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Abstract: The directional bonding approach is a powerful tool
to rationally control both shape and stoichiometry of three-
dimensional objects built from rigid building blocks under
dynamic covalent conditions. Co-condensation of catechol-
functionalized tribenzotriquinacene derivatives which have 90°
angles between the reactive sites and diboronic acids with bite
angles of 60°, 120°, and 180°, led to the efficient formation of,
respectively, bipyramidal, tetrahedral, or cubic covalent
organic cage compounds in a predictable manner. Investiga-
tions on the self-sorting of ternary mixtures containing two
competitive boronic acids revealed either narcissistic or social
self-sorting depending on the stability of the segregated cages
relative to feasible three-component assemblies.

Since the humble beginnings of sophisticated synthesis,
molecular cage structures have aroused fascination among
chemists not only because of their aesthetic beauty but also
because of the tempting possibilities of controlling both size
and interior of the intrinsic cavities for functional purposes.
Owing to their complex structures, traditional synthetic
approaches, such as the landmark synthesis of cubane,!
suffered from tedious multistep routes and very low yields,
particularly for the final cyclization steps. However, the rise of
dynamic approaches based on metallasupramolecular™ or
dynamic covalent® bond formations proceeding under ther-
modynamic control provided easy access to a wide variety of
self-assembled cage structures.! The geometry and shape of
the molecular objects obtained this way are usually governed
by the structures of the respective molecular precursors and
a rational prediction of the geometrical outcome of such
assemblies is highly desirable. As a powerful strategy, the
directional bonding approach®! was established in the 1990s
by Fujita et al.”’! and Stang and Cao!® in their seminal studies
on the formation of metal-coordinated squares. According to
this concept, the geometrical shape of a self-assembled cage is
solely dependent on the rigid bite angles of the complemen-
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tary precursors and their mixing in the appropriate stoichio-
metric ratio and can therefore be precisely predicted based on
basic geometrical considerations. Following this strategy,
a variety of metallasupramolecular assemblies!*? have
been designed and synthesized in recent years with in large
part excellent control over stoichiometry and geometry of the
obtained cages. One of the most impressive examples is by the
Fujita group and involves the synthesis of either M;,L,, or
M,,L,¢ polyhedra with a clear-cut transition between the two
species achieved simply by changing the ratio of two ligands
which have different bite angles.*! For purely organic
systems, a notably smaller number of cages having octahe-
dral,l"! cubic,™ or cuboctahedral™ shape have been presented
in recent years. Cooper etal. were able to govern the
formation of either [243]- or [446]-imine cages'” from
trialdehydes and diaminoalkanes depending on the number of
carbon atoms between the two amino groups. An odd/even
effect was observed. With even numbers of carbon atoms
between the two amino functions [4+6]-assemblies were
formed and for odd numbers of carbon atoms [2+3]-cages
formed. Mastalerz and co-workers presented the formation of
either [446]-") or [24-3]-cages!'? for the co-condensation of
a tritopic triptycene triamine and aromatic dialdehydes with
either meta- or ortho-relationship between the two functional
sites. By changing the solvent, Liu and Warmuth could
selectively synthesize either octahedral, tetrahedral, or
square-antiprismatic cages derived from the very same
precursors through imine condensation.!'?!

For multi-component systems comprising competitive
building blocks, increased levels of complexity could even-
tually result in molecular recognition or self-sorting effects.
Despite being intensively studied in supramolecular chemis-
try in recent years,'¥ examples regarding covalent organic
cages are still very rare in the current literature."” One of the
very first examples for self-sorting of covalent organic cages is
the “molecular marriage” of two isostructural dialdehydes
and two diamines presented by the Mukherjee group."™" For
this mixture, the exclusive formation of two out of four
possible imine cages is observed depending on the rigidity of
the precursors. Note that a rational prediction of cage
geometry and stoichiometry solely based on the structure of
the precursor units and efficient control of self-sorting
properties for more complex mixtures containing competitive
reactive components is still in its infancy. The appealing
prospect of saving time and resources in targeted syntheses of
organic cage compounds of any imaginable molecular shape
and topology makes such strategies still worthwhile goals in
synthetic chemistry.

Herein we report on the design and synthesis of a series of
covalent organic cage compounds with predictable geomet-
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rical shape synthesized by co-condensation of a catechol-
functionalized tribenzotriquinacene!'® (TBTQ) derivative
and three different diboronic acids with varying angles
between the two reactive sites. In addition, initial studies on
the self-sorting behavior for ternary mixtures containing two
different diboronic acids revealed either so-called “narcissis-
tic” or “social” self-sorting depending on the deployed
boronic acids.

Recently, we reported on the efficient formation of
molecular cubes™! through co-condensation of catechol-
functionalized TBTQ and para-phenylene diboronic acid
under water removing conditions. In terms of the directional
bonding approach, such [8 + 12]-assemblies can be classified
as a combination of tritopic 90° subunits A and ditopic 180°
linkers D with 8:12 ratio (see Figure 1). However, different
geometrical shapes with [446]- or [2+3]-stoichiometry should
be more favorable with ditopic building blocks with smaller
angles. Based on general geometrical considerations, we
therefore calculated the optimum angles for trigonal-bipyr-
amidal [24-3]- and tetrahedral [4+6]-assembly to be 70.5° and
141.1°, respectively (see Figure 1 and Supporting Information
for more details on the geometrical calculations). Molecu-
larly, such spatial orientations are realized in bisfunctional
phenylene derivatives with ortho- or meta-substitution pat-
terns in contrast to para-derivatives which result in cubic [8 4
12]-assembly (see Figure 1).

To test this hypothesis, we synthesized diboronic acids B
and C (see Supporting Information for experimental proce-
dures and characterization details) possessing the desired 1,2-
and 1,3-substitution pattern at the central phenylene ring and
investigated their reactivity in the presence of appropriate
catechols under conditions we recently established
for the efficient formation of boronate ester cages.™
Reactions of tritopic TBTQ A with either B or C in
2:3 molar ratio (see Scheme 1) were performed in
[Dg]THF at room temperature and monitored by
"H NMR spectroscopy. Several hours after initial
mixing, complex equilibria of various oligomeric
intermediates were reached (see Supporting Infor-
mation Figure S15) which did not change further
even over the course of several days. However, the
addition of 4 A molecular sieves initiated complete
conversion into highly symmetrical and monodis-
perse organic cages as the only detectable products
after several days. '"H NMR spectra of the respective
molecular precursors and the reaction mixtures after
completion of cage formation are shown in Figure 2.
Final products could be isolated after filtration to
remove the molecular sieves and eventual precip-
itates, washing with n-hexane, and drying under high
vacuum. Both cages were fully characterized by 'H-
and DOSY-NMR spectroscopy as well as elemental
analysis.

Formation of A,B; bipyramids was also con-
firmed by MALDI-TOF mass spectrometry showing
only one peak at m/z 1601.41 (calculated 1602.27 for
A,B;, see Figure S7 in the Supporting Information),
whereas in the case of the tetrahedral A C4 assembly,
no cage compounds could be detected in the mass
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Figure 1. Shape-selective synthesis of molecular cage compounds from
orthogonal tritopic units and ditopic linkers with varying angular
disposition based on the directional bonding approach. TBTQ deriva-
tives and phenylene diboronic acids provide suitable scaffolds for
appropriate molecular building blocks.
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Scheme 1. Synthesis of trigonal-bipyramidal A,B; and tetrahedral A,C4 cages
under water-removing conditions from TBTQ A and diboronic acids B or C.
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Figure 2. Aromatic and TBTQ-CH regions of '"H NMR spectra

(400 MHz, [Dg]THF, RT) of a) meta-diboronic acid C, b) tetrahedral
A,C¢ cage, c) tripodal TBTQ A, d) trigonal-bipyramidal A,B; cage,

e) ortho-diboronic acid B; spectra of cage compounds were measured
directly from the reaction mixtures indicating quantitative formation of
the organic cage compounds; full data and spectra of the isolated
cages are provided in the Supporting Information; * CH,Cl,.

spectra. The actual angle between the two boronic acids is
120°, which is considerably different to the optimum angle for
tetrahedral assembly of 141.1°. We therefore speculated that
this significantly higher inherent strain energy for A,Cq4 might
lead to decomposition of the cages under ionizing conditions
as was also reported for other boronate cages.”™ Semi-
empirical calculations” on the PM6 level provided further
indications for the inherent strain energy by revealing
significant bending of the linear boronate ester moieties
(see Figure S34a).

As one possibility to increase the stability for the
tetrahedral assemblies, we envisioned changing some of the
120° linkers C for linear diboronic acids D. After formal
replacement of one or two opposite C units, we identified
A,C;D and A,C,D, assemblies as the least-strained mixed
cages. For A,C,D, which has the shape of the Johnson solid
Jo gyrobifastigium,'® an optimum angle for the bent ditopic
building blocks of 120° was calculated (see Figure S33 in the
Supporting Information) making such cage structures prom-
ising targets for covalent organic cage formation based on
mixtures of meta- and para-substituted diboronic acids.

Consequentially, we started to get interested in more
complex reaction mixtures containing different types of both
tritopic and ditopic linkers which have been rarely studied in
the field of organic cage compounds to date. As the next level
of complexity, we investigated ternary 2:3 mixtures contain-
ing A as a tripodal building block and two different ditopic
linkers from B, C, or D. The question arises whether
narcissistic self-sorting into segregated binary cages or social
self-sorting into unprecedented mixed assemblies, such as the
predicted A,C,D, cage, occurs. In unfortunate cases, these
complex mixtures might lead to enhanced formation of
polymeric side products. According to the directional-bond-
ing approach, no stable mixed assemblies can be envisioned

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Narcissistic self-sorting into separate two-component
assemblies for ternary mixtures containing TBTQ A and competitive
diboronic acids B/C or B/D in a 2:3 molecular ratio; b) social self-
sorting into three-component cage A,C,D, for ternary mixture of TBTQ
A and diboronic acids C/D in a 2:2:1 molecular ratio; all molecular
structures are PM6-minimized!"”! models, graphics were produced with
the PyMOL software.["

for combinations of A with B/C or B/D, predicting narcissistic
self-sorting into the individual high-symmetry cages (see
Figure 3a) will occur. In fact, ternary mixtures of both A/B/C
and A/B/D resulted in the exclusive formation of the
individual binary cages A,B; and A,Cq or A,B; and AgDy,,
respectively, as evidenced by NMR spectroscopy. The
"H NMR spectra after completion of cage formation show
overlaying signals for the respective individual cages (see
Figure S20 and S23). For the A/B/D case, both cages were also
identified by MALDI-TOF mass spectrometry with signals at
m/z 1625 for [A,B;+ Na]" and m/z 5953 for [AgDy,]" (see
Figure S27).  Furthermore, DOSY-NMR spectroscopy
revealed the co-existence of two distinct species with different
diffusion coefficients in both cases (see Figure4c and
Figures S21 and S24). According to the Stokes-Einstein
equation, we calculated molecular diameters of 2.0 and
2.9 nm for the A/B/C mixture and 2.2 nm and 3.9 nm for the
A/B/D mixture. These values are in good agreement with
diameters of 1.9, 3.0, and 3.5 nm for the individual cages A,B;,
A,Cq, and AgDy,, respectively, which are depicted as semi-
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a) data without taking any solvent effects or entropic contribu-
tions into account, we still believe that such calculations might
provide good estimations for inherent strain effects. Accord-
ing to these data, we can anticipate that there might be
a significant penalty for the segregated cages because of the
inherent strain energy of A,C; which might shift the
equilibrium towards the mixed assemblies and especially
Az A,C D, as the only or at least major product.
@ =l 2mm Indeed, reaction of A/C/D (see Scheme 2) in a 2:2:1 ratio
b) in [Dg]THF in the presence of 4 A molecular sieves resulted in
Mw a NMR spectrum significantly differing from a simple overlay
M _ | ACs of the spectra for a cube and tetrahedron. Owing to the lower
l J I symmetry of the A,C D, cages, more complex signal splitting
MW _ﬁ_Az;C b is observed, for example, two sets of duplets for the aromatic
h protons of the boronate containing phenyl ring (see Fig-
I ) AdDrs ure 4b). MALDI-TOF-MS of the reaction mixture showed
: : ; ; ; = A4CaD; one weak signal for the molecular ion at m/z 3185 (see
80 78 7'65 / p7p',‘:, 72 4846 G=:2.3 nm Figure S21). Most convincingly, DOSY-NMR spectroscopy
A+E+C A+ +D A+C+D indicated the formation of one monodisperse molecular
9 o It I M lghms2)  gpecies with a diameter of 2.9 nm (see red signals in Figure 4 ¢
) % Aoz i _Z'; and Figure S19).
- As Aal§| . A2 — : :9'5 In contrast to the reaction of A/C/D in a 2:2:1 ratio, a 4:1
Aaéa \" \‘~ A4€e “AciD: | _9: 4  mixture of individually prepared cages A,Cq and AgDy, with
- I e _93 an effective ratio of 2:2:1 for building blocks A/C/D in
8.0 7.8 8.0 7.8 8.0 7.8 [D4]THF (see Equation in Figure 3b) appeared to be stable
8/ ppm 8/ ppm 8/ ppm . .
over several weeks in the presence of molecular sieves and the
Figure 4. a) PM6-minimized"” space-filling models of A,Bs, A,Cs and coexistence of both cages was confirmed by DOSY-NMR
AqD,; cages. Hydrodynamic diameters as obtained from the Stokes— spectroscopy (see black signals in the right part of Figure 4¢
Einstein equation from DOSY-NMR spectroscopy are shown as trans- . .
parent gray spheres; b) Aromatic and TBTQ-CH regions of '"H NMR aI,ld Elgure 519), Thus, the final cage compounds appear tf) be
spectra ([Ds]THF, 400 MHz, RT) of ACq (top), AsD, (bottom), and kinetically inert and do not undergo transformations into
three-component cage A,C,D, (middle); c) DOSY-NMR spectra thermodynamically more stable products. Therefore, the
(IDs]THF, 600 MHz, RT) for ternary mixtures A/B/C (left), A/B/ often-proposed reversibility of dynamic covalent reactions
D (middle), and A/C/D (right, red signals); DOSY-NMR for a mixture might only be true for the initial reaction steps, whereas late
of separately prepared cages A,Cs and AgD,; is shown in black in the propagation steps as for example the final ring-closure
right spectrum. reactions might end up in kinetically trapped states. Currently,
we are working on the synthesis of cages with higher solubility
to investigate the direct transformation of preformed binary
transparent gray spheres in the PM6-minimized!'”! space- cages into more stable three-component assemblies.
filling models in Figure 4a. Altogether, these findings clearly
indicate narcissistic self-sorting for both systems.
For an A/C/D mixture however, besides
narcissistic self-sorting into individual cages also
emergent formation of three-component cages,
for example, A,CsD or A,C,D, is feasible
depending on the relative thermodynamic stabil-
ity of the mixed assemblies in comparison to the
segregated cages. To estimate the position of the mpleculgr
ey . sieve 4A
equilibria between both mixed and segregated I
cages, we calculated heats of formation (PM6 o THF
semi-empirical molecular modeling)'” of —4128, O O on
—4479, —4828, and —12441 kJmol™! for A,C,, -4 .
ACD, A,CD,, and AgD,,, respectively. Based Y =0 B~
on these results, we identified A,C,D, as the most + R
stable species and calculated a reaction enthalpy e Fe o
of —15kJmol™! for the formal transformation of 1 Ho:B_@_B:orl B
four A,C tetrahedra and one AgD;, cube into six R A4C4D2
ACD, cages (see Figure 3b and Figure S27b). D R' = n-butyl, R? = Me, R® = n-butyl
Although we have to admit that these calculations  scheme 2. Synthesis of three-component cage A,C,D, under water-removing condi-
are only rough estimations based on gas phase tions from TBTQ A and diboronic acids C and D in a 2:2:1 molecular ratio.
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In summary, we have demonstrated the shape-selective
formation of covalent organic cages with trigonal-bipyrami-
dal, tetrahedral, or cubic geometry from hydroxy-functional-
ized TBTQ and diboronic acids depending on the bite angle
of the diboronic acids. This directed approach offers rational
control over the final cage geometries and is therefore
a significant step towards a tailor-made synthesis of covalent
organic cage compounds. For ternary mixtures containing two
competitive diboronic acids, we obtained either narcissistic
self-sorting into segregated cages A,B;/A,Cs and A,B3/AgDy,
or social self-sorting in the case of three-component cages
A,CD,. To our knowledge, the formation of these mixed
assemblies is the first example of social self-sorting to give
mixed cages from ternary mixtures of two different diboronic
acids and one catechol. It offers unique insights into the
thermodynamic and kinetic stabilities of spherical boronate
ester assemblies. Investigations into the porosity of these
cages and synthetic efforts to functionalize their interior and
periphery are underway and will be reported in due course.

Keywords: boronate esters - cages compounds -
dynamic covalent chemistry - self-sorting - tribenzotriquinacenes
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