 0.113

3 7.2 16.6 40 0.104

4 5.4 16.3 47 0.116

tEnergy is relative to the lowest energy isomer among the 36 initial isomers (not shown in table).

All four of the selected cage isomers possessed the Tri*Di® topology, since the Tri;Di® topology
tended to lead to assemblies with higher symmetry. The calculated average weighted diameters for
isomers 1-4 range from 16.1 to 16.3 A. This is slightly lower than the experimental solvodynamic
diameter of 18.6 A, but these differences between computed and measured diameters are consistent
with observations for other organic cages for which we know the structure (Table S11).



For the fourth criterion, we compared the experimental *H NMR chemical shifts with *H NMR
shielding tensors calculated at the WP04/DGTZVP level of theory in the solvated phase (CDCls) for the
remaining 4 isomers.3®3° This level of theory, followed by scaling through the use of statistical
parameters, was shown by Benassi to perform exceptionally well for a test set of molecules.*°
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Figure 4 (a) DFT optimized structures for the 4 most likely isomers of the experimentally synthesized
unsymmetrical cage. The isomers are identified by numbers 1-4, with 1 being the lowest energy isomer and 4
the highest. Carbon, nitrogen, and hydrogen atoms are represented as grey, blue, and white sticks, respectively;
(b) Structural properties of isomer 1. The 6.8 A diameter pore is shown as an orange sphere on the left. On the
right the diameter of the largest sphere that fits in each of the 4 windows for 1 is given. Transparent triangles
have been used to highlight each distinct window for visualization purposes only.

We were only able to consider a single conformation here, rather than the recommended
conformational averaging,*® due to the large size of these molecules (216 atoms). To determine the
goodness of the fit for each isomer relative to the experimental values, we calculated the mean
absolute error (MAE) for each isomer,* as shown in Table 1. The predicted MAE values for the *H NMR
chemical shifts indicate that our fits (~0.10 ppm) are in line with the errors obtained for much smaller
molecular systems.*®*! The analysis of the calculated MAE suggests that among the four candidate
isomers, isomer 1 has the best fit with the experimental *H NMR spectrum (MAE 0f 0.085 ppm), albeit
by a small margin. Isomer 1, shown in Fig. 4b, has a large internal cavity (fitting a sphere of 6.8 A
diameter), four unsymmetrical windows of diameter 6.8, 6.0, 3.7, and 3.3 A, an average weighted
diameter of 16.1 A, and the lowest calculated energy (18 ki mol™) of the final four selected isomers.

Finally, we then compared the experimentally determined configuration of the meta-substituted
imines to those in the four candidate isomers. Using a combination of 2D NMR (COSY) and 1D-NOEs,
it was possible to assign an ‘up’/’down’ configuration on each individual face (see Fig. S19, S23-24 and



$26-27). On comparison of this with the four isomers, isomer 1 was the only cage that demonstrated
the same configuration (see Fig. S48). We therefore suggest that the most likely identity of our
experimental cage is isomer 1. Further information for the remaining 3 isomers can be found in the
Supporting Information. To verify that isomer 1 would indeed form a porous system in the solid state,
we generated an amorphous model from its molecular structure. Briefly, we loaded a simulation cell
with 100 molecules at low density, before conducting a 21-step relaxation procedure*? using a bespoke
forcefield, CSFF*® (see the Supporting Information Section 5.8. for full details).!*** The resulting
amorphous structure is shown in Fig. 5.

Figure 5 Amorphous model of isomer 1. Voids within the structure are shown in red, calculated with a probe of
radius 1.55 A.

To evaluate the accessible surface area for this model, we used a probe radii corresponding to the
van der Waals radius of N, (1.55 A) and to its kinetic radius (1.82 A). In this amorphous model, whilst
the largest cavity diameter is 8.38 A, which is larger than that of the cage (6.82 A), showing the
potential benefits of generating extrinsic porosity in a system through poor packing. The calculated
pore limiting diameter of 3.09 A is close to the diameter of N,: it is therefore reasonable to expect that
thermal fluctuations can open up pores that are not formally accessible in static models, and we have
shown previously that such “dynamic” porosity occurs during molecular dynamics simulations of other
POC systems.*™*" Here, we calculated a surface area of 456 and 837 m? g’ with probe radii of 1.82 and
1.55 A, respectively, which spans the observed SAger of 578 m? g™. This further validates that isomer 1
is a plausible identity for this cage. For further details and structural properties for the amorphous
model of isomer 1, see Supplementary Information Table S10 and Fig. S44 in Section 5.8.

Intriguingly, when we analyzed the cage molecules in the amorphous model, we found that 83% of
the potential intrinsic void volume inside the cages was lost due to interpenetration from neighboring
cages. This was due to the large windows in isomer 1; as such, the majority of the porosity in this
model comes from extrinsic voids, not from cage cavities. Reassessing our earlier selection criterion
that the isomer must have an internal cavity (diameter >3.64 A), we found that the same four final
candidates are still found in the absence of this criterion (Fig. 6).



We also note that all four final candidates have at least two windows that are large enough for
penetration by cyclohexanes from neighboring cages: as such, we believe that it is highly likely that the
porosity in this cage results primarily from extrinsic voids, even if our selection of isomer 1 proves
incorrect. This does not mean the shape-persistent intrinsic voids are unimportant, however, because
they likely promote a greater degree of interconnectivity between the extrinsic pores.
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Figure 6 Comparison of the 36 possible cage isomers, taking into account the final criteria: (i) relative DFT energy
<60 kJ mol?, (ii) 12 unique imine environments, and (iii) low MAE between the experimental and calculated *H
NMR spectra. The final four candidate isomers 1-4 are labelled, with isomer 1 having both the lowest relative
energy and lowest mean absolute error (MAE) of the *H NMR shifts.

Conclusions

In summary, we have successfully demonstrated the dynamic covalent synthesis of a unique, fully
unsymmetrical Tri*Di® imine cage. We would not have designed this cage without the results of
computational screening, which inspired the choice of the less symmetrical precursor. The amorphous
solid obtained was porous to both N, and H,, and had greatly increased solubility compared to both
symmetrical cages and also most ‘scrambled’ cage mixtures, the latter of which have been used to
generate porous liquids.*®* We show that simulations can complement experimental results and
provide atomistic insights when it is not possible to obtain definitive structural information by
crystallography. By exploiting the close synergy between molecular structure prediction, experimental
synthesis, and structural modelling, we were able to tackle the challenging problem of postulating a
structure for a cage that has 162 possible isomers.
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