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Abstract 
A highly strained covalent organic cage compound was synthesized from hexahydroxy 

tribenzotriquinacene (TBTQ) and a meta-terphenyl-based diboronic acid with an additional 

benzoic acid substituent in 2’-position. Usually, a 120° bite angle in the unsubstituted ditopic linker 

favors the formation of a [4+6] cage assembly. Here we show that introduction of the benzoic acid 

group leads to a perfectly preorganized circular hydrogen-bonding array in the cavity of a 

trigonal-bipyramidal [2+3] cage, which energetically overcompensates the additional strain 

energy caused by the larger mismatch in bite angles for the smaller assembly. The strained cage 

compound was analyzed by mass spectrometry and 1H, 13C and DOSY NMR spectroscopy. DFT 

calculations revealed the energetic contribution of the hydrogen-bonding template to the cage 

stability. Furthermore, molecular dynamics simulations on early intermediates indicate an 

additional kinetic effect, as hydrogen-bonding also preorganizes and rigidifies small oligomers to 

facilitate the exclusive formation of smaller and more strained macrocycles and cages. 

 

Introduction 
Subcomponent self-assembly[1] is a powerful tool for the one-pot-synthesis of complex 

nanoarchitectures directly from simple precursors. Depending on the interactions that connect the 

individual building blocks, supramolecular,[2] metal-organic[3] or dynamic covalent[4] structures 

have been reported. For design purposes, geometrical concepts such as the directional bonding 

approach[5] allow control over geometry and topology of the obtained scaffolds, as these properties 

are directly encoded[6] in the molecular structure of the building blocks. In recent years, a large 

variety of covalent organic cages[7] with different size and shape[8] have been designed and 
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synthesized. Potential applications for these porous molecular materials[9] range from molecular 

recognition,[10] sensing,[11] gas storage[8i, 12] and separation,[13] to encapsulation[14] and reactivity 

control[15] of large aromatic guests. In terms of complexity, rigid cages offer the tempting potential 

to hierarchically organize multiple functionalities with high spatial precision around the cage 

scaffold. Exohedral functionalization at the outer surface typically impacts the solubility[16] or solid-

state packing[8f, 17] of these modular porous units. Ultimately, the implementation of cross-linkable 

functions in the cage periphery can lead to covalently linked ‘cage-to-framework’ materials.[18] On 

the other hand, endohedral functionalization of cages[19] is less explored. Selected examples include 

the post-synthetic modification of a salicylbisimine cage via sixfold Williams ether synthesis[20] or 

alkyne cages with inward-pointing pyridines.[21] Besides chemical modulation of the pores, cavity-

directing functional sites might be utilized to template specific cage geometries or could interfere 

with each other during the assembly process. To date, template-assisted synthesis[22] of covalent 

organic cage compounds has been rarely addressed. With proper choice of functional precursors 

however, switching between different cage geometries might be realized. 

Results and Discussion 
Here we report on the serendipitous formation of a highly strained [2+3] molecular cage 

A2CPhCOOH3 from hexahydroxy tribenzotriquinacene[23] (TBTQ) A[16] and terphenyl diboronic acid 

derivative CPhCOOH through the formation of six boronate esters under water-removing conditions. 

DFT calculations suggest that the three endohedral PhCOOH groups in the trigonal-bipyramidal 

cage are perfectly preorganized for intramolecular hydrogen bonding, which overcompensates the 

additional strain energy in relation to larger [4+6] assemblies (Figure 1).  

 

Figure 1. Supramolecular templation of strained covalent organic cages. 
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In prior work, we reported on a series of shape-selective covalent organic cage compounds derived 

from orthogonal TBTQ A and diboronic acids with varying bite angles.[16, 24] For 2'-methyl-

[1,1’:3’,1’’-terphenyl]-4,4’’-diboronic acid (CMe) possessing a 120° bite angle at the central 

phenylene unit, tetrahedral A4CMe6 cages were obtained as the only detectable self-assembly 

product. Since the six bent CMe linkers are octahedrally distributed around the cage pore, all Me 

groups in 2’-position are located within the cage cavities, whereas any substituent in 5’-position 

would point to the outside of the cages. Aiming for functionalized cavities, we envisioned the 

attachment of supramolecular binding sites, e.g., COOH groups within the cage cavities. Based on a 

procedure introduced by Höger and coworkers,[25] we applied a modular synthetic approach 

(Scheme 1) that allows for easy modifications of linkers C at both 2’- and 5’-position by proper 

choice of aldehyde (1) and carboxylic acid (4) starting materials. Here, we synthesized a novel 

linker CPhCOOH possessing a PhCOOH substitutent in 2’-position as an endohedral recognition site 

and a tBuPh group in 5’-position to further enhance the solubility of the final assemblies. Diiodide 

5[25-26] was synthesized in two literature-known steps and reacted to bispinacol ester 6 by twofold 

Miyaura borylation. Treatment of 6 with BBr3 followed by aqueous workup resulted in 

simultaneous cleavage of both pinacol and methyl ester protecting groups to give diboronic acid 

CPhCOOH in 76% yield. 

 

Scheme 1. Modular synthesis of diboronic acid CPhCOOH: i) BF3·OEt2, 100 °C, 2h, 38%;[25] ii) 4[27] / 
NaOH, MeOH, 30 min, then Ac2O, 160 °C, 2h, 55%;[26] iii) B2pin2 / KOAc / Pd(dppf)Cl2, DMF, 

reflux, 2.5h, 71%, iv) BBr3, CH2Cl2, 0 °C → rt, 3.75h, 76%. 

For initial investigations regarding cage formation, we applied our established protocol[24] and 

monitored the reaction of A and CPhCOOH in THF in the presence of 4 Å molecular sieves by 1H 
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NMR spectroscopy. In contrast to A4CMe6, we did not observe the quantitative formation of a closed 

boronate ester assembly. Instead, rather broad signals and significant amounts of free catechols 

were observed even after prolonged reaction times and further addition of molecular sieves. 

MALDI-TOF mass spectrometry (MS) of the reaction mixture showed the two most prominent 

signals at m/z = 1883.24 and 2382.70 (Figure S16), which correspond to smaller [A2CPhCOOH2+Na]+ 

and [A2CPhCOOH3+Na]+ assemblies containing only two TBTQ units in a [2+3] cage or [2+2] 

macrocycle, respectively. This somewhat unexpected finding contradicts the directional bonding 

approach,[5] which predicts a tetrahedral [4+6] assembly for the combination of a tritopic 90° and a 

ditopic 120° linker as it was realized for A4CMe6.[24] For CPhCOOH however, a closer look at the 

structure of the molecular components and the MALDI-TOF MS data for the reaction mixture 

suggests a strong preorganization of two or three CPhCOOH molecules via hydrogen bonding 

between the COOH groups, which favors the formation of the strained [2+2] macrocycles and [2+3] 

cage assemblies. In order to break these hydrogen bonds and to induce the formation of larger 

assemblies, e.g., [4+6] cages, up to two equivalents of acetic acid, referred to CPhCOOH, were added 

to the reaction mixture. Monitoring the reaction progress via 1H NMR (Figure S15) and MALDI-

TOF MS gave identical data as in the previous attempts, thus indicating the strong driving force for 

supramolecular preorganization. However, no full conversion to the stoichiometric cage product 

was achieved, as usually observed for binary mixtures in 2:3 ratio.[16, 24] Both [2+2] macrocycles 

and [2+3] cages were simultaneously obtained as the two main products, accompanied by 

significant amounts of open oligomers. Presumably, additional strain is induced when closing the 

macrocyclic [2+2] intermediate with a third linker CPhCOOH, thus shifting the equilibrium towards 

the macrocyclic fragment, which still possesses two unreacted catechol units. In order to facilitate 

full conversion and isolation of A2CPhCOOH3, we screened for optimized reaction conditions. 

Finally, reaction of A and CPhCOOH in MeCN/THF 10:1 under reflux for 24 hours (Scheme 2) 

resulted in precipitation of a crude product. Resolvation of the isolated material in MeOH-d4 

induced complete disassembly into the monomeric building blocks. Based on 1H NMR integration, 

the measured ratio of A/CPhCOOH = 2:3 indicates the predominant formation of a closed-shell [2+3] 

or [4+6] assembly rather than open [2+2] macrocycles or other oligomeric side products. MALDI-

TOF MS for the isolated product (Figure 2c) revealed only one set of signals at m/z = 2323.29 

[A2CPhCOOH3−C4H9+Na]+, 2340.29 [A2CPhCOOH3−C4H9+K]+, 2357.32 [A2CPhCOOH3]+, 2364.27 

[A2CPhCOOH3+Li]+ and 2381.30 [A2CPhCOOH3+Na]+ that were all assigned to A2CPhCOOH3 and 

various monocationic adducts. Remarkably, the very high tendency for adduct formation with alkali 

metal ions indicates that the endohedral array of COOH groups might serve as an efficient binding 

station for metal ions. 
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Scheme 2. Synthesis of A2CPhCOOH3: i) THF/MeCN 10:1, reflux, 22h, 64%. 

In contrast to the reaction in THF under equilibrating conditions (Figure S16), the absence of 

signals for other assemblies confirms the isolation of pure A2CPhCOOH3 cages from reaction in 

MeCN. Presumably, closed-shell cages are significantly less soluble in MeCN as the more polar 

open intermediates, thus driving the dynamic formation of boronate esters towards completion. 

Finally, A2CPhCOOH3 cages are kinetically trapped by precipitation. After filtration and subsequent 

washing with MeCN and n-hexane, the raw product was further purified by suspending it in dry 

acetone for four hours at 60 °C to obtain cage A2CPhCOOH3 in pure form. After work-up, the isolated 

cage was soluble in CHCl3 and the 1H NMR spectrum (Figure 2a) shows only one single peak at 

4.55 ppm for the TBTQ bridgehead proton, thus further confirming the formation of one single cage 

species. Integration of protons corresponding to either TBTQ A or linker CPhCOOH confirmed the 

expected ratio of A/CPhCOOH = 2:3, whereas the occurrence of one single set of peaks for all 

chemically distinguishable protons argues for a highly symmetrical assembly. 

In comparison to precursors 6 (in CDCl3) and CPhCOOH (in THF-d8), there is a striking upfield 

shift of roughly 0.5 ppm for the aromatic protons of the PhCOOH substituents that are located in 

the cage cavity. We attribute this effect to additional shielding by the π-surface of the cage interior 

and, primarily, efficient hydrogen bonding between the closely arranged PhCOOH groups. For the 

acidic protons, a broad and barely detectable signal at 10.9 ppm was observed. To estimate the cage 

size and ultimately differentiate between a [2+3] or [4+6] assembly, the solvodynamic diameter was 

determined via DOSY NMR measurements (Figure 2b). In CDCl3, a diffusion constant of 

3.43×10−10 m2 s−1 was obtained for the monodisperse cage species. According to the Stokes-

Einstein equation, this value correlates to a solvodynamic diameter of 2.3 nm, which is in very good 

agreement with a PM6[28]-minimized space filling model (depicted as a semi-transparent sphere in 
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Figure 2b). Cage A2CPhCOOH3 shows a considerably lower diameter than the previously reported 

tetrahedral cage A4CMe6 (d = 3.0 nm),[24] even though the protruding tBuPh substituents in 5’-

position at the bent linkers CPhCOOH are expected to result in even larger values for the tetrahedral 

[4+6] assemblies, thus ultimately proving the formation of the smaller [2+3] cage. 

 

Figure 2. a) Aromatic region of 1H NMR spectrum (400 MHz, rt) for A2CPhCOOH3 (CDCl3), 
CPhCOOH (THF-d8) and 6 (CDCl3), b) DOSY NMR (600 MHz, CDCl3, rt; inset shows PM6-

minimized space-filling model with the solvodynamic diameter indicated as a semi-transparent gray 
sphere) and c) MALDI-TOF MS for A2CPhCOOH3. 
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Remarkably, the simple exchange from Me to PhCOOH as endohedral substituent completely 

switched the cage size from a [4+6] to a [2+3] assembly and the geometrical arrangement of the 

linkers C from octahedral to trigonal planar, respectively. To evaluate if these selectivities are 

driven by different thermodynamic stabilities, we performed geometry optimizations employing 

DFT calculations with the ωB97XD[29] functional and the def2-SVP[30] basis set of cages in 

tetrahedral [4+6] and trigonal-bipyramidal [2+3] geometry for both CMe and CPhCOOH. In order to 

decrease the computational demand, the apical nBu substituents in A were replaced by Me groups 

and the exohedral tBuPh groups in 5’-position for CPhCOOH were replaced by H atoms, as these 

groups are located on the outer cage surface and should not influence the inherent cage stability or 

preference for a specific topology. For CMe, a formal transformation of one A4BMe6 into two A2BMe3 

cages revealed a difference in electronic energies of +60 kJ mol−1 in the gas phase, indicating a 

significantly higher thermodynamic stability for the larger cage (Figure 3a). To adjust for any 

solvation effects, we simulated MeCN as solvent by applying a self-consistent field method using 

the integral equation formalism model (IEFPCM)[31] as implemented in the Gaussian 16[32] quantum 

chemical software package. Again, an energy difference of +62 kJ mol−1 was calculated, indicating 

that the equilibrium between the two cages is hardly affected by solvation but rather a consequence 

of the inherent stability of the individual cage geometries. In accordance with the directional 

bonding approach, this selectivity is matched in the synthetic experiment and is most presumably 

related to the inherent strain energy induced by the larger mismatch in the bite angles and a 

significant bending in the three struts for CMe (see Figure 3a). For CPhCOOH however, DFT 

optimization in the gas phase revealed a completely reversed thermodynamic driving force, as the 

theoretical results indicate A2CPhCOOH3 to be −207 kJ mol−1 more stable in electronic energy than 

the larger [4+6] assembly (Figure 3a). For calculations with the MeCN continuum model, this 

energy difference is reduced to −150 kJ mol−1, indicating the pronounced stabilization of polar 

COOH groups in polar aprotic solvents such as MeCN. The geometry-optimized structures for both 

A4C6 cages show a very good overlap for the cage backbone (Figure S20a). As a response to the 

pore filling with the internal hydrogen bonding array of the PhCOOH groups, a slight deviation was 

observed for the A2C3 cages (Figure S20b). Therefore, we conclude that the inherent strain induced 

by the rigid scaffold of a specific cage stoichiometry does not depend on the inner substituents. 

However, attractive supramolecular interactions between the endohedral PhCOOH groups in the 

cage pores overcompensate the higher strain energy for the A2CPhCOOH3 cage. 
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Figure 3. a) Equilibria between tetrahedral A4C6 and trigonal-bipyramidal A2C3 cages with 
endohedral Me (top) and PhCOOH (bottom) functionalization (electronic energies and geometry-
optimized models derived from DFT calculations, H atoms are omitted for clarity); b) potential 
energy plots for the assembly of six or three PhCOOH moieties as realized in A4CPhCOOH6 and 
A2CPhCOOH3, respectively (the actual distance in the DFT-optimized cages is indicated in red). 

To further probe this stabilizing contribution, we performed relaxed scans for the endohedral 

substituents in both geometries (Figure 3b). For this purpose, we constructed model systems 

containing six and three benzoic acid molecules in the respective octahedral (A4C6) or trigonal-

planar (A2C3) arrangement. To artificially adjust for varying cage sizes, we systematically scanned 

the distance of all COOH groups from the center of mass for both model systems. During these 

constrained optimizations, all benzoic acid molecules were kept fixed at the C-H unit in 4-position 

(indicated as orange boxes in Figure 3b) to simulate the rigid character of the cage pores, while the 

molecules itself were allowed to structurally relax. The obtained potential energy profiles presented 

in Figure 3b show that the actual arrangement of the three PhCOOH groups in A2CPhCOOH3 is very 
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close to the energetically most favorable distance, while the separation in the larger A4CPhCOOH6 is 

very far from the potential minimum. Essentially, there is no attractive interaction between the 

COOH groups at a distance of 7.49 Å from the focal point in A4CPhCOOH6, whereas the A2C3 

scaffold preorganizes the COOH groups almost perfectly for a circular threefold hydrogen-bonding 

motif (see inset in Figure 3a). To quantify this stabilizing interaction, we reoptimized the threefold 

array with DFT and the MeCN continuum model at both the distance realized in the cage and the 

most distant arrangement as reference. From the electronic energies, a binding energy of 

−104 kJ mol−1 was calculated. Assuming that the inherent strain in A2CPhCOOH3 is the same as for 

the empty A2CMe3, a stabilizing contribution of −106 kJ mol−1 per cage was estimated from the 

reaction equations in Figure 3a. The very good agreement between these two values further 

corroborate the subtle balance between the geometrical strain distributed in the cage backbone and 

any stabilizing interactions within the cage cavities. 

Besides the hydrogen-bond mediated thermodynamic driving force for the formation of the more 

strained [2+3] cages, kinetic effects might also play a role, as hydrogen bonding could already 

fixate early intermediates during cage formation, thus directing any further reactions towards more 

strained smaller assemblies. As a key intermediate, we identified bisboronate ester ACPhCOOH2, 

since hydrogen bonding between the PhCOOH moieties might severely restrict rotational motions 

in this molecule. To test this hypothesis, we performed molecular dynamics (MD) simulations for 

both ACMe2 and ACPhCOOH2 with the semi-empirical PM6[28] method along with the D3H4[33] 

correction for an adequate description of hydrogen bonding and dispersion as implemented in the 

MOPAC2016[34] program suite. As a measure for preorganization, we plotted the B-B distance of 

the two remaining unfunctionalized boronic acid moieties. For both structures, ten MD trajectories 

at 298 K with randomly generated starting configurations were calculated for 1 ns (see Figure 4 for 

one selected example for each structure and Figure S21 for all trajectories for ACPhCOOH2). For 

ACMe2, the structure appeared to be rather flexible and a wriggling motion with a large variation of 

the B-B distance for the boronic acids ranging from 14 to 35 Å was observed. For ACPhCOOH2 

however, after a short time period of 100 ps, most trajectories were trapped in a U-shaped structure 

with a fixed B-B distance of around 13 Å (Figure 4a). Few simulations result in the population of an 

even more compact structure (dB-B = 5.3 Å), with one of the PhCOOH units forming a hydrogen 

bond to the opposite boronate ester (Figure S23). However, as this structure is approximately 

18 kJ mol−1 higher in energy than the U-shaped arrangement, this metastable conformer is 

presumably only populated in neglectable amounts. For a more specific analysis, we used one 

representative starting configuration for ACPhCOOH2 to calculate an ensemble of ten trajectories with 

randomly generated initial velocities based on a Maxwell-Boltzmann distribution at room 
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temperature (Figure S22). Again, all simulations were quickly trapped in the two fixed geometries 

and the distance of the free boronic acids stayed constant for the remaining simulation. The average 

B-B distance for the prearranged U-shaped conformer of intermediate ACPhCOOH2 is very close to 

the value of 9.6 Å calculated for the DFT-optimized structures of the two isomers of the macrocycle 

A2CPhCOOH2, which is assumed to act as the next intermediate within the mechanism of cage 

formation. 

 

Figure 4. a) Molecular dynamics calculations of ACMe2 (black) and ACPhCOOH2 (green) for 1 ns at 
298 K (1–3 display structures for ACMe2 at 250, 500 and 800 ps, 4 displays structure for ACPhCOOH2 
at 1 ns; yellow dashed lines indicate the B-B distance for the free boronic acids, the yellow line in 
the graph indicates the B-B distance in macrocyclic A2CPhCOOH2); b) equilibrium between cis- and 
trans-A2CPhCOOH2 (structures and electronic energies derived from DFT calculations, H atoms are 

omitted for clarity). 

Therefore, we postulate an additional kinetic effect that favors the preorganization of the building 

blocks towards the facile synthesis of the strained [2+2] macrocycle. Hereby, the formation of 
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energy differences might be the explanation for the pronounced occurrence of the [2+2] 

macrocycles while performing the reactions under equilibrium conditions in THF (see Figures S15–

16). Dynamic covalent reaction of A/CPhCOOH in a 1:1 ratio in THF further confirmed the inherent 

stability of the macrocyclic intermediates. MALDI-TOF MS of the reaction mixture predominantly 

showed signals at m/z = 1843.37 and 3745.94, which can be assigned to [2+2] assemblies 

[A2CPhCOOH2−H2O+H]+ and [2•A2CPhCOOH2+Na]+, respectively (Figure S17). In particular, no 

evidence for A2CPhCOOH3 or other larger assemblies was found.  

For the A/CMe reaction mixture, A4CMe6 is the only observable product despite a significant 

mismatch between optimal (141°) and actual (120°) bite angle for the linker CMe. Therefore, strain 

energy is released in a social self-sorting experiment for a A/CMe/D mixture (D = 2,5-di-nbutyl-1,4-

diboronic acid) by forming the mixed A4CMe4D2 cage as the predominant product.[24, 35] To probe 

the effect of the endohedral PhCOOH groups on the formation of mixed cages, we performed a 

similar self-sorting experiment for a A/CPhCOOH/D by dissolving the building blocks in THF-d8 in a 

4:4:2 ratio, followed by the addition of 4 Å molecular sieves as water removing agent. Progress of 

the reaction was monitored by 1H NMR spectroscopy and MALDI-TOF MS. In contrast to 

A/CMe/D, no formation of mixed cages was observed but rather narcissistic self-sorting into binary 

assemblies (Figure 5). MALDI-TOF MS of the reaction mixture confirms the concurrent formation 

of the cubic cage A8D12[16] (m/z = 5953.83 for [A8D12+Na]+), macrocycle A2CPhCOOH2 

(m/z = 1882.95 for [A2CPhCOOH2+Na]+) and closed-shell cage A2CPhCOOH3 (m/z = 2382.35 for 

[A2CPhCOOH3+Na]+) with no evidence for any mixed assemblies. Apparently, molecular recognition 

of the COOH groups via the pronounced stabilization of CPhCOOH-containing assemblies by 

intramolecular hydrogen bonding enforces narcissistic self-sorting of the linkers CPhCOOH and D 

into separated hydrogen-bonded structures and cubic cages, respectively. Formation of A8D12 was 

also observed in the 1H NMR spectrum of the reaction mixture (Figure S18). Alongside, linker 

CPhCOOH was distributed between the closed A2CPhCOOH3 cage and open oligomers such as 

A2CPhCOOH2 in a similar manner as for the A/CPhCOOH mixture, thus indicating that the self-sorted 

system is under thermodynamic equilibrium. 
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Figure 5. a) Molecular dynamics calculations of ACMe2 (black) and ACPhCOOH2 (green) for 
1 ns at 298 K (1–3 display structures for ACMe2 at 250, 500 and 800 ps, 4 displays structure for 
ACPhCOOH2 at 1 ns; yellow dashed lines indicate the B-B distance for the free boronic acids, the 
yellow line in the graph indicates the B-B distance in macrocyclic A2CPhCOOH2); b) equilibrium 

between cis- and trans-A2CPhCOOH2 (structures and electronic energies derived from DFT 
calculations, H atoms are omitted for clarity). 

Conclusion 
A highly strained [2+3] trigonal-bipyramidal boronate ester cage has been synthesized by reacting 

hexahydroxy TBTQ A with 120° diboronic acid CPhCOOH in 2:3 molar ratio in MeCN. As we have 

shown in previous work, the bite angle of 120° for the ditopic linker C would usually trigger the 

assembly of tetrahedral [4+6] cages. For CPhCOOH however, pre-organization in dimers or trimers 

via intermolecular hydrogen-bonding between the COOH groups induces the formation of strained 

boronate ester bonds in smaller macrocycles and cages. MALDI-TOF MS and 1H-, 13C- and DOSY 

NMR confirmed the formation of a highly symmetrical closed-shell assembly with the 

hydrodynamic radius being in good agreement with a PM6-minimized model for A2CPhCOOH3. DFT 

calculations with a MeCN continuum model revealed that there is indeed a stabilizing contribution 

of −106 kJ mol−1 for the circular threefold hydrogen bonding motif in the cavity of A2CPhCOOH3, 

which overcompensates the implemented strain energy of +62 kJ mol−1 when formally transforming 

one [4+6] into two [2+3] cages. This model system illustrates the limitations of the directional 

bonding approach for the prediction of cage geometry and topology through geometrical 

considerations for the molecular precursors. Supramolecular interactions between attached 

functional units and with solvent molecules can strongly influence the stability and formation 

pathways for complex dynamic covalent assemblies, thus giving access to structures that are 

normally not preferred. MD simulations on small oligomeric intermediates showed that there is also 

a kinetic contribution to the observed selectivity, since intramolecular hydrogen bonding in 
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ACPhCOOH2 already facilitates the formation of strained [2+2] macrocycles via fixation of 

preferential conformers. The pronounced tendency of A2CPhCOOH2 and A2CPhCOOH3 to form adducts 

with monocations in MALDI-TOF MS experiments showcases the potential of these cages as ionic 

receptors. In future work, the implementation of switchable recognition sites within the cage pores 

could be utilized for a stimuli-responsive assembly of cages with different shapes and geometries. 

Experimental Section 
Chemicals and solvents were purchased from commercial suppliers Alfa Aesar, Merck, Acros, 

Abcr, Fischer and Sigma Aldrich and were used without further purification. Solvents were distilled 

prior to use. CH2Cl2 and DMF were dried with the solvent purification system “PureSolv MD 7” 

from Inert Technology. TLC sheets ALUGRAM Xtra SIL G/UV254 were purchased from 

Macherey-Nagel. Column chromatography was carried out with individually packed glass-columns 

of different sizes (silica, grain-size 40–63 μm, Macherey-Nagel). NMR spectra were recorded on a 

Bruker avance III 400 or 600 spectrometer. Chemical shifts are indicated in ppm using the residual 

protonated solvent signal as internal standard (1H NMR: 7.26 ppm for CDCl3 and 1.72 ppm for 

THF-d8; 13C NMR: 77.16 ppm for CDCl3 and 67.21 ppm for THF-d8). Signal multiplicities are 

denoted as s (singlet), d (doublet), t (triplet), m (multiplet) and br (broad). Processing of the raw 

data was performed with the program Topspin 3.0.[36] MALDI-TOF mass spectra were recorded on 

a ultrafleXtreme Bruker Daltonics (matrix: trans-2-(3-(4-t-Butylphenyl)-2-methyl-2-

propenylidene)-malononitrile, DCTB). ESI mass spectra were recorded on a micrOTOF focus 

spectrometer from Bruker Daltonics GmbH. Infrared spectra were taken on a Jasco FT/IR-430. 

Elemental analyses were performed on an Elementar CHNS 932 analyzer. 

All geometry-optimizations for the cages, macrocycles and intermediates were performed with 

density functional theory (DFT), using the ωB97XD[29] functional and the def2-SVP[30] basis set. 

Additionally, a self-consistent reaction field method using the integral equation formalism model 

(IEFPCM) was used to simulate the solvent MeCN[31] as implemented in the Gaussian 16[32] 

quantum chemical software package.  Relaxed scans and molecular dynamics simulations were 

performed in the framework of the semi-empirical PM6[28] method along with the D3H4[33] 

correction for an adequate description of hydrogen bonds and dispersion by using the 

MOPAC2016[34] program suite. In order to decrease the computational demand, the tBuPh 

substituents in C were replaced by H atoms and the nBu chains in TBTQ A were replaced by Me 

groups in all DFT and molecular dynamics calculations.  

Compounds 3,[25] 4,[27] 5[26] and A[16] have been synthesized according to previously published 

procedures. 
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Bispinacol ester (6): Under nitrogen atmosphere, B2pin2 (1.19 g, 4.68 mmol, 2.5 eq), Pd(dppf)Cl2 

(205 mg, 281 µmol, 0.15 eq), KOAc (1.10 g, 11.2 mmol, 6.0 eq) and diiodide 5 (1.40 g, 1.87 mmol, 

1.0 eq) were dissolved in dry DMF (120 mL) and stirred at 90 °C for two hours and 30 minutes. 

Afterwards, DMF was removed under reduced pressure. The remaining solid was suspended in 

water (170 mL), treated in an ultrasonic bath for 40 minutes, filtrated and washed with water 

(150 mL) to remove the remaining DMF. Then, the solid was dissolved in EtOAc and filtrated over 

celite to remove the catalyst. The solvent was again removed under reduced pressure before the 

remaining solid was dissolved in a minimum amount of CHCl3 and impurities were precipitated by 

addition of n-hexane. The precipitate was filtered over a membrane filter and the solvent of the 

mother liquor was removed under reduced pressure. The remaining solid was dissolved in a 

minimum amount of EtOAc and the product was precipitated with n-hexane, filtrated and carefully 

washed by dropwise addition of cold EtOAc (3 mL) to obtain bispinacol ester 6 as a beige solid 

(1.00 g, 1.34 mmol, 71%). m.p. 193.5 °C; 1H NMR (400 MHz, CDCl3, rt): δ=7.67 (m, 4H, 

MeOOCPh-H/H4’/6’), 7.62 (m, 6H, tBuPh-H/H3/5/3’’/5’’), 7.49 (d, 3JHH=8.6 Hz, 2H, tBuPh-H), 7.11 (d, 
3JHH=8.2 Hz, 4H, H2/6/2’’/6’’), 6.95 (d, 3JHH=8.6 Hz, 2H, MeOOCPh-H), 3.87 (s, 3H, COOCH3), 1.37 

(s, 9H, C(CH3)3), 1.34 (s, 24H, BOC(CH3)2) ppm; 13C NMR (101 MHz, CDCl3, rt): δ=167.23, 

150.91, 144.54, 144.51, 142.30, 140.73, 137.43, 136.74, 134.35, 131.82, 129.40, 128.85, 128.56, 

127.78, 126.98, 126.01, 83.91, 52.07, 34.73, 31.49, 25.02 ppm; FT-IR (ATR): ν̃=660 (s), 829 (m), 

1087 (m), 1143 (m), 1276 (m), 1359 (s), 1608 (m), 1719 (m), 2977 (w) cm−1; MS (MALDI-TOF, 

DCTB in CHCl3, pos): m/z=748.41 [M]+, 771.40 [M+Na]+; elemental analysis calcd (%) for 

C48H54B2O6: C 77.02, H 7.27; found: C 76.52, H 7.43. 

Diboronic acid CPhCOOH: Under nitrogen atmosphere, bispinacol ester 6 (800 mg, 1.07 mmol, 

1.0 eq) was dissolved in dry CH2Cl2 (88 mL) and cooled to 0 °C. BBr3 (910 µL, 2.41 g, 9.62 mmol, 

9.0 eq, d = 2.65 g/mL) was added dropwise and the solution was stirred for one hour at 0 °C, then 

two hours and 45 minutes at room temperature. Water (100 mL) was added to quench the reaction 

and the mixture was stirred overnight at room temperature. The mixture was extracted with EtOAc 

(3×50 mL) and the combined organic phases were washed with water (100 mL) and brine and dried 

over Na2SO4. The solvent was removed under reduced pressure and the remaining solid was 

suspended in CH2Cl2 (150 mL) and treated in an ultrasonic bath, before it was filtrated and washed 

with CH2Cl2 (40 mL) and n-hexane (40 mL) to obtain CPhCOOH as a beige solid (465 mg, 815 µmol, 

76%). m.p. 222.1 °C; 1H NMR (400 MHz, THF-d8, rt): δ=11.19 (b, 1H, COOH), 7.68 (s, 2H, 

H4’/6’), 7.66 (d, 3JHH=8.6 Hz, 2H, HOOCPh-H), 7.62 (d, 3JHH=8.6 Hz, 2H, tBuPh-H), 7.58 (d, 
3JHH=8.2 Hz, 4H, H3/5/3’’/5’’), 7.49 (d, 3JHH=8.6 Hz, 2H, tBuPh-H), 7.08 (m, 8H, H2/6/2’’/6’’/B(OH)2), 
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6.95 (d, 3JHH=8.6 Hz, 2H, HOOCPh-H), 1.35 (s, 9H, C(CH3)3); 13C NMR (101 MHz, THF-d8, rt): 

δ=167.48, 151.24, 145.56, 144.22, 143.50, 141.48, 138.50, 137.81, 134.28, 132.61, 129.77, 129.44, 

129.25, 128.89, 127.59, 126.51, 35.18, 31.68 ppm; FT-IR (ATR): ν̃=555 (m), 657 (m), 704 (m), 

826 (m), 1017 (m), 1335 (s), 1607 (m), 1694 (m), 2960 (w), 3393 (br) cm−1; MS (ESI-TOF, 

MeOH/MeCN, neg): m/z=569.21 [M−H]−; elemental analysis calcd (%) for 

C35H32B2O6∙0.5 H3CCOOCH2CH3: C 72.34, H 5.91; found: C 72.16, H 5.93. 

Cage A2CPhCOOH3: TBTQ A (20.0 mg, 46.3 µmol, 1.0 eq) and diboronic acid CPhCOOH (39.6 mg, 

69.4 µmol, 1.5 eq) were dissolved in THF (0.5 mL). MeCN (5 mL) was added and a violet 

precipitate formed. The suspension was stirred for 23 hours at 90 °C. After cooling down to room 

temperature, the solid was filtrated and washed with MeCN (5 mL) and n-hexane (10 mL). Then, 

the raw product was stirred in dry acetone (9 mL) for 4 hours at 60 °C and the remaining solid was 

filtrated to obtain cage A2CPhCOOH3 as a light pink solid (34.8 mg, 14.7 µmol, 64%). 1H NMR 

(400 MHz, CDCl3, rt): δ=10.92 (s br, 3H, COOH), 7.80 (s, 6H, H4’/6’), 7.71 (d, 3JHH=8.5 Hz, 6H, 
tBuPh-H), 7.65 (d, 3JHH=8.3 Hz, 12H, H3/5/3’’/5’’), 7.53 (d, 3JHH=8.5 Hz, 6H, tBuPh-H), 7.20 (m, 18H, 

HOOCPh-H/TBTQ-Ar-H), 7.13 (d, 3JHH=8.3 Hz, 12H, H2/6/2’’/6’’), 6.53 (d, 3JHH=8.5 Hz, 6H, 

HOOCPh-H), 4.56 (s, 6H, TBTQ-CH), 2.01 (m, 4H, CH2CH2CH2CH3), 1.38 (m, 35H, 

C(CH3)3/CH2CH2CH3), 0.90 (t, 3JHH=7.1 Hz, 6H, CH2CH3) ppm; 13C NMR (151 MHz, CDCl3, rt): 

δ=169.30, 151.01, 148.42, 145.16, 145.07, 142.25, 140.26, 140.02, 139.73, 137.56, 134.04, 130.77, 

129.92, 128.22, 127.09, 126.10, 125.71, 125.53, 124.20, 107.87, 67.21, 60.51, 40.06, 34.78, 31.52, 

26.55, 23.55, 14.27 ppm; FT-IR (ATR): ν̃=553 (s), 662 (s), 831 (m), 1017 (m), 1067 (m), 1328 (s), 

1607 (m), 1689 (m), 2964 (w), 3384 (br) cm−1; MS (MALDI-TOF, DCTB in CHCl3, pos): m/z = 

2323.29426 [M−C4H9+Na]+, 2340.28800 [M−C4H9+K]+, 2357.31661 [M]+, 2381.47 [M+Na]+. 
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