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Abstract: One of the most applied reaction types to
synthesize shape-persistent organic cage compounds is the
imine condensation reaction and it is assumed that the
formed cages are thermodynamically controlled products due
to the reversibility of the imine condensation. However, most
of the synthesized imine cages reported are formed as
precipitate from the reaction mixture and therefore rather
may be kinetically controlled products. There are even
examples in literature, where resulting cages are not soluble

at all in common organic solvents to characterize or study
their formation by NMR spectroscopy in solution. Here, a
triptycene triamine containing three solubilizing n-hexyloxy
chains has been used to synthesize soluble congeners of prior
insoluble cages. This allowed us to study the formation as
well as the reversibility of cage formation in solution by
investigating exchange of building blocks between the cages
and deuterated derivatives thereof.

Introduction

Shape-persistent organic cages are fascinating synthetic targets,
because their size, geometry, and the presence of functional
groups in the exterior as well as the interior of their cavities can
be precisely controlled.[1–10] In addition to the shape-persistency
and thus the presence of an intrinsic pore or cavity, these
molecular compounds can be seen as processable porous units,
if soluble enough. This unique combination of porous cage
properties has been used to decorate surfaces of quartz crystal
microbalances,[11,12] making cage-containing membranes,[13,14]

coating columns with cages for gas chromatographic
purposes,[15,16] using cage-films for sensing applications,[17] or
generating porous liquids.[18,19]

Nowadays, shape-persistent organic cages are mainly
synthesized by using reversible condensation reactions, such as
by multiple imine bond formation or the generation of boronic
esters from the corresponding diols and boronic acids.[20–60]

These reactions used are often called dynamic covalent
chemistry (DCC) reactions, allowing the system to reach
thermodynamic equilibrium by self-correction mechanisms due
to the intrinsic reversibility.[5,61,62] However, not always is the

formed cage also the favored product of thermodynamic
equilibrium and the equilibrium needs to be shifted by either
removing product by precipitation or, in case of formed water,
by Dean-Stark traps or other scavengers (e.g. molecular
sieves).[39,42,57,63] Especially when the formed cage is precipitating
out of the reaction mixture, it is not always clear, if the cage is a
thermodynamically or kinetically controlled product.[64,65] In fact,
for a large number of experimental protocols, pure cage is
generated by precipitation, and it has to be questioned, if in
these cases the cages are kinetically rather than thermodynami-
cally controlled products, especially if calculated heat of
formations do not fit the experimental observations.[42,45,46,66]

During our research on shape-persistent imine cages,[8]

there were a few examples, where the cages were completely
insoluble in all common solvents, restricting the analysis to FT-
IR spectroscopy, mass spectrometry, elemental analysis and
pore analysis by gas sorption.[41,67,68] These were the cubic [4+4]
cage 1, which had high specific surface area of 1014 m2/g, high
CO2 uptake (18.2 wt%) and a very good Henry selectivity or CO2

vs CH4 adsorption of 40;[41] the [4+6] exo-functionalized cage 2,
with similar specific surface area (1037 m2/g) and CO2 uptake
(14.8 wt%);[67] and the [4+6] endo-functionalized cage 3, with
no alkyl substituent para to the phenolic OH of the used
salicyldialdehyde (Figure 1).[38,68]

Although by monitoring the cage formation by time-
dependent mass spectrometry, polymer or oligomer formation
as side reactions were excluded, suggesting that the products
are pure cages and thus kinetically controlled products, final
proof of structure by NMR spectroscopy or even single crystal
X-ray diffraction was lacking.

Here, we describe the synthesis and characterization of
soluble congeners of cages 1–3 and investigations of the imine
exchange reactions with their deuterated derivatives.
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Results and Discussion

First, a triptycene triamine with solubilizung side chains needed
to be synthesized (Scheme 1). Therefore, trihydroxytriptycene
4[41] was transformed to the correspondig tris(hexyl ether) 5 in
92% yield. As expected, the subsequent threefold Ir-catalyzed
borylation occured at the sterically least hindered positions to

give 6 in 70% yield. The trisboronic acid 6 was treated with
hydroxylamine-O-sulfonic acid under basic conditions to trans-
form the boronic ester units to amine groups.[69,70] However,
under no circumstances, we were able to get a full conversion
to the trisamine 7a (62% yield) and always isolated some
diamino monoboronic acid 7b as side-product in 9% yield. The
deuterated triamine 7a–d39 was synthesized via the same route
giving nearly the same yields in each step (Scheme 1). All
compounds have been fully characterized (for details see
Supporting Information) and for triptycenes 5 and 6 the solid
state structures have been achieved by single-crystal X-ray
diffraction (see Supporting Information).

Having now triamine 7a at hand, this one was used for the
condensation with dialdehydes 8, 9, 10a and 10b to give the
cubic [4+4] cage 11, the [4+6] exo-functionalized cage 12 and
the [4+6] endo-functionalized cages 13 and 14 (Scheme 2).

We first investigated the formation of cubic cage 11 using
the same conditions as described in literature for its unsub-
stituted congener 1.[41] Therefore, equivalent amounts of
triamine 7a and trialdehyde 8 were stirred for 3 days in DMF at
150 °C with 5 mol% TFA as catalyst, giving [4+4] cage in 37%
isolated yield. To achieve that, a combination of precipitation of
oligomeric by-products with a small amount of MeCN and
further purification by recycling GPC with THF as eluent was
necessary. It is worth mentioning that the best results were
achieved with slightly higher concentration of reactands (c(7a) -
=4.2 mol/L) than it was the case for the unsubstituted [4+4]
cage 1 (here c(triamine) was 3.6 mol/L) and the temperature
needed to be risen to 150 °C instead of 120 °C. Since the cage is
well soluble, reactions were tested also in in other organic
solvents such as DMSO-d6, THF, DCM, toluene, CDCl3 or 1,4-
dioxane at various conditions (see the Supporting information),
but yields never exceeded 10%.

The reaction of amine 7a and dialdehyde 9 to the exo-
functionalized [4+6] cage 12 was also performed in DMF at
elevated temperature (120 °C, 3d) as it was the case for its
unsubstituted congener 2.[67] In contrast to cubic cage 11, the
reaction was much cleaner and by both 1H NMR (with the
addition of an internal standard) and GPC of the reaction
mixture it turned out that there are lesser by-products or
oligomeric intermedates formed (see discussion below). Thus,
cage 12 was isolated in 63% yield. It is also worth mentioning
that in no case the reaction mixture became turbid and stayed
all the time a clear solution, which excludes that the product
formation is driven by precipitation and therefore is a kinetically
controlled one.[64]

Different to the synthesis of cages 11 and 12, where high
temperatures were needed, endo-functionalized [4+6] cages
13 and 14 were formed in THF from salicyldialdehydes 10a and
10b at room temperature for four days and catalytic amounts
of TFA (2 mol%) according to the original protocol for 3b.[39]

Here, cage formation was also very clean and the cages were
isolated in 50% (13) and 62% (14) yield after purification by
GPC. The deuterated analogues were synthesized the same way
as the non-deuterated ones, starting from triamine 7a-d156,
giving the cages, and in comparable yields of 32% (11-
d156),61% (12-d156), 56% (13-d156) and 66% (14-d156).

Figure 1. Molecular structures of insoluble imine cages (1–3)[41,67,68] and a
derivative (3a)[38] that is soluble in hot DMSO.

Scheme 1. Synthesis of soluble 3,6,15-triaminotriptycene 7a. a) n-hexylbro-
mide (6 equiv.), K2CO3 (6 equiv.), DMF, 80 °C, 22 h. b) B2Pin2 (6 equiv.),
5 mol% [Ir(OMe)(COD)]2, 10 mol% 4,4’-di-tert-butyl-2,2’-bipyridyl, THF, 80 °C,
42 h. c) H2N-OSO3H (5.5 equiv.), NaOH(aq) (1 molL� 1, 15 equiv.), MeCN, r.t.,
25 h. n.i.=not isolated.
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All new cages have been fully characterized (for details, see
Supporting Information) and due to the good solubility, the
cages 11–14 could in addition to MALDI-TOF MS and IR be
characterized in solution by both 1H and 13C NMR spectroscopy,
which was not possible for the unsubstituted congeners 1, 2,
and 3 and only at elevated temperatures for 3a.[39] The 1H NMR
spectra (all in THF-d8) are depicted in Figure 2. For cages 11
and 12 all peaks were very sharp at room temperature, due to
the intrinsic shape-persistency and strong internal hydrogen
bonds of the salicylimine units. Thus the OH protons are found
as sharp peaks at 15.21 ppm for cubic cage 11 and 15.01 ppm
for exo cage 12. In contrast, for cages 13 and 14 the ratio of
imine units and OH groups is 2 : 1 and each OH group is shared
by two imine units, resulting in a conformational flipping of the
OHs. As a consequence, the peaks for the OH protons
(13.84 ppm for 13 and 13.70 ppm for 14), as well as the imine
protons (9.06 and 9.12 ppm) are broadened at room temper-
ature. The same is observed for protons Hc (8.02 ppm) of cage
14. To get a further insight into the conformational dynamics of
cage 14, 1H NMR spectra were recorded at several temperatures.
A coalescence of the peak at Hc is observed at 265 K and for the
OH protons (Ha) at 253 K, resulting in barrier energies for the

conformational flipping of ΔGc
�=52 kJ/mol and 50 kJ/mol with

frequencies of kc =322 s� 1 and kc =300 s� 1. By further decreas-
ing the temperatures further splitting of the signals is observed.
At 203 K the conformational movement seemed to be frozen
and six sharp OH peaks are detected between 13.65 and
14.47 ppm (see Supporting Information).

By DOSY NMR spectrosopy the solvodynamic radii were
determined to be rs =1.5 nm (D =3.1 ·10� 10 m2 s� 1) for cube 11,
rs =1.4 nm (D =3.4 ·10� 10 m2 s� 1) for exo cage 12, rs =1.1 nm
(D =4.2 · 10� 10 m2 s� 1) for endo cage 13, and rs =1.1 nm (D =

4.2 ·10� 10 m2 s� 1) for endo cage 14 (see also Supporting
Information) and correlate to the dimensions found by X-ray
diffraction.

For cages 11, 12, and 13 single crystals for X-ray diffraction
analysis have been obtained (Figure 3, for details, see Support-
ing Information). All compounds crystallize in the triclinic
spacegroup P-1. Single-crystals of cubic cage 11 were grown by
vapor diffusion of methanol into a saturated solution of 11 in
ethyl acetate. Two molecules were found in the asymmetric
unit and some of the hexyl chains could not be refined
sufficiently. All imine groups are pointing into the same
direction and the conformation is fixed by intramolecular

Scheme 2. Synthesis of soluble imine cages. a) DMF, 5 mol% TFA (per amine 7a), 150 °C, 3d; b) a) DMF, 5 mol% TFA (per amine 7a), 120 °C, 3d; c) THF, 2 mol%
TFA (per amine 7a), room temperature, 4d. R=n-hexyl.
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hydrogen bonds to the adjacent OH groups. Therefore, the
cubes are of a regular structure with two different triptycene
units in the opposite corners. The diagonal distance of inner
triptycene bridgehead carbons of the cubes is between 15.3
and 16.3 Å. The hexyl chains are all pointing more or less to the
corners of a tetrahedron with an edge length of about 30 Å,
which is in good agreement with the values found by DOSY
NMR (see above). The cubic cages are relative loosely packed
and mainly weak CH-π interactions of hexyl chains with the
aromatic triptycene backbones are found. Nevertheless, by
running a probe sphere of 1.8 Å radius over the in silico
desolvated crystal arrangement, a network of three-dimensional
pores can be found.

Cage 12 was crystallized by slow solvent evaporation of a
concentrated solution of 12 in dichloromethane. The com-
pound shows also a very symmetric and shape-persistent cage
scaffold, due to the hydrogen-bond stabilized conformationally
fixed imine units. The triptycenes form a regular tetrahedron as
well with a distance of the inner bridgehead carbons between
12.6 and 13.0 Å. Again, the hexyl chains are pointing into the
corner of a tetrahedron, with the largest distance of the
peripheral CH3 units of the hexyl chains of 34 Å. The cages 12
are similar loose packed as cages 11 and the hexyl chains of

one triptycene corner of a cage molecule are pointing into the
cavity of another blocking the access of those. However, this
tight arrangement cannot be observed for the three other
triptycene units, which results in large three-dimensional pores
(Figure 3e).

Single-crystals of cage 13 were gained by slow diffusion of
acetonitrile into a DMF solution of the cage. Similar as found for
12, hexyl chains of one of the triptycene units is pointing into
the cavity of an adjacent cage, but the others not. The cage
scaffold shows the same type of imine bond arrangement as
previously found for other endo-functionalized [4+6] salicyli-
mine cages.[39,71] Namely, one is hydrogen-bonded to the inner
OH groups, the other one not, with the nitrogen lone pair
pointing outside of the cavity. Similar as found for 12, the
largest distance of peripheral CH3 groups is also 34 Å. As for the
other two cages, three-dimensional pores have been found
despite some of the hexyl-chains are sticking into the cavities of
adjacent molecules.

Although pores can be found for all three cages by
analyzing their single crystal structures, it has to be kept in
mind that disordered solvate molecules have been omitted for
solving the structures in all three cases and the solvate
molecules most likely contribute in stabilizing the structure.

Figure 2. 1H NMR spectra (600 MHz, THF-d8, room temperature) of cage compounds 11 (a), 12 (b), 13 (c), and 14 (d). R=n-hexyl.
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Furthermore, no “stronger” aggregation motifs are found, than
loose CH-π interactions. Therefore, it is expected that by
desolvating the crystals, the ordered structure will collapse,
resulting in a low porosity.[48,72] Thus, no gas sorption experi-
ments have been performed.

As mentioned in the introduction, we were interested to get
further insight into the thermodynamic or kinetic stability of the
cages under reaction conditions. To exclude any precipitation
effects, with both soluble type of cages, non-deuterated and
deuterated in hand with a difference of 39 mass units per
incorporated triptycene amine, possible exchange reactions
were studied to get insight into the reversibility of cage
formation (Scheme 3,Table 1 and Figure 4).[64] First, we applied
the exact reaction conditions (with catalytic amount of TFA) to
all the cage mixtures without any alterations (Table 1, Entries 1,
6 and 11) and found no scrambling for all three cage pairs. With
the addition of a few amount of water (Table 1, Entries 2, 7, and
12) no exchange of amine units was observed for cubic cages

Figure 3. Single crystal X-ray structures of cages 11 (a and d), 12 (b and e) and 13 (c and f). a–c) molecular structures as capped stick models. In a) hydrogens
have been omitted for clarity and only one cage of two found in the asymmetric unit is depicted. Note: For cage 11 not all n-hexyl chains could be
satisfactorily refined. d–f) 2×2×2 unit cell with surface accessible voids for probe radius of 1.8 Å.

Scheme 3. Scrambling experiments of deuterated and non-deuterated cage pairs under various conditions. For additives and results see Table 1.

Figure 4. Examples of MALDI-TOF mass spectra (linear mode) of scrambling
experiments for cage pairs 11/11-d156 (a and d), 12/12-d156 (b and e) and 14/
14-d156 (c and f) after 7 days according to conditions of Table 1. (a: Entry 2; b:
Entry 7; c: Entry 12; d: Entry 5; e: Entry 10 and f: Entry 15)
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11/11-d156 (Table 1, Entry 2) and some scrambling for cage 14/
14-d156 was observed after 3 days and after 7 days the
intensities of MS signals of the scrambled cages 14-d39; 14-d78

and 14-d117 did not increased much in comparison to the three
days, suggesting that the exchange is very slow. For 12/12-d156

some scrambling was observed after 3 days and a clear dynamic
exchange of molecular building blocks was detected after
7 days. It is worth mentioning that increasing the water content
for 11/11-d156 *to 12 equivalents (one per imine bond) still no
scrambling was observed, whereas cage 14/14-d156 scrambled
faster.

We also tested the addition of p-toluidine that acts as a
nucleophile to open imine bonds and thus the cage to foster
scrambling. Whereas toluidine alone does not lead to any
exchange of units for all three systems (Table 1, Entries 3, 8, and

13), in combination with water, the [4+6] exo cages 12/12-d156

is the only one that is showing a clear scrambling after 7 days
(Table 1, Entry 9). Finally, we examined the combination of TFA
and toluidine and found that both [4+6] cages 12 and 14
scramble (Table 1, Entries 10 and 15) while the cubic [4+4]
cage 11 does not (Table 1, Entry 5).

By these observations cage scrambling (if occurring) is not
taken place via any imine metathesis, but rather by an opening
up of imine bonds[73] or even disassembly of cages to fragments
triggered by a nucleophile (water or amine) which is accel-
erated by the addition of a Brønsted acid that attacks the imine
nitrogen and thus activating the imine carbon for the addition
of the nucleophile. The most important result of the scrambling
experiments is that the cubic [4+4] cage 11 does not undergo
any scrambling at all, suggesting that it is energetically locked,
which may be simply explained by the fact that in comparison
to the two other systems, three imine bonds need to be broken
to “rip off” one molecular building block unit, instead of two for
cages 12, 13 and 14.

Although by the scrambling experiments insight into
reversibility of cage formation was gained, it does not answer
the question, if these soluble cages are thermodynamically or
kinetically controlled products. The good solubility of the cages
and their intermediates allowed us to study their formation
more detailed by monitoring the reactions in DMF-d7 (for cages
11 and 12) or THF-d8 (cages 13 and 14) by 1H NMR
spectroscopy in combination with GPC. Therefore, after certain
time periods, the 1H NMR spectrum of the reaction mixture that
contained a defined amount of 1,3,5-trimethoxybenzene as
internal standard was recorded and an aliquot of each reaction
investigated by GPC.

Again, most interestingly is the formation of [4+4] cubic
cage 11. In the beginning of the reaction the 1H NMR spectrum
shows a lot of broad overlapping peaks, that could originate
from mixtures of oligomeric and polymeric condensation
products larger than the cages or from smaller cage intermedi-
ates. The latter can most likely be excluded by the correspond-
ing GPC trace (Figure 5a), because no peaks with retention

Table 1. Scrambling of cages and deuterated cages according to
Scheme 3.

Entry Cage Pair Additives Scrambling[d] observed
after
3 days 7 days

1 11/11-d156 TFA[a] × ×
2 11/11-d156 TFA,[a] wate,r[a] × [b] ×
3 11/11-d156 p-toluidine[a] × ×
4 11/11-d156 p-toluidine[a], water[a] × ×
5 11/11-d156 TFA[a], p-toluidine[a] × ×
6 12/12-d156 TFA[a] × ×
7 12/12-d156 TFA[a], water[a] (✔) ✔
8 12/12-d156 p-toluidine[a] × ×
9 12/12-d156 p-toluidine[a], water[a] (✔) ✔
10 12/12-d156 TFA[a], p-toluidine[a] (✔) ✔
11 14/14-d156 TFA[c] × ×
12 14/14-d156 TFA[c], water [c], (✔)[b] (✔)
13 14/14-d156 p-toluidine[b] × ×
14 14/14-d156 p-toluidine[b], water[b] × ×
15 14/14-d156 TFA[b], p-toluidine[b] ✔ ✔

[a] 5 mol% related to the overall amount of substance (mol). [b] 2 mol%
related to the overall amount of substance (mol). [c] 24 equivalents of
water does not changed the outcome. [d] detected by MALDI-TOF from an
aliquot of the reaction mixture.

Figure 5. GPC traces of aliquots taken from reaction mixtures of cage synthesis in deuterated solvents (DMF-d7 for a and b; THF-d8 for c and d) under typical
reaction conditions (see Scheme 2). a) [4+4] cube 11; b) [4+6] exo cage 12; c) [4+6] endo cage 14 and d) [4+6] endo cage 13. Depicted is always the
second cycle of a recycling-GPC for better peak separation. The blue colored peaks are assigned to the respective cage compound.
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times larger than the cubic cage (56 min, 2nd cycle) could be
found, but very large peaks at lower retention time (47 min, 2nd

cycle), with a broad and less intense shoulder were found
between these two peaks. Therefore, it is concluded that in the
beginning of the reaction indeed species larger in size than the
cage 11 are formed. By time, this first peak decreases and the
peak of cage 11 increases until after 3 days no more of the first
one is observed. The corresponding NMR spectra show relative
clean signals for cage 11 after 4 days. In one experiment, the
first peak was isolated by r-GPC and investigated by 1H NMR
spectroscopy, showing only very broad and undefined peaks in
the aromatic region, which is expected for a mixture of larger
oligomers and polymers and not for smaller fragments of the
cage 11. From these experiments the formation of cage 11 is
indeed a DCC reaction with the product being the thermody-
namically controlled one.

A similar, although much cleaner, reaction was observed for
exo-functionalized [4+6] cage 12. Here, already the first 1H
NMR spectrum after one hour mainly showed cage signals and
the peaks in the GPC trace of cage 12 vs. larger species were
already clearly shifted towards cage fraction (Figure 5 b). This
implies that cage 12 is also a thermodynamically controlled
product, but is formed much faster, which is in agreement with
a faster “self-correction” mechanism of the system due to the
above described fact that only two imine units need to be
cleaved here, rather than three for the system leading to cage
11. For cages 13 and 14 by both 1H NMR as well as GPC almost
no side-product formation was observed even after 2 hours at
room temperature, assuming that the reaction is very fast, so
the cages seem to be both kinetically and thermodynamically
formed products (Figure 5 c and d). When decreasing the
amount of added TFA to 0.5 mol% or even to 0.0 mol%, the
reaction was slowed down allowing us to monitor the cage
formation process by GPC and 1H NMR spectroscopy. In both
cases broad peaks with smaller retention times (corresponding
to oligomeric intermediates larger than the cage) are found by
GPC that diminish by time, revealing that the [4+6] cages 13
and 14 are also thermodynamically favored products, but the
reaction is just much faster than found for cage 11.

Conclusion

To summarize, three congeners of prior insoluble larger imine
cages have been synthesized and characterized by attaching
solubilizing sidechains to the triptycene triamine precursor used
in the condensation reaction with several aldehydes. In
addition, the deuterated derivatives of all these cages have
been generated, too, allowing to study exchange of the
triamine building blocks of cages under various conditions.
Whereas the cubic [4+4] cage and its deuterated derivative do
not undergo any exchange at all, the [4+6] exo-functionalized
cage scrambles as soon as a catalytic amount of TFA and some
nucleophile (water or p-toluidine) is present. TFA or p-toluidine
(as basic catalyst) alone do not trigger the exchange reaction,
but p-toluidine plus water does. The [4+6] endo cages show
only a significant exchange with p-toluidine and TFA, but

surprisingly in the presence of TFA and water it seems that this
reaction is relatively slow.

The good solubility of the cages and intermediates also
allowed us to study the formation of cages by time. Whereas,
the [4+6] endo cages are formed very quickly (after 1 h the
reaction is already almost complete), the [4+4] cage formation
was slow, even at 150 °C. Most important, before the [4+4]
cage is formed much larger species (oligomers and polymers)
are generated (detected by GPC), that are consumed by time,
clearly indicating that the [4+4] cage is a thermodynamically
controlled product, although once formed it is very stable
against the investigated exchange of building blocks. This is in
contrast to the observations made before for the unsubstituted
cubic cage 1, which is not soluble at all and there, precipitation
most likely is the kinetic driving force.

In conclusion, this study once more demonstrates, how
large the difference in cage formation mechanisms can be,
even for cages that only slightly vary in structure, such as the [4
+6] endo and exo-cages. The good solubility of the here
presented cages, will further allow us to chemically transform
these to more stable compounds, such as amide or carbamate
cages[74,75] or study their conversion to transition metal or
boroquinol complexes.[76]

Experimental Section
For Experimental Details, see the Supporting Information.

Deposition Number(s) 2060523 (5), 2060524 (6), 2060525 (12),
2060526 (11), and 2060527 (13) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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