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Abstract The first synthesis of organic Tri®Di° cages is presented. Two
structurally distinct Tri®Di® cages were synthesised by combining a
highly fluorinated aldehyde with two ditopic amines. Although the pure
compounds could not be isolated despite many attempts, the informa-
tion obtained is critical for the future design of large supramolecular
structures. Computational and experimental methods indicate that the
addition of perfluorinated aromatic linkers in the assembly of porous or-
ganic cages opens up new possibilities for influencing the reaction path-
way towards rare and unknown structures.

Key words: organic cage compounds, imine cages, dynamic covalent
chemistry, fluorine

Introduction

In recent years, the number of reported geometries for po-
rous organic cages (POCs) steadily rose, until it became in-
creasingly more difficult to synthetically access unreported
cage topologies.! Depending on the functional groups
present in the building blocks that constitute the POC, differ-
ent binding motifs can be exploited in the design of the cage
molecules.2 Focusing on POCs based on dynamic covalent

chemistry, imines and boronic ester linkages can be used to
construct molecular cages of impressive dimensions.? In ac-
cordance with the nomenclature proposed by Jelfs et al. in
their comprehensive exploration of the topological land-
scape of POCs, building blocks can be classified as either ‘Di’
(containing two functional groups), ‘Tri’ (containing three
functional groups) or ‘Tet’ (containing four functional
groups).* Combining two components from these three mol-
ecule classes leads to a maximum of 20 possible organic cage
geometries, most of which have already been reported ex-
perimentally. The subclass with the longest history and the
most examples is undoubtedly the Tri*DiY cage family. Rang-
ing from rather small prism-like Tri’Di3 imine cages,> over
Tri*Di® boronic ester cages by Mastalerz and imine cages by
Schmidt et al.b to the Tri®Di!2 giants from Beuerle and Mas-
talerz.” The wide availability of suitable linkers and the flex-
ibility to vary between tetrahedral and octahedral Tri*Di®
cages make this subclass the most versatile of all organic
cages.? Yet, one geometric member of the Tri*XDi* family re-
mains elusive. To the best of our knowledge, no organic
Tri®Di° cage has been reported so far. One possible explana-
tion for this ‘missing link’ is given by Jelfs et al. during explo-
ration of the energetic landscape for the reaction of 1,3,5-
triformylbenzene with (R,R)-1,2-diaminocyclohexane. The
Tri“Di® geometry marks the topology with the lowest rela-
tive energy, whereas the relative energy of the Tri®Di® top-
ology is only surpassed by the high relative energy of the
Tri’Di3 cage. Furthermore, the collapsed Tri®Di° structure is
lower in its relative energy compared to the open structure,
which, experimentally, could lead to a reduced solubility of
the structure, rendering analysis difficult.# During their in-
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Figure 1

Synthesis of the Tri*Di® and Tri®Di° cages from the highly fluorinated aldehyde 1 and the amine 2. The given yield corresponds to the mixture

of products based on aldehyde 1 as the starting material. The open structures of both cages were calculated computationally as described in the

computational section at the end of this paper.

vestigation of the templating effects of metals in combina-
tion with the bite angles of organic linker molecules, the
group of Nitschke reported the formation of a Pd-templated
Tri®Di° structure as a side product along the targeted Tri*Di®
Pd-cage.? Both cages proved to be stable in solution and
under elevated temperatures for up to 24 hours. Due to the
low solubility of both cages, no separation could be con-
ducted successfully, and it was only possible to obtain single
crystals of the Tri*Di® compound. From the 'H NMR spectra,
it was deduced that the Tri®Di®/Tri*Di® ratio was 1:2, and
remained unchanged for up to 1 month at 25°C. This Pd-
templated organic cage marks the first report of a quasi-sta-
ble Tri®Di° compound. Herein we report the first non-tem-
plated Tri®Di® compound that can be synthesised from the
condensation reaction of a highly fluorinated tritopic alde-
hyde 1 with the ditopic amine (R,R)-1,2-diaminocyclohex-
ane (2). Without the stabilizing interactions observed in
the Pd-templated structure, we deduce that the flexible, flu-
orinated linker molecules must play an important role in the
compound’s formation.

Results and Discussion

When reacting aldehyde 1 with amine 2 in a 1:1.5 ratio in
chloroform for a period of 3 days at room temperature, two
intense signals could be observed in the MALDI MS spec-
trum (Figures 1 and 2). The stronger signal corresponds very
well to ions of the Tri*Di® cage (3) (m/z 2894), whereas the
signal with a lower intensity can be attributed to the forma-
tion of the Tri®Di° cage ions (4) (m/z 4340) (see Experimen-
tal Section). No traces of the corresponding Tri’Di® or
Tri®Di'? cages could be observed. The formation of two sep-
arate species during the synthesis could also be confirmed
by NMR analysis. In the 'TH NMR, a second set of signals could

be observed, which were further analysed in DOSY experi-
ments (Figure 2).

Two distinct species can be observed in the DOSY NMR
spectrum, which correspond to solvodynamic radii of
rs=12.6 A and rs=14.6 A, respectively. The smaller radius
can be attributed to the smaller Tri*Di® cage, with an ap-
proximate spherical radius of 16.1 A. The larger radius must

Figure 2 a) MALDI MS spectrum of the isolated precipitate from the
reaction mixture; b) 'TH DOSY NMR spectrum indicating the presence of
two separate species with different diffusion coefficients.
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correspond to the Tri®Di® cage, whose spherical radius from
the calculated structure is approximately 19.6 A.

The two cages were formed in an approximate 1:1 ratio,
as determined by the "H NMR spectra. Surprisingly, the por-
tion of cage 4 is significantly higher than that observed for
the Pd-templated structure (Figure 3). Encouraged by this
result, we attempted to optimise the reaction conditions to
steer the equilibrium towards the formation of Tri®Di° com-
pound 4 as the sole product. Unfortunately, neither a change
in solvent, concentration nor the addition of acid led to an
increase of the larger cage compound in the product mix-
ture. The low solubility of 1 in a variety of different organic
solvents proved to be a challenge for the reaction optimiza-
tion, often leading to the formation of an insoluble oligo-
meric precipitate along with the cage mixture. Increasing
the concentration of the starting materials (from 10 to
20 mM) only led to the formation of oligomeric and poly-
meric structures with no signs of cage formation. Higher di-
lution surprisingly shifted the equilibrium towards the for-
mation of Tri*Di® cage 3. This could be explained by the in-
fluence of the solvent on the reaction pathway, as the suc-
cessful cage formation also seems to be solvent-specific.
The addition of 2 mol% of trifluoroacetic acid led to the for-
mation of an insoluble precipitate after a short reaction pe-
riod, hinting at the irreversible formation of insoluble poly-
meric imine structures.

Although Nitschke et al. were successful in crystallizing
one of the cages from a mixture of the two species,’ all at-
tempts to crystallise the sparingly soluble mixture led either
to the formation of an amorphous precipitate (vapor- or

Figure 3

layer diffusion) or to a gelation of the chloroform solution
containing the cage mixture (slow evaporation).

Separation attempts using recycling gel permeation chro-
matography (rGPC) were unsuccessful since the sparingly
soluble cage mixture decomposed under the basic, high di-
lution conditions necessary to run the separation experi-
ments. The solubility of the compound mixture in THF was
insufficient for separation attempts using different columns.
To circumvent this solubility issue, the imine cage mixture
was reduced with NaBHy4 to yield the corresponding amine
cages, which do not undergo reversible bond opening and
closing anymore.

Although the reaction of NaBH4 with the imine cage mix-
ture proceeded fast and spontaneously, only a mixture of
amine cages with different degrees of reduced imine bonds
could be obtained. Elevated temperatures led to the decom-
position of both cages, whereas lower temperatures led to a
decrease in the number of reduced imine bonds in the prod-
uct mixture. Although the solubility of the cage mixture was
significantly increased by the reduction of the imine bonds,
a separation of the mixture via rGPC was unsuccessful due to
intense peak broadening.

Since the isolation of Tri®Di® cage 4 could not be accom-
plished, we investigated the structure of this novel com-
pound computationally. When optimizing the structure of
4, two outcomes are plausible: i) an open structure in which
three aldehydes are connected via three amines in a cyclic
arrangement at the top and at the bottom of the macromo-
lecule. These two macrocyclic motifs are then linked at the
molecule’s equatorial region by three additional ditopic

"H NMR of the imine cage mixture isolated via precipitation from n-hexane. Signals that can be assigned to the fluorinated phenylic subunits

are highlighted in blue; signals corresponding to the cyclohexyl subunits are highlighted in pink.
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amines, resulting in a polyhedral structure that does not
correspond to any platonic geometry (Figure 4, left). ii) A
collapsed structure in which the interactions between adja-
cent aromatic motifs are maximised (Figure 4, right).

Figure 4 Optimised open structure of Tri®Di° cage 4 and relative energy
(left); surface-excluded cavity of the open structure, calculated using
MoloVol (center); collapsed structure of 4 and relative energy (right).

Using MoloVol, we estimated the cavity size of 4¢pen to be
~3757 A%.10 If 4gpen Was shape-persistent, the large cavity
would make this cage geometry an interesting candidate
for use in storage and energy applications. Analogous to the
previously discussed investigation of the relative energies
inside the Tri*Di family, the collapsed structure of 4 is no-
ticeably more stable than the open form (-436 kJ-mol™).
Even if the open form of 4 could be stabilised in solution,
the fabrication of a porous material from 4 by solvent re-
moval would prove very challenging. To our surprise, we
were able to thermally activate an amorphous sample of
the cage mixture and could investigate its gas sorption prop-

erties. The cage mixture exhibited a specific surface area of
SAgeT=522 m?-g! and readily adsorbs 8.97 mmol-g™! of N,
at 77K, 3.18 mmol-g! of H, at 77K, 1.26 mmol-g! of CO,
at 273K, and 0.22 mmol-g! of CHy4 at 273 K, all at p/pg=1.0
(see Figure S2). The micropore volume (volume of pores
smaller than 2 nm) from the N, adsorption isotherm at 77 K
at a relative pressure p/po of 0.1 is 0.18 cm3- g1, and the total
pore volume for pores smaller than 20 nm at p/pg=0.95 is
0.30cm3-g’l. From the CO, non-local density functional
theory model at 273 K, a volume of 0.011 cm3-g™! is calcu-
lated for pores with d<1nm (10 A). This shows that there
are only a few ultramicropores (< 0.7 nm) suitable for CO,
sorption, and the remaining pores are easily accessible for
nitrogen. Quenched solid density functional theory calcula-
tions on the N, isotherm adsorption branch, assuming slit/
cylindrical pores in the ‘nitrogen at 77 K on carbon’ model,
yielded a narrow size distribution for pores with a half-pore
width around 6.8 A and mesopores between 17 and 40 A in
half-pore width (see Figure S4 for pore size distribution).
This maximum at the half-pore width of 6.8 A is smaller
than the radius of 9.6 A for a sphere, that would give the cav-
ity volume of 3757 A3 of 4,pen- The sorption properties could
be attributed to the presence of extrinsic mesoporous cavi-
ties due to inefficient packing motifs of either 4¢pen Or
4coltapsed, in addition to the presence of the shape-persistent
3, although the large cavity volume suggests effects far be-
yond the individual molecule packing.

To better understand the reason behind the formation of
this rare Tri®Di°® structure, we decided to investigate the
roles of the amine and of the fluorinated aldehyde sepa-
rately. We therefore combined an isostructural non-fluori-

Figure 5 Reaction scheme of non-fluorinated aldehyde 5 with amine 2 (top) and reaction of the fluorinated aldehyde 1 with the flexible diamine 6

(bottom).
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nated aldehyde (5) with amine 2 and the fluorinated alde-
hyde 1 with a more flexible amine 6 (Figure 5).

Intriguingly, when the non-fluorinated aldehyde 5 is
used, the reaction outcome is much more ill-defined than
in the case of aldehyde 1. During the reaction, significant
amounts of polymeric and insoluble oligomeric by-products
are formed, and possibly only the nonF-Tri*Di® cage might
be identified as part of a mixture with largely oligomeric
side products. No trace of the larger nonF-Tri®Di® could be
observed in either the '"H NMR or the MALDI MS spectra.

In contrast, when the flexible amine 6 is reacted with the
fluorinated aldehyde 1, the reaction outcome is very similar
to the reaction between 1 and 2. In the 'TH NMR, no clear dis-
tinction can be made between the signals corresponding to
either species as the overlapping of the individual signals is
too pronounced (Figure S22). Nevertheless, two distinct sig-
nals can be observed in the MALDI MS spectrum, which cor-
respond to the smaller en-Tri*Di® cage and to the larger
en-TriDi® cage, respectively (Figure S31). From these re-
sults, it becomes apparent that the influence of the fluori-
nated aldehyde must be more pronounced compared to the
role of the diamine. Regardless of reacting amine 2 or 6 with
the fluorinated aldehyde 1, the Tri®Di® cage geometry could
be observed in both cases, whereas the reaction of the non-
fluorinated aldehyde 5 with amine 2 resulted only in the for-
mation of the Tri*Di®-type cages.

Possible explanations could be the electrostatic differ-
ences between non-fluorinated and perfluorinated aro-
matics. Due to the stronger electrostatic repulsions inside 1,
the tetrafluorophenyl units exhibit a larger dihedral angle
towards the central aromatic ring. This larger dihedral angle
could lead to a clash between neighbouring aldehyde motifs
during the imine formation, which leads to the adaptation of
a larger bite angle in the corresponding amine. These larger
bite angles would result in different angles between two
perfluorinated aromatic rings of adjacent aldehyde motifs,
which could lead to stabilizing C-F---mg interactions. These
could play a key role in stabilizing the large Tri®Di° geome-
tries. Since the flexible amine 6 is also able to form both the
Tri‘Di® and the Tri®Di® structures, the contrasting ditopic
amine must also exhibit the flexibility to adapt conforma-
tionally to this change in geometry.

Conclusions

This work highlights the first synthesis of a purely organic
Tri®Di° cage. By using a highly fluorinated aldehyde with
two ditopic amines, two structurally different Tri®Di° cages
could be synthesised. Although the isolation of the pure
compound did not succeed, the information obtained during
our study is of significance for the future design of large
supramolecular structures. By employing computational
and experimental methods, we were able to prove that the

introduction of perfluorinated aromatic linkers during the
synthesis of POCs opens up new possibilities for influencing
the reaction pathway towards rare and unknown structures.
By further expanding the libraries of perfluorinated linker
molecules, new framework and cage topologies could be-
come accessible that are interesting candidates for use in en-
ergy and storage applications alike.

Computational Studies

To determine the thermodynamically most stable form of
the structures, we used stk!! to assemble the cages in both
the Tri*Di® and Tri®Di° topologies. Using these structures, a
high-temperature molecular dynamics run was used to
search for the low-energy conformation. The molecular dy-
namics simulations were run for 5ns after a 100 ps equili-
bration with a timestep of 0.5 fs at a temperature of 700 K.
Every 50 ps, a structure was sampled and optimised using
the OPLS3 force field'? as implemented in Macromodel.!3
From these simulations, the lowest energy conformation
was obtained and compared with the lowest energy open
conformation, whose energies were compared.

Experimental Section

The synthesis of the cage mixture containing both Tri*Di®
cage 3 and Tri®Di° 4 is briefly described below.!4 Detailed ex-
perimental procedures and analytical data for building
blocks and cages are provided in the Supporting Informa-
tion. Spectra and NMR assignments are given in the Sup-
porting Information. For details on instrumentation and de-
tailed methods, please refer to the Supporting Information.
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General procedure: Synthesis of the cage mixture Tri*Di® and
Tri®Di®: Aldehyde 1 (303.20mg, 0.50 mmol, 1.00 equiv) was
dissolved in dry CHCl3 (60mL) and (RR)-1,2-diaminocyclo-
hexane 2 (79.90 mg, 0.75 mmol, 1.50 equiv) dissolved in 60 mL
CHCI3 was added dropwise to the reaction mixture. The resulting
solution was stirred at room temperature for 3 days, during
which a bright yellow colour developed. Half of the solvent was
evaporated under reduced pressure at room temperature, and n-
hexane was added to the solution, resulting in the precipitation
of a bright yellow solid. The solid was isolated by filtration and
washed with n-hexane to yield Tri*Di® in a mixture with the
larger Tri°Di° cage (216.90 mg, 60%) as a yellow solid. 'TH NMR
(600 MHz, CDCl3) [6 in ppm] 8.43 (s, 12 H, CHN), 7.65 (s, 12 H,
Ar-H), 3.53 (s, 12 H, CH-N), 1.91 (s, 48 H, CH,-cyhex). 1°F NMR
(282 MHz, CDCl5) [§ in ppm] -142.69 - -143.39 (m, 24F, Finner),
-143.75 (tt, J=25.4, 13.1 Hz, 24F, Fouter)- Due to the very poor
solubility, no '*C NMR spectrum could be recorded. DOSY: Diffu-
sion coefficient D=2.65x1071"m?2s™', MALDI MS: [Tri*Di¢+H]*
calculated: 2893.625m/z, found: 2893.660m/z; [Tri®Di®+H]*
calculated: 4339.940m/z, found: 4339.788 m/z. FI-IR (ATR):
V(cm™)=2933.73, 2860.43, 2358.94, 2158.35, 1643.35, 1602.85,
1494.83, 1471.69, 1423.47, 1388.75, 1346.31, 1301.95, 1199.72,
1176.58, 1091.71, 1033.85, 991.41, 968.27, 927.76, 891.11,
858.32, 800.46, 777.31, 721.38, 700.16, 677.01, 632.65, 609.51.
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