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Abstract

Molecular dumbbells with organic cage capping units were synthesised via a multi-component imine
condensation between a tri-topic amine and di- and tetra-topic aldehydes. This is an example of self-
sorting, which can be rationalised by computational modelling.
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Introduction

Organic cages are self-assembled molecules that are typically formed from two distinct multi-
functionalised components using reversible dynamic covalent chemistry.[*™* Increasing the
number of building blocks can lead to various more complex outcomes, including social self-
sorting into a single mixed assembly, ‘scrambling’ to form statistical mixtures of assemblies, or
narcissistic self-sorting into separate discrete species (Fig. 1).”! To date, there are just a few
reports of these types of self-sorting that relate to organic cages; for example, mixtures of
three different linkers can lead to narcissistically self-sorted binary cages,®® a distribution of

=121 or, less commonly, socially self-sorted ternary cage assemblies.!*37%%

cage species,
However, these examples typically exploit the use of precursors of the same topicity (i.e.,
number of reactive functional groups), and they target individual relatively symmetrical

organic cage species, rather than more complex architectures.

Here, we present an example of social-narcissistic self-sorting. We used four tri-topic amines,
four di-topic aldehydes, and one tetra-topic aldehyde. Narcissistic self-sorting was observed
into two distinct species: socially self-sorted organic cage dumbbells (OCDs) and the
corresponding binary ‘parent’ cage (Scheme 1). To our knowledge, these OCDs are the first
example of using self-sorting to form more complex organic cage architectures by covalently
connecting two cages together. Furthermore, the consistent formation of a mixture of a
dumbbell and a cage was rationalised using computational modelling to compare the
formation energy per bond formed.
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Fig 1. Schematic representation of potential self-assembly outcomes for more than two organic linkers
or building blocks: social self-sorting leads to the formation of a single mixed assembly, narcissistic
self-sorting results in the formation of separate discrete species, and scrambling leads to a statistical
distribution of mixed species.

Results and Discussion

Previously, we reported a high-throughput workflow for organic cage discovery that included
a number of Tri’Di® species — these molecules consist of two tri-topic and three di-topic



building blocks.***”! While organic cages of this topology tend to have cavities that are too
small to host guests, they have a simple trigonal geometry that lends itself to the design of
more complex assemblies. Our aim was to use multi-component imine condensation to access
a narcissistically self-sorted and controlled assembly incorporating more than one cage,
instead of socially self-sorted binary cages. We therefore decided to investigate the one-pot
multi-component reaction of a tri-topic amine and di-topic aldehyde (as used in the formation
of B1, a Tri?Di3 cage)*®*®], along with a tetra-topic aldehyde that has the same 1,3-dialdehyde
substitution pattern (Scheme 1).
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Scheme 1 Reaction scheme for the social-narcissitc self-sorting of a tri-topic amine (red), di-topic
aldehyde (green), and tetra-topic aldehyde (blue), to form a mixture of the binary parent cage B1
(Tri%2Di3) and an organic cage dumbbell OCD1 (Tri*Di*Tet?).

Building on the reaction conditions that we reported for the synthesis of B1 (Scheme 1),1% we
altered the precursor stoichiometry to include a single tetra-topic aldehyde for every two
targeted organic cages, leading to a ratio of 4:4:1 of tri-topic amine:tetra-topic aldehyde:di-
topic aldehyde (Table 1, Entry 1). Our hope was that this stoichiometry would favour the
formation of a dumbbell architecture, over the large number of other assemblies that can be
envisaged. Analysis of the crude reaction mixture by HPLC and high-resolution mass
spectrometry (HRMS) showed the clean formation of two species: the binary ‘parent’ Tri’Di3
cage (B1, [M+H]* 709.4024) and a Tri’Di*Tet! species ([M+2H]?* 770.9116), corresponding to
an organic cage dumbbell (OCD1), in a 76:24 ratio, as determined by HPLC (a/a%). We then
carried out a brief screen to study the effect of varying both the di- and tetra-topic aldehyde
molar ratio, in an attempt to favour the formation of OCD1 (Table 1). We also explored use of
additional equivalents of the tri-topic amine, since we have found previously that this favours
complete conversion of the precursors to the desired product (Table 1, Entries 2-3). This was
found to have no significant effect on the observed ratio of cage to dumbbell, so an excess of
the amine was utilised in subsequent reactions. Next, both the equivalents of di-topic aldehyde
(Entries 4-5), and tetra-topic aldehyde (Entries 6-7), were independently varied, increasing the
ratio present in the reaction whilst the other precursor amounts were kept constant.
Throughout, a ratio of ~80:20 B1:0CD1 was consistently formed as analysed by HPLC, with no
appreciable variance apparent based on the precursor feedstock. This could potentially be due
to the formation of some insoluble polymer in the reaction mixtures, perturbing the
thermodynamic equilibration. Finally, an alternative solvent was investigated (Entry 8), but
again, this appeared to have no effect on the formed distribution.



Table 1 Optimisation screen for the formation of organic cage dumbbell OCD1 —reactions were carried
out at 4.65 mM relative to triamine and refluxed for 2—3 days until no further equilibration was

observed by HPLC.

tTri: Di-topic 'I;etr.a ) :PtI:C
Entry | o0 | Aldehyde Aldz.zlyfde Solvent | ol

(Eq) | (E) (Eq.) (a/a%)
1 4 4 1 CHCl; | 76:24
2 5 4 1 CHCl; | 79:21
3 6 4 1 CHCl; | 81:19
4 6 6 1 CHCl3 75:25
5 6 5 1 CHCl5 78:22
6 6 4 2 CHCIs 78:22
7 6 4 3 CHCIs 81:19
8 6 4 1 DCM 77:23
9° 5 4 1 DCM 72:28

@Reaction carried out on a larger 2 g scale

The use of tetra-topic aldehydes of differing lengths (1-3) as alternative ‘struts’ was then
investigated to determine if it would affect dumbbell formation (Fig. 2). Overall, a similar ratio
of cage:dumbbell was always obtained, with LCMS confirming the peak at ~2 min
corresponded to cage B1, and those between 7-12 min corresponding to OCD1-3 (Fig. S2-S5,
ESIT).
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Fig. 1 Tetra-topic precursors 1-3 used as the central strut in organic cage dumbbells OCD1-OCD3 along
with the corresponding HPLC traces and relative peaks areas of the resulting mixtures of parent cage
B1 (~2 min) and the organic cage dumbbells (~7—-12 min).
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There was no apparent change in the ratio of dumbbell to cage formation with different
feedstock ratios, or when different solvents were used, so the preparation of OCD1 was scaled-
up using a slight excess of tri-topic amine (Table 1, Entry 9). For ease of isolation,
dichloromethane was used as the solvent since it allows a solvent exchange to hexane, with
the resulting precipitated cage and dumbbell mixture being collected by filtration. On scale-
up, a larger proportion of polymer formation was observed, which was removed from the
crude mixture by filtration (28% based on mass recovery). After isolation by solvent exchange,
a 72:28 ratio of B1:0CD1 was obtained, in a 50% vyield based on mass recovery. This mixture
proved to have low solubility (~*10 mg.mL?), but a small sample of OCD1 was isolated by
preparative HPLC for characterisation, and a single crystal was grown from CHCls/MeCN
confirming the formation of the cage dumbbell structure (Fig. 3). While only the dumbbell peak
was collected, HPLC analysis of the isolated purified solid showed a 7:93 ratio of B1:0CD1,
suggesting that the isolated dumbbell is susceptible to re-equilibration.

Fig. 3 (a) Top view, and (b) side view, displacement ellipsoid plots from the single crystal structure,
0OCD1-2.5(CHCl3)-9.5(H,0), crystallised from CHCls/MeCN. Ellipsoid displayed at 30% probability level;
and solvent omitted for clarity. (c) Crystal packing in the X-ray structure of OCD1-2.5(CHCl3)-9.5(H;0).
Ordered and disordered solvent molecules, which fill the voids in the structure between the OCD1
axels, are omitted for clarity.

We were interested in why there was consistent formation of a mixture of both cage and
dumbbell, and so we turned to computational modelling to explore this. Previously, we
showed that it is possible to predict the most likely cage topology formed from two precursors
by calculating and comparing the formation energies per imine bond for different molecular
assemblies.[*®17.19 These calculations are performed on isolated molecules in the gas phase,
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which does not consider solvent effects, and hence large energetic differences are needed to
predict solution-phase structures with confidence. This process becomes more difficult for
complex precursor mixtures, as the number of potential assemblies that might form increases.
We therefore decided to consider only the species that were formed experimentally: that is,
the parent cage B1 and the three dumbbells, OCD1-3. For each species, we searched for the
low-energy conformations using high-temperature molecular dynamics simulations with the
OPLS3 force-field?®! before further optimising the geometries at the PBE+D3/TZVP-MOLOPT
level (Fig. 4), finally carrying out single point energy calculations with MO06-2X/6-
311G(3df,3pd).?*72”1 Overall, all of the dumbbells had similar DFT formation energies of -17.2,
-17.2,-15.7 k) mol? per imine bond for OCD1-3, respectively, compared to -16.6 k] mol™* per
imine bond for the parent cage B1. These similar formation energies rationalise why a product
mixture is consistently observed in all three reactions.

‘Parent’ Cage B1 — Tri’Di? OCD1 — Tri*Di*Tet!

OCD2 - Tri*Di*Tet! OCD3 - Tri*Di*Tet?

Fig. 4 DFT (PBE-D3/TZVP) optimised structures for the parent Tri’Di*® cage B1, and each of the
Tri*Di*Tet! organic cage dumbbells OCD1-3.

The potential energy surfaces for each of the members of the OCD1-3 family were found to
consist of multiple low-lying minima, which differed only in relative orientation of the two
cage-component ends of the dumbbells. We further investigated these orientations by
calculating how the OPLS3e force-field!?® potential energy changes with the dihedral angle
between the two cages. All relative orientations of the cages are practically degenerate for
OCD1 and OCD3, while OCD2 exhibits a few slightly preferred orientations (Fig. S13-S14, ESIT).

Conclusions

In summary, we have demonstrated the synthesis of organic cage dumbbells, where the two capping
units are organic cage molecules, using a multi-component social-narcissistic self-sorting reaction. It
has been shown previously that two organic cages can be mechanically interlocked in a cage



catenane;?>3% also, multiple organic cages have been covalently connected in polymers or
frameworks.332 To the best of our knowledge, this study is the first example of covalently connecting
two cages together in a controlled manner by self-sorting, thus providing proof-of-concept for more
complex and controlled architectures involving more than a single cage species. There are only a few
other examples of cage-like or supramolecular dumbbells, which incorporate either fullerenes!®¥! or
knots4 as the capping units, and those strategies involve a coupling of the pre-formed capping units,
rather than a one-pot self-assembly. These OCDs might be interesting struts in future rotaxane
architectures. Strategies that might be employed in the future to favour dumbbell formation include
the use of a pre-formed parent cage and subsequent linker exchange with a tetra-topic aldehyde in a
formal transamination reaction,®* or pre-formation of a mono-functionalised cage and react with a
strut post-assembly using a cross-coupling reaction.!3%:32
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