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Dynamic covalent chemistry is a powerful tool to synthesise complex structures from simple building blocks.
However, even minor variations in the numerous parameters governing self-assembly can drastically
influence the size and structure of the resulting assemblies. Herein, we report the selective formation of
three cages belonging to the low-symmetry TrisTri? cage topology for the first time, using highly symmetric
tritopic building blocks, confirmed by single-crystal X-ray (SC-XRD) analysis. Fluorinated and non-fluorinated
aldehydes were combined with two amines differing in their degree of structural flexibility. Applying either
kinetic or thermodynamic control through solvent selection allowed for the selective synthesis of either the
low-symmetry TrigTri? or the larger, highly symmetric Tri*Tri* assemblies. While the fluorinated linker strongly
preferred the formation of the TrigTri? cage topology under thermodynamic control, the non-fluorinated

) linker selectively formed the Tri*Tri* species. Kinetic control, using methanol as a poor solvent, allowed for
ii(c::gtee (2 lettu ’\\]ﬁzzhz%g? the selective precipitation of the TriTri? intermediate. Reduction of the Janus-like fluorinated TrisTri® cages
yielded the cages Et?F?..q and TREN?F?.4, which showed high potential for removing perfluorooctanoic acid

DOI: 10.1039/d5sc02247a (PFOA) from water, with Et?F2,.4 exhibiting structural rearrangements in organic solvents to accommodate
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Introduction

Molecular self-assembly using organic building blocks, in
combination with metals or in their absence, gives access to
a variety of nanostructures through the organisation of tailor-
made molecular building blocks that exhibit suitable intra- and
intermolecular interactions." Organic chemistry-rooted dynamic
covalent chemistry (DCC) is therefore an efficient synthetic
strategy that employs multitopic precursors to form reversible
covalent bonds, combining the advantages of error correction
during self-assembly with stability, allowing for in-solution
analysis and application of the assembled molecule.” It has
enabled the synthesis of a variety of supramolecular architec-
tures, from macrocycles® to cages,® polymers,” and covalent
organic frameworks (COFs),® with potential energy surfaces being
the central concept in understanding the assembly outcome.**’
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PFOA, as observed by *H and '°F NMR titrations in combination with *°F DOSY measurements.

Building blocks of similar topology, through changes in geo-
metry,'*® size,"*® rigidity of linkers,”® or even changes in
substituents'® can build a multitude of accessible cage topolo-
gies.*'"" Recently, Jelfs and co-workers rationalised expected
topologies (connection patterns) by analysing the geometry and
topology of building blocks through calculations combined with
experimentally observed structures.*”” They also introduced
a systematic nomenclature for describing cage topologies,
denoted as X™,Y", providing clarity and avoiding confusion with
bracket notation, such as [4 + 2], which is more commonly
associated with pericyclic reactions in organic chemistry.

By combining ditopic (Di), tritopic (Tri), or tetratopic (Tet)
building blocks, a diverse library of cage geometries can be
envisioned. Although several gaps have been filled in recent
years, some predicted geometries remain unobserved, with no
corresponding crystal structures reported. Within the Tri"Tri"
family (Fig. 1), Tri'Tri* is the only geometry for which crystal
structures have been commonly obtained.'? In contrast, Tri'Tri"
has mostly only been observed in solution,*® while the lower-
symmetry Tri3Tri*> topology has yet to be reported. The forma-
tion of such complex, lower-symmetry structures is relatively rare
compared to highly symmetric Platonic or Archimedean solid-
based topologies, such as cubes™ or tetrahedra."* Computa-
tional studies have shown that the higher symmetry of such
assemblies is generally preferred from an entropic point of
view,'** however, it cannot be fully disregarded that the formation
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Fig. 1 Schematic representation of the cage geometries obtained
when reacting two tritopic building blocks with each other, giving
different topologies.

of multiple smaller structures, disregarding their symmetry,
should be overall more beneficial for the entropic term.**#*¢

Especially in recent years, the interest in these intricate
assemblies has grown due to their unique and selective host-
guest chemistry.””*® For metal-organic cages (MOCs), various
strategies have been explored to achieve complex assemblies."”
One common approach involves employing multiple linkers to
form heteroleptic cages, effectively disrupting the symmetry of
the final structure.' In DCC-based systems this approach is of
great interest, however, the desired social self-sorting*>**** is
rare, and narcissistic self-sorting®** or statistical mixtures* are
dominating this space. Thus, lower-symmetry assemblies are
typically achieved by employing less symmetric building blocks,
often exhibiting an inherent chirality.'®***»2* For example, He
and Zhang et al. demonstrated that the use of C, and C,,
building blocks leads to the formation of a C,-symmetric imine
cage of the unusual Tet;Di® topology.>*

Beyond linker design, reaction conditions can significantly
influence the assembly process and resulting topology. Even if
using the same starting materials, solvent choice* and/or the
concentration®* used can drastically shift the equilibrium
towards different topologies by either enhancing or suppressing
inter-/intramolecular interactions, respectively.”**

These examples, however, predominantly focus on the
formation of the thermodynamic product. While many exam-
ples support the thermodynamically controlled formation of
imine cages, some observations suggest that they may instead
be kinetically controlled products, especially when precipitating
from the reaction mixture.*?#**»?”:28 This can be rationalised by
considering the potential energy surface of the system, where
the cage structure may correspond to a kinetically trapped state
rather than the global thermodynamic minimum, and cage
formation can be driven by precipitation, preventing further
equilibration towards more stable assemblies, highlighting the
complexity of controlling self-assembly.

Results and discussion
Synthesis and characterisation of the cages

Herein, we report the synthesis of three novel cages of the
unique TrisTri®> geometry, including topological assembly
control and the complexation of per- and polyfluoroalkyl
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substances (PFAS) in organic media and their removal from
aqueous solutions. For that purpose, we chose the flexible
aldehyde F, offering the combination of an electron-rich core
and electron-deficient fluorinated panels, aiming for a Janus-
type nanocavity to facilitate the intermolecular host-guest
interactions.”  Stirring  (2,4,6-triethylbenzene-1,3,5-triyl)
trimethanamine (Et) with the flexible F in an equimolar ratio
for 3 days in methanol at room temperature resulted in the
precipitation of a colourless solid. To our surprise, both the "H
and '°F NMR of a redissolved sample showed a complex set of
signals (Fig. 2c), whereas, on the contrary, MALDI-MS only
showed a singular signal belonging to a condensation of two F
with two Et building blocks. The lower C,;, symmetry of the
obtained cage Et’F” results in a splitting of the observed reso-
nance signals, showing a 2:1 ratio for all signals, which is in
good accordance with the ratio expected for a cage of Tris.
Tri> geometry. This unrepresented cage topology distinguishes
itself through its lowered symmetry as a result of the two double
connections found within its structure (Fig. 2a).*** The resulting
inherent strain and rigidity of the assembly cause a diaster-
eotopic splitting of the protons Hg and Hy belonging to the
double-connected amine motif (Fig. 2c).

Intrigued by these results, we investigated different condi-
tions for the cage formation, aiming for either thermodynamic
or kinetic control over the assemblies. For that purpose, we
chose chloroform as solvent, heating to 60 °C to allow all
intermediates to remain in solution, over time reaching the
thermodynamic equilibrium. For experiments under kinetic
conditions, we investigated the two most common “poor
solvents” (lower solubility of intermediates and products),
acetonitrile and methanol, to induce precipitation of possible
intermediate structures. The respective mixtures were stirred at
room temperature upon dropwise addition of a solution of the
respective amine.*”

Using acetonitrile as the solvent, stirring at room temperature
for 3 days again selectively led to the formation of the
TrisTri*> species Et’F> precipitating from the reaction solution.
Stirring Et and F in chloroform at 60 °C for three days resulted in
the formation of a second, more symmetric species, without any
precipitation occurring. MALDI-MS of the obtained mixture
revealed the formation of the highly symmetric () Tri*Tri*
topology alongside Et’F” (see Fig. S1 and S21). In an attempt to
isolate the observed different cage topologies, the dynamic
covalent imines were reduced by in situ reaction with sodium
borohydride.?® The respective amine cage Et’F>q could be iso-
lated in 37% yield from the one-pot two-step reaction of Et and F
or in 94% yield from E£’F>. Again, HRMS (ESIt) and NMR anal-
ysis confirmed the formation of Et’F’.q, whereas the larger
Et'F* cq structure could not be isolated. Et’F?q readily crystal-
lised from a chloroform solution, and the obtained crystals were
subjected to single-crystal X-ray analysis (SC-XRD), unambigu-
ously confirming the anticipated Tri3Tri* structure (Fig. 2b). As
a result of the two double connections between two singular F
and Et motifs, the amine cage is flattened overall, resembling
a double-walled macrocycle of C,;, symmetry, with two different
angles for Ar-O-Ary bonds to accommodate the inherent strain
expected with less flexible building blocks.™? One ethyl group of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Synthetic route towards imine cage Et?F2 and the respective
amine cage Et?F2,oq; (b) the SC-XRD structure of Et?F2,eq with thermal
ellipsoids set at 50% probability, hydrogens and solvents were omitted
for clarity; (c) 'H and *°F NMR (600 MHz/282 MHz, CDCls, 298 K)
spectra of the imine cage Et?F? showing the splitting of all signals due
to the reduced symmetry.

the Et motif is located between the fluorinated panels of each
double connection. The same is true for the analogous hydrogen
of the phloroglucinol motif, explaining the strong upfield shifts
observed in "H NMR (Fig. $123,} and 4b, H, H,). Meanwhile, all
free electron pairs of the amine nitrogen are pointing inwards,
forming two main cavities where residual chloroform solvent
molecules are located. Overall, even with the increased flexibility
of the amine bonds compared to the more rigid imine bonds, the
structure still appears potentially strained.

Thus, in addition to Et, the flexible tris(2-aminoethyl)amine
(TREN) was investigated in combination with aldehyde F,
anticipating that under thermodynamic control, enrichment of
the geometry encoded in the linker would be observed, as the
rigidity is reduced.

Interestingly, again the Tri3Tri* topology was favoured over
the larger Tri*Tri* species (see Table S11). Heating the reaction
mixture in chloroform led to the almost exclusive formation of
TRENF” over TREN*F* (96 : 4). In contrast, precipitation from
methanol or acetonitrile reaction mixtures favoured the
formation of the Tri*Tri* species, likely due to the increased
solubility of the cages and their intermediates compared to the
Et-based counterparts.” This is supported by the observation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that in acetonitrile solution, only TREN*F* was found in the
precipitate, whereas the filtrate contains a mixture of cage
topologies similar to those observed in chloroform (acetonitrile
filtrate TREN’F> : TREN"F” ratio 94 : 6). Overall, these findings
indicate that aldehyde F preferentially directs the formation of
the Tri3Tri*> cage topology. Under thermodynamic control, this
is less pronounced when employing the more rigid amine Et in
comparison to TREN, with kinetic conditions exclusively
leading to the formation of Et*F” alongside insoluble oligomeric
species typical for these conditions.'* The inverse behaviour of
the TREN-based cages is likely a result of two factors; (a) their
increased solubility, allowing for a higher proportion of Tri*Tri*
species to be formed before precipitation occurs, and (b) the
distance between the fluorobenzene motifs, which is influenced
by the rigidity of the amine building block.

We rationalised that the Tri3Tri” topology is directed through
small intramolecular interactions between the fluorinated
benzene motifs leading to a preorganisation,*” where two panels
are near to each other in solution leading to a preferred
formation of a double connection between one Et molecule and
two aldehyde groups of a singular F molecule. This is in line
with previous observations where we found that using fluori-
nated aldehydes can result in the formation of the unusual
Tri°Di° topology alongside the otherwise strongly favoured,
well-known Tri*Di® topology.** Additionally, the preferred
formation of TREN’F> over TREN"F* suggests that these inter-
actions are (a) lessened with the more preorganised and less
flexible amine Et and (b) play a significant role in the stabili-
sation of the newly obtained Tri3Tri*> cage topology.

Therefore, we also investigated the non-fluorinated aldehyde
derivative H, expecting no significant interactions between its
panels. Aldehyde H was readily prepared in a two-step proce-
dure starting from phloroglucinol (see the ESI}). To our delight,
the initial screenings under either thermodynamic (in chloro-
form at 60 °C) or kinetic control (acetonitrile or methanol at
room temperature) revealed that the highly soluble and flexible
amine TREN exclusively formed the Tri*Tri* geometry (Fig. 3).
The respective imine cage TREN*H* could be isolated from
chloroform in quantitative yield (Fig. 3a). As expected for reac-
tions under kinetic control, TREN*H* precipitated from the
reaction mixture along with insoluble by-products. Similarly,
the Et-based cage (Et*H*) formed quantitatively under thermo-
dynamic control. In contrast, NMR and MALDI-MS analyses of
the precipitate from methanol revealed the clean formation of
the lower symmetry cage EtH”> of TrisTri*> topology (Fig. 3c).
Upon extraction from the insoluble by-products, the lower
symmetry cage could be isolated in 38% yield.

Monitoring a redissolved sample of Et*H> in CDCl; (2.3 mM,
consistent with the concentration used for cage synthesis) at
either 60 °C or at room temperature resulted in the appearance
of a new set of signals. After one day, noticeable amounts of
Et'H* had formed, whereas at room temperature only marginal
amounts of the Tri*Tri* species Et"H* were observed. Over the
course of seven days, the Tri*Tri* species became increasingly
enriched, and after 24 days, the complete conversion to Et*H*
was observed under both conditions. At 60 °C, this initial
transformation proceeded notably quicker, reaching a 1: 1 cage

Chem. Sci., 2025, 16, 13221-13228 | 13223
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Fig. 3 (a) Synthesis of the non-fluorinated cages under either thermodynamic or kinetic control with a schematic representation of the Tri3_
Tri2 and Tri*Tri* cage geometries and the respective 'H NMR (600 MHz, CDCls, 298 K) spectra of (b) Et*H?, (c) Et?H?, and (d) TREN*H?. The signal

assignments are shown in (a).

ratio already after five days, while at room temperature this was
reached only after about nine days (Fig. S14-S167). Similarly,
when stirring Et?’H> in CDCI; for 3 days at 60 °C, an almost
complete cage-to-cage transformation towards Et'H' was
observed. At room temperature, only small amounts (~34%) of
Et"H* were formed. Suspending Et'H* in methanol and stirring
for three days, even at 60 °C, did not result in any observable
interconversion (Fig. S131).

This underlines the bias towards the larger, highly
symmetric, and less internally strained Tri*Tri* topology over
the low-symmetry TrisTri’> topology in solution,” strongly
suggesting that Et?H” is an intermediate structure formed on
the pathway towards Et"H". To rule out that reaction tempera-
ture plays a role in this observation, we reacted Et with H in
chloroform at room temperature, again selectively forming
Et'H*, while stirring in methanol, even at 60 °C, leading to
Et’H” as the singular species, strongly suggesting that the
solubility of the intermediates is the discriminating factor.

To test this, during cage formation studies, the chloroform
content was fixed at 10% to fully dissolve the starting materials,
while the acetonitrile concentration was varied. For a methanol/
chloroform mixture (90 : 10), Et?H> almost exclusively precipi-
tated from the solution. As the acetonitrile content increased,
the proportion of Et'H? in the precipitate also increased, until
at 40% acetonitrile content, only Et*H* precipitated from the
reaction solution (see Fig. S10 and S117). This trend aligns with
the observed solubility differences of aldehyde H, which is
poorly soluble in methanol but highly soluble in acetonitrile.
Additionally, the faster precipitation observed in mixtures with
lower acetonitrile content (Fig. S121) suggests that (a) the
solubility of intermediates in the respective solvents can be
roughly estimated from the solubility of the employed building
blocks and (b) the primary factor driving the formation of Et’H>
is precipitation.”*” These findings highlight that, under kinetic
control, a mixture of species might precipitate, but adjusting

13224 | Chem. Sci., 2025, 16, 13221-13228

the solvent composition can dramatically shift the equilibrium.
Thus, to achieve a desired outcome, the solubility of the
building blocks should be carefully considered when selecting
the solvent for self-assembly reactions.

PFOA removal

With the understanding of the dynamic covalent chemistry
behind the formation of the Tri3Tri> cage topology, we shifted
our focus back to the fluorinated Tri3Tri* cages. As previously
shown, the imine cages could be easily reduced in situ to the
respective amine cages Et’F’..q and TREN’F?q with sodium
borohydride. Additionally, Et*F?,q with the electron-rich cores
with fluorinated, electron-deficient panels, featuring exposed
amine groups, was investigated for the uptake of perfluorinated
octanoic acid (PFOA) and trifluoroacetic acid (TFA). Per- and
polyfluoroalkyl substances (PFAS), or “forever chemicals,” are
synthetic compounds used in industry for their thermal
stability and resistance to degradation. Found in coatings,
foams, and textiles, they persist in the environment, accumulate
in organisms, and pose serious health risks.*” Despite restric-
tions, PFAS contamination remains a major global challenge
due to their removal complexity.*® Supramolecular chemistry
approaches have been employed to tackle the complex chal-
lenge of sieving PFAS molecules, which exhibit both hydrophilic
and lipophilic behaviour, such as leveraging the rich host-guest
chemistry of supramolecular compounds** including cyclodex-
trin derivatives,*? water-soluble iron-*** or palladium-based,***
and insoluble Zr-based®** MOCs. Recently, Sessler and Chi et al.
used a water-insoluble fluorinated amine-based cage feasible
for the removal of PFOA from aqueous solutions through the
reduction of the respective dynamic covalent imine cage.’*
Contrary to the binding of neutral compounds, e.g., per-
fluorocarbons (PFCs), which is primarily governed by hydro-
phobic effects and m-stacking within nonpolar, shape-
complementary cavities,*® the binding of PFAS typically relies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on an interplay of electrostatic and fluorophilic interactions by
using the polar headgroup as an anchor.****

First, we performed NMR titrations in organic media
(chloroform/methanol mixture 95:5) at a concentration of
2.5 mM, investigating the cage's ability to capture PFOA and to
study present interactions. Additionally, the symmetric “open-
cavity” model compound Bn’F',y was prepared for the
comparison with the “closed-cavity” cages. Bn*F'.q was syn-
thesised by condensation of aldehyde F with benzylamine, fol-
lowed by in situ reduction with sodium borohydride.

Upon addition of the cages to a PFOA solution, shifts for all
PFOA signals could be observed in '°F NMR spectra. The CF,-
group (F,) neighbouring the carboxylic acid exhibited the most
significant shift of 1.6-1.8 ppm, while the other signals, even
including the terminal CF;-group (Fg), were roughly shifted by
—0.2 ppm (see ESIf). For the symmetric model compound
Bn®F',.4, however, only marginal shifts of (<0.02 ppm) for all
signals besides F, were noticeable. The addition of PFOA to the
respective hosts led to a shifting of all host signals in "H and *°F
NMR, with the CH,-NH-CH, motif expressing the strongest
shifts in "H NMR, while other signals were only slightly shifted
(<0.05 ppm) in the case of TREN’F?.q and Bn’F'cq. E’F’eq
showed noticeable downfield shifts for almost all signals. Most
interestingly, the protons H¢ and H, were strongly downfield
shifted by 0.78 ppm and 0.48 ppm, respectively, until almost
overlaying with the other ethyl groups (Hr and Hg) of the Et
motif. Simultaneously, both phloroglucinol protons Hp, and Hq
shifted upfield, indicating that Et’F*.q undergoes a structural
rearrangement. Upon addition of PFOA, the singular ethyl
group of the Et located between the double-connected fluori-
nated benzenes of F is supposedly pushed outwards, away from
the fluorinated panels, being deshielded in the process. This
assumption is supported by 'H-'H NOESY NMR data, which
reveal that upon the addition of PFOA, the previously isolated
ethyl group exhibits a new correlation pattern similar to that
observed for the other ethyl groups (Fig. S75t). A similar
structural change can be observed in the solid-state. When
comparing the crystal structures of PFOA@Et’F,q (grown from
a dichloromethane/acetonitrile solution) and Et?F,q (Fig. S17-
S191). PFOA@Et’F’.q shows a more elongated cage structure,
where the ethyl groups are all pointing away from the fluo-
robenzenes and two PFOA molecules are located outside of the
cage (Fig. 4a). The addition of a strong acid like trifluoroacetic
acid did not result in a significant shifting of these signals,
instead, a broadening of the signals is observed (Fig. S50 and
S511). When titrating octanoic acid, of comparable structure
and with a pK, of 3.8 £ 0.1 (vs. 2.2 £ 0.2)*” no shifting of the cage
signals can be observed (Fig. S45 and S467), rendering the
observed structural rearrangement of Et’F*.q to be selective
towards PFOA, not being a result of simple protonation. '°F
DOSY experiments unambiguously confirmed the formation of
a complex between PFOA and Et’F*.q in organic media,
showing almost identical diffusion coefficients (3.68 x 10~
m?® s for PFOA and 3.81 x 107 m? s™' for Et’F?.q) corre-
sponding well to the one observed for pure cage (3.64 x 10~ °
m?® s, see Table S37).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic illustration of the PFOA-induced structural
rearrangement in Et?F?,.q, Where one ethyl group (pink square) of the
Et motif is pushed away from the two neighbouring fluorobenzenes of
the F motif; (b) stacked *H NMR spectra (300 MHz, CDCls/MeOD, 95
5, 2.5 mM, 298 K), highlighting the chemical shifts in Et?F2,e4 upon the
addition of PFOA, signal assignment analogous to Fig. 2a; (c) stacked
19F NMR spectra (282 MHz, CDCl3/MeOD, 95:5, 2.5 mM, 298 K),
highlighting the chemical shifts of PFOA upon the addition of Et?F2cq;
(d) stacked *°F NMR spectra (565 MHz, 128 scans, D,O, 298 K) showing
the removal of PFOA from an aqueous solution using Et’F,oq as
a heterogenous adsorbent.

The observed '°F NMR shifts suggest that PFOA binding in
organic media arises from a combination of electrostatic and
fluorophilic interactions. Binding is primarily driven by elec-
trostatic attraction between the carboxylic acid group of PFOA
and the protonated, quaternary amines of the hosts. However,
only the cages show additional interactions, as indicated by
pronounced shifts of the PFOA signals, particularly of the
terminal CF; group. This points to a binding mode in which the
perfluoroalkyl chain remains largely outside the cage, while the
CF; group partially inserts into the cage windows and interacts
with the fluorinated panels. This interpretation is in good
accordance with the preliminary SC-XRD data. Overall, this
fluorophilic interaction appears to be weak and of dynamic
nature, with the apparent encapsulation resulting mainly from
spatial proximity rather than strong inclusion (see the ESI for
a detailed discussion). These findings are consistent with
studies on COFs,*® porous polymers* and macrocycle-based
hydrogels,** where quaternisation of amine groups enhances
PFAS uptake from aqueous solutions through an interplay of
electrostatic and hydrophobic effects.

Chem. Sci., 2025, 16, 13221-13228 | 13225
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Encouraged by these promising observations, we investigated
the ability of these highly hydrophobic cages to remove PFOA
from aqueous solution. A 1 mg mL ™" solution of PFOA in deion-
ised water was prepared, to which 1 equivalent of the completely
insoluble cages was added. After stirring the colourless suspen-
sion for one hour, the mixture was filtered through a syringe filter,
and the clear filtrate was analysed by '°F NMR. To our delight, 1
equivalent of the cages already removed approximately 80% of the
initial PFOA amount. Upon addition of 5 equivalents, no clear
signals corresponding to PFOA or the cage were detected, indi-
cating an almost complete removal (Fig. 4d). These results high-
light the potential of these cages as heterogeneous, low-
molecular-weight adsorbent materials for PFOA removal.

Conclusions

In conclusion, we were able to gain access to an unrepresented
cage geometry of the TrijTri*> topology using only highly
symmetric building blocks. This was accomplished by
leveraging either thermodynamic or kinetic control over the
self-assembly process. As building blocks, a fluorinated and
a non-fluorinated aldehyde alongside one of two amines with
differing degrees of preorganisation, flexibility, and solubility
were used.

Investigations revealed that the fluorinated linker favoured
the Tri3Tri> cage topology under thermodynamic control,
whereas the non-fluorinated linker H exclusively formed the
larger symmetric Tri*Tri* derivatives under these conditions.
Applying kinetic control allowed for the selective formation of
the low-symmetry Tri3Tri” cages that precipitated from the
reaction mixtures. Studies conducted strongly suggest that the
flexibility of the building blocks plays a crucial role, enabling
the formation of the Tri3Tri® species as an intermediate towards
larger structures. This understanding allowed us to use solvent
selection to direct the assembly pathway, enabling the forma-
tion of either the intermediate low-symmetry Tri>Tri> cages
under kinetic control or the larger high-symmetry Tri’Tri*
structures under thermodynamic control.

Additionally, the reduction of the fluorinated Tri3Tri* cages
led to the low-symmetry Janus-like cages Et’F’.q and
TREN’F?,.q, which demonstrated promising potential for the
removal of PFOA from aqueous solutions. Even in organic
solvents, Et’F?q indicated interactions selectively with PFOA,
undergoing a structural rearrangement to accommodate PFOA.

Our findings highlight the delicate aspects of self-assembly
pathways in directing cage assembly and provide new insights
into the use of fluorinated and non-fluorinated linkers to tailor
structural outcomes. This approach expands the toolbox of
supramolecular chemists, offering a new route to design cage-
like compounds with enhanced structural complexity, paving
the way for enzyme-like complex host-guest structures and
advanced lightweight functional materials.
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