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Abstract: The sizes of available self-assembled hydrogen bond 
based supramolecular capsules and cages are rather limited. The 
largest systems feature volumes of approx. 1400 − 2300 Å3. Here, we 
report a large, hexameric cage based on intermolecular amide−amide 
dimerization. The unusual structure with openings, reminiscent of 
covalently linked cages, is held together by 24 hydrogen bonds. With 
a diameter of 2.3 nm and a cavity volume of ∼ 2800 Å3 the assembly 
is larger than any previously known capsule/cage structures relying 
exclusively on hydrogen bonds. The self-assembly process in 
chlorinated, organic solvents was found to be strongly concentration 
dependent with the monomeric form prevailing at low concentrations. 
Additionally, the formation of host−guest complexes with fullerenes 
(C60 and C70) was observed. 

Introduction 

The self-assembly of molecular capsules and cages using 
noncovalent interactions like hydrogen bonds,[1, 2] halogen 
bonds[3] or hydrophobic interactions[4] has been studied 
intensively over the last decades. Interestingly, in the case of 
hydrogen bond based systems, the size of the assemblies formed 
remained rather modest. The octameric capsule (Fig. 1a), 
reported by the Mastalerz group in 2016 constitutes the largest 
structure with a diameter of approx. 1.8 nm (V ∼ 2300 Å3).[2b]  
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Figure 1. Molecular models of a) the octameric structure reported by Mastalerz, b) the covalently linked cage reported by Warmuth and c) the herein reported 
structure I, assembled from six units of 1a (R residues are omitted for clarity). 

In contrast, the self-assembly of cages via covalent bonds[5] and 
especially metal−ligand interactions[6] has furnished much larger 
structures with volumes of up to 157000 Å3 and more than a 
hundred components.[7] What causes this size discrepancy? 
Metal−ligand self-assembly is highly predictable concerning the 
number of ligands binding to the metal center and the angle 
between these ligands. In contrast, hydrogen bonding is less 
predictable. While a linear binding mode is ideal, large deviations 
are tolerated. Moreover, different binding motives can be 
observed (f.i. bifurcation of the hydrogen bond) that can further 
complicate a rational design. Most importantly, however, the 
linearity of the hydrogen bond requires the design and synthesis 
of curved building blocks, while in the case of metal−ligand self-
assembly the curvature can be imparted by the metal binding site. 
These factors reduce the predictability of the self-assembly 
process via hydrogen bonds, and in many cases the formation of 
extended networks is observed.[2b, 8] These problems can be 
overcome to a large extent by designing dimeric systems.[1, 9] 
Unfortunately, the synthetic effort usually scales with the size of 
the building blocks, rendering this approach challenging when 
trying to obtain larger assemblies. Among the noteworthy 
exceptions are the hexameric resorcinarene[10] and 
pyrogallolarene[11] capsules (d ∼ 1.8 nm; V ∼ 1400 Å3), the 
Stefankiewicz[2c] capsule (d ∼ 1.9 nm; V ∼ 1700 Å3) and the largest 
example by the Mastalerz group[2b] (d ∼ 1.8 nm; V ∼ 2300 Å3) 
already mentioned before (Figure 1a). 
Another striking feature of most multimeric assemblies based on 
hydrogen bonding is the formation of a ‘closed-shell’ capsule, 
effectively isolating the interior from the surrounding solvent. This 
is in stark contrast to metal−ligand based[5] and covalently linked 
cages[6] many of which have large openings. Such open 
structures are of interest not only since the pores potentially offer 
an additional binding site, but also because they allow small 
molecules to diffuse in and out of the cavity without the need for 
partial disassembly required for closed-shell capsules. 

Furthermore, the pores potentially offer the possibility for further 
modification of the assembly. Warmuth and co-workers have 
pioneered the assembly of covalent organic cages based on 
methylene bridged resorcinarene derivatives.[12] (Figure 1b). The 
cages are formed using dynamic covalent imine chemistry and 
feature openings of considerable size (d ∼ 8 Å). The approach[13] 
has been extended towards chiral hydrazone cages by Szumna 
and co-workers using resorcinarene derivatives with 
unfunctionalized phenol groups.[14] 
In order to construct a very large assembly based on hydrogen 
bonds we decided to synthesize the tetraamide-functionalized 
resorcinarene 1a (Fig. 1c). Interestingly, this building block would 
be suited to self-assemble into two structurally very different 
hexameric structures, according to our initial molecular modelling. 
A direct amide−amide dimerization would form an unusually large 
cage structure I, while an amide trimerization binding motive 
would form a smaller closed-shell capsule II (Fig. 1c). 
Herein, we present our results concerning the self-assembly of 
the organic cage I with an internal cavity volume of ∼ 2800 Å3 − 
to the best of our knowledge the largest cage structure that relies 
solely on hydrogen bonding.  

Results and Discussion 

First, a reliable synthetic route to macrocycle 1a had to be 
developed (Figure 2a). Starting from resorcinarene, the 
tetrabrominated compound 2a was accessible on the decagram 
scale via bromination and methylation following a literature 
procedure.[15] Initial attempts to access tetraamide 3a from 2a via 
cyanide coupling followed by hydrolysis proved futile, due to the 
unreactive nature of the nitrile compound. Ultimately, the 
introduction of the four amide moieties was achieved in 47% yield 
by treatment of 2a with an excess of n-butyllithium, followed by 
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addition of trimethylsilyl isocyanate (TMSNCO) as the electrophile. 
Finally, the methyl protecting groups were removed with 
trimethylsilyl iodide (TMSI) to yield macrocycle 1a in 74% yield. 
Derivative 1b featuring shorter iso-butyl chains was synthesized 
along the same route and used for X-ray structure analysis (see 
SI for details). 
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Figure 2. a) Synthesis of 1a and 1b starting from 2a and 2b, respectively. 
b) Representation of the wave-like crystal structure of 1b obtained from 
diethylether/nitrobenzene. Solvent molecules were omitted for clarity. 

Crystals were obtained by slow evaporation of a saturated 
solution of 1b in diethylether/nitrobenzene (10/1) at room 
temperature. Two types of structures were identified, using this 
protocol. Occasionally, 1b crystallized forming a wave-like 
structure (Figure 2b) that could be solved using small molecule 
methods and was also found when employing other solvents (i.e. 
toluene) for crystallization. In this structure the intermolecular 
amide−amide hydrogen bonding is evident with measured NH − 
O=C distances of 1.9 − 2.0 Å.[16] In most cases however, the 
crystals obtained showed a much larger cubic unit cell (a = 3.7 
nm) with a maximum resolution of 1.2 Å, suggesting a large self-
assembled structure. Unfortunately, disordered solvent molecules 
within the cavity prevented solving of this larger structure with 
small molecule methods. 
Although macrocycle 1a contains several polar groups on its 
upper rim it was found to be well soluble (≥ 50 µmol/mL, 
≥ 64 mg/mL) in apolar, chlorinated solvents (i.e. CDCl3, CD2Cl2, 
tetrachloroethane-d2 (TCE-d2)) as well as aromatic solvents (C6D6, 
toluene-d8). The relevant low-field regions of the 1H-NMR spectra 
in different solvents, including acetone-d6 that prevents hydrogen 
bond based self-assembly, are displayed in Figure 3. The spectra 
in apolar solvents show largely similar features: (i) the two amide 
NH-protons (C and D) resonate at a similar chemical shift in the 
range of 8.50 – 9.50 ppm, indicating that they both participate in 
the hydrogen bond network; (ii) the protons corresponding to the 
phenol groups (A and B) differ quite significantly with proton A 
(16.0 – 17.0 ppm) being highly deshielded due to the hydrogen 
bond with the neighboring carbonyl group, while proton B (9.70 – 

10.8 ppm) forms a hydrogen bond with the phenol-group at the 
adjacent aromatic ring and experiences a weaker downfield shift 
(see SI for 2D-NMR data). All major peaks correspond to a single 
diffusing entity (D = 2.39 ± 0.005 × 10−10

 m2/s in CDCl3 (5 mM)) as 
indicated by DOSY-NMR in different solvents (see SI). The 
hydrodynamic radius (rh) in apolar solvents was estimated to be 
1.81 – 1.96 nm, which indicates an assembly of higher order [2b, 

17] similar in size to previously reported hexameric structures.[18] 
The spectrum of 1a (20 mM) in CDCl3 as wells as TCE-d2, 
features additional small peaks and shoulders next to the OH 
signals (A and B) and at 5.84 ppm (red dots in Figure 3), beside 
the main peaks (green dots). We found the ratio between the main 
peaks and these smaller signals to be highly dependent on the 
concentration of the NMR sample (Figure 4b). Furthermore, 
DOSY-NMR spectra revealed a significantly higher diffusion 
coefficient of the signals marked with the red dots (D = 3.53 ± 
0.021 × 10−10

 m2/s (5 mM in CDCl3)) indicating a much smaller 
species (Figure 4d). Upon varying the concentration, it became 
evident that at low concentration the small species is preferred 
while at high concentration the hexameric structure I is formed 
predominantly (Figure 4c). The strong upfield shift from 8.98 to 
5.78 ppm of NH-proton C’ (highlighted in red in Fig. 4b) indicates 
the loss of a strong hydrogen bond in the smaller species as 
compared to the larger one.[19] The loss of a strong hydrogen bond 
at atom C’ indicates that the smaller species is the monomeric 
species 1a. In the hexameric structure, one of the NH-protons (C) 
forms an intermolecular hydrogen bond with the carbonyl moiety 
of a second macrocycle leading to a significant deshielding. This 
hydrogen bond is lost in the monomeric species and the NH-
proton (C’) experiences an upfield shift. [20] 
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Figure 3. Partial 1H-NMR spectra of 1a (20 mmol/L) in different solvents. Signals 
corresponding to the main species I are marked with a green dot (●). Signals 
corresponding to the monomeric species 1a are marked with a red dot (●). 
Solvent peaks are marked in grey. 

In contrast, the chemical environment of the protons involved in 
intramolecular hydrogen bonds (A’, B’, D’HA’, HB’, HD’) remains 
rather similar and only a small shift is observed at different 
concentrations. 
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Figure 4. a) Concentration dependent assembly process between monomer 1a (red ●) and hexamer I (green ●) in apolar solvents. b) Partial 1H-NMR spectra of 
1a/I in CDCl3 at different concentrations (0.1 – 50 mM based on 1a). c) Ratio between monomer 1a and hexamer I as a function of the monomer concentration. 
d) DOSY-NMR spectrum of 1a/I (5.0 mM) showing the different diffusion coefficients for 1a and I. 

Similar trends are observed in the acetone-d6 solution of 1a 
(Figure 3), as the self-assembly process is suppressed by the 
solvent. The spectrum is in fact comparable to the one of 1a in 
CDCl3 at lower concentration (Figure 4b), although the difference 
for the two NH-protons (C’ and D’) is not as pronounced in 
acetone-d6; presumably because proton C’ still experiences some 
deshielding due to hydrogen bonding with the solvent. Varying the 
concentration of 1a in TCE-d2 and CD2Cl2 (see SI) as well as in 
aromatic solvents (C6D6, toluene-d8) led to similar results 
concerning a second smaller species prevailing at low 
concentration. 
Interestingly, a study concerning the self-assembly of the 
pyridinearene macrocycle 4 (Figure 5a) by Cohen and co-
workers[18c] revealed analogous behavior. Also in this case two 
species were distinguished by DOSY-NMR in CDCl3: a large 
hexameric capsule (D = 2.36 × 10−10

 m2/s) and a smaller species 
(D = 3.50 × 10−10

 m2/s in CDCl3) assigned as a dimer. Addition of 
TFA (trifluoroacetic acid) led to disassembly and allowed the 
observation of the monomer in solution (D = 4.31 × 10−10

 m2/s). 
In our case the diffusion coefficients of both species 1a and I were 
found to be concentration dependent (Figure 5b). At low 
concentrations, where the assembled species I is effectively 
absent, the diffusion coefficient of the small species increases to 
reach values of up to 4.83 × 10−10

 m2/s (1.0 mM in CDCl3) with 
decreasing concentration, which is in good agreement with values 
previously reported for pyridinearene 4 in its monomeric form. To 
obtain an independent reference for the monomeric form the 
globally methyl protected resorcinarene derivative 5 was used, 
which cannot self-assemble. Macrocycle 5 was accordingly found 

to have a diffusion coefficient of 4.86 × 10−10
 m2/s (5.0 mM in 

CDCl3), which is in good agreement with the value obtained for 1a 
at low concentration. In contrast, at high concentrations the 
assembled species I prevails and the diffusion coefficient 
decreases to reach 1.71 × 10−10

 m2/s at 50 mM in CDCl3 indicating 
the formation of a large, discrete assembly. As the decreasing 
diffusion coefficient might be simply caused by an increase in 
viscosity at higher macrocycle concentrations, we compared the 
behavior to the well-known resorcinarene[10] and 
pyrogallolarene[11] hexamers assembling from macrocycles 6 and 
7, respectively (Figure 5c). In all cases the diffusion coefficient 
decreases at higher concentration, however, the effect is much 
more pronounced for macrocycle 1a which indicates that indeed 
the hexamer I is significantly larger than the resorcinarene and 
pyrogallarene based hexamers. Assuming that for all assemblies 
the contribution of the alkyl feet is similar, the hydrodynamic 
radius determined from the respective diffusion coefficient 
(measured at 50 mM) correlates very well with the molecular 
models (Table S4). For the resorcinarene hexamer (rh = 1.99 nm; 
estimated r = 2.01 nm) and the pyrogallolarene hexamer (rh = 
1.91 nm; estimated r = 1.97 nm), an excellent correlation was 
observed. Also the proposed structure of cage-like hexamer I (rh 
= 2.36 nm) displays a very good fit to the molecular model 
(estimated r = 2.39 nm). As the alternative closed-shell 
structure II does not match the observed hydrodynamic radius, 
we excluded this option. In conclusion, the DOSY-NMR 
investigations provided evidence that strongly support the 
formation of the cage-like hexamer I. 
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Figure 5. a) Related macrocycles: pyridinearene 4, octamethylated resorcinarene derivative 5, resorcinarene 6 and pyrogallarene 7 and their respective diffusion 
coefficients in CDCl3. b) Concentration dependence of the diffusion coefficients of the monomeric species 1a and the hexameric species I (1 mM − 50 mM in CDCl3). 
c) Comparison of the diffusion coefficients of the related hexameric assemblies based on macrocycles 1a, 6 and 7 at different concentrations(1 mM − 50 mM in 
CDCl3). 

EXSY-spectra of a 5.0 mM sample of 1a in CDCl3, corresponding 
to a monomer:hexamer ratio of 29:71, were obtained using 
different mixing times.[21] The results revealed an exchange 
barrier of 16 – 17 kcal/mol between the two species.[17b] 
Assembly I was also studied at different temperatures (20 mM in 
CDCl3) utilizing variable temperature (VT) NMR spectroscopy. 
While lowering the temperature to −45 °C resulted in considerable 
broadening and decreasing quality of the spectra, at higher 
temperatures (up to 55 °C) coalescence of the peaks associated 
with monomer 1a and hexamer I was observed. This indicates 
that the peaks are indeed two different species of the same 
compound, which are in equilibrium. 
The results presented above are in agreement with the hypothesis 
that in chlorinated solvents a dynamic, concentration dependent 
self-assembly process between monomer and hexamer is 
observed (Figure 4a). The self-assembly of I exhibits a critical 
aggregation concentration of about 3 mM in CDCl3 (Figure 4c). 
Once this concentration is reached hexamer I is formed in a 
cooperative fashion while other multimeric species remain 
undetectable at least by NMR spectroscopy. Based on this 
conclusion the association constant Ka between monomer 1a and 
hexamer I can be formulated as: 

Ka=
[Hexamer]

[Monomer]6 

and was found to be 6.12 ± 1.35 × 1013
 mol-5•L5 in CDCl3. 

Finally, assembly I was investigated concerning its host−guest 
chemistry. Supramolecular structures have been used in the past 

to selectively bind fullerenes for separation purposes and to 
modulate the electronic properties of fullerenes.[2c, 22] To our 
delight the spherical C60- and C70-fullernes proved to be suitable 
guest molecules for cage I (Table 1, Entry 1 and 2) most likely 
due to favorable dispersive interactions and potentially π−π-
interactions with the cage walls. The encapsulation of C60 within 
the cavity of cage I was indicated by a downfield shift of the C60-
carbon signal in the 13C-NMR spectra in CDCl3. Due to the low 
solubility of C60 in CDCl3 or potentially as a result of fast guest 
exchange on the time scale of 13C-NMR we were unable to 
observe a second signal corresponding to nonencapsulated C60, 
even in the presence of excess guest. Using C70 in toluene-d8 in 
the presence of I similar results were obtained. The low solubility 
and the absence of slow exchange prevented the determination 
of binding constants by 13C-NMR. Due to the low concentrations 
required for UV/Vis-spectroscopy that prevent the self-assembly 
of I, this technique was also not applicable. To still gain some 
insight into the encapsulation process by NMR spectroscopy, the 
soluble ethyl and tert-butyl malonyl derivatives of C60 and C70 
were synthesized. The encapsulation of these derivatives was 
indicated by the appearance of a second set of upfield shifted 
signals (slow exchange) in the 1H-NMR in presence of I. Since 
only one set of well-defined guest signals was observed, a 1:1 
binding mode was assumed. Additional evidence for 
encapsulation was provided by DOSY-NMR experiments showing 
similar diffusion coefficients for host I and the encapsulated guest 
molecules (see SI). Association constants were accordingly 

10.1002/chem.202005046

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

6 
 

determined from the integrals of free and encapsulated guest. The 
binding constants were found to range from 750 to 2220 M−1 
(Entry 3 – 6) with C60-derivatives binding slightly stronger than the 
corresponding C70-derivatives. Contrastingly, in presence of the 
hexameric resorcinarene and pyrogallolarene capsules no 
indication for the encapsulation of C60((CH(CO2Et)2) was 
observed. These results are interpreted as additional evidence for 
the formation of a large, discrete cage I, which is able to 
accommodate large, spherical molecules. 

Table 1. Encapsulation of guest molecules within assembly I. 

Ka
 [M-1]Guest[a]

[a]
 1a:guest ratio = 6:1 or 12:1, 1a 20 mM in CDCl

3, 16h @ 50 °C;
[b]

 n. d. = not determined due to low solubility;

[c]
 determined by 1H-NMR integration.

Entry

1 C60

2 C70

3 C60(CH(CO2Et))
4 C60(CH(CO2tBu))
5 C70(CH(CO2Et))
6 C70(CH(CO2tBu))

n. d.[b]

n. d.[b]

2220[c]

790[c]

910[c]

750[c]

 
Although the results of the DOSY-NMR measurements and the 
binding motif observed in the solid state (Figure 2b) indicate the 
formation of the larger cage-like structure I, we decided also to 
investigate the energy differences between the two possible 
hexameric assemblies I and II with computational methods. 
According to our gas-phase calculations, the cage structure I is 
lower in energy by 4.5 − 17.2 kcal/mol than the alternative closed-
shell structure II, depending on the DFT method and the basis set 
used (Table S8). Also in chloroform, an energy preference for 
structure I in the range of 1.8 – 14.0 kcal/mol was observed (Table 
S9). This energetic difference may be a result of stronger interunit 
hydrogen bonds formed in the cage structure I. Both the cage I 
and closed-shell structure II have 24 interunit hydrogen bonds, 
but these are shorter in the former by 0.04 − 0.05 Å, depending 
on the DFT method used (Table S10). These results are fully in 
line with the experimental findings of this study. 

Conclusion 

In summary, we have presented the rational design and synthesis 
of a new supramolecular assembly based on hydrogen bonding. 
Cage I spontaneously self-assembles in chloroform and other 
chlorinated solvents based on intermolecular amide−amide 
hydrogen bonding as evidenced by detailed NMR studies and 
indicated by solid state structures. With an internal cavity volume 
of approximately 2800 Å3 cage I represents, to the best of our 
knowledge, the largest capsule/cage structure to date solely 
based on hydrogen bonding. Comparative DFT studies revealed 
a significant energy difference between two possible hexameric 
structures clearly favoring the self-assembly of I. The 
investigation of the properties of assembly I in apolar solvents 
revealed a strong concentration dependence of the self-assembly 
process and an affinity for fullerenes, which are encapsulated with 
moderate binding constants. Remarkably, cage I is held together 
by only 24 intermolecular hydrogen bonds all based on simple 
amide−amide dimerization, while most other assemblies of this 

class feature a much more complex hydrogen bond network. 
Furthermore, it features large openings commonly associated 
with covalently linked cages but unusual for hydrogen-bonded 
assemblies. We believe that porous structures such as the one 
presented could potentially be advantageous as they offer an 
additional handle for further modifications and/or alternative 
binding sites to obtain heteroassemblies. In general, the 
simplification of the binding pattern achieved here is expected to 
aid rational development of future systems and we are confident 
that the results presented here will help to design new, more 
sophisticated assemblies in order to overcome the current 
limitations concerning size and encapsulation of large molecules 
within hydrogen bonded structures. 
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• Large Cage Structure (V ≈
 2800 Å3) 

• Concentration-dependent Self-assembly    
via Dimerization of Amides

 

 
 

A large, hexameric cage based on amide dimerization self-assembles from a designed macrocyclic building block in apolar solvents. 
The unusually large structure (V ~ 2800 Å3) features openings commonly associated with covalently linked cages and forms 
host−guest complexes with fullerenes (C60 and C70). The formation of the hexameric structure was found to be strongly concentration 
dependent. 
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