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ABSTRACT: Cycloparaphenylenes (CPPs) represent a significant challenge for the synthesis of mechanically interlocked 
architectures, because they lack heteroatoms, which precludes traditional active and passive template methods. To 
circumvent this problem and explore the fundamental and functional properties of CPP rotaxanes and catenanes, researches 
have resorted to unusual non-covalent and even to labor-intensive covalent template approaches. Herein, we report a ring-
in-ring non-covalent template strategy that makes use of the surprisingly strong non-covalent inclusion of crown ethers into 
suitably sized CPPs. By threading a secondary ammonium salt through the crown ether and closing the third ring via CuAAC 
click reaction, we obtained a rare ABC-type hetero-[3]catenane comprising [12]CPP, 24-crown-8 and a dibenzylammonium 
macrocycle. X-ray crystallography shed light on the ring-in-ring pre-organization and the [3]catenane topology was 
confirmed by NMR and MS-MS studies. Molecular simulations provided insights into the intriguing ring-vs.-ring-vs.-ring 
dynamics of the [3]catenane, which are highly dependent on the protonation state of the dibenzylammonium site. This ring-
in-ring assembly strategy opens new avenues for the synthesis of complex CPP architectures and their use in functional 
supramolecular systems. 

INTRODUCTION 

Mechanically interlocked molecules (MIMs) are 
composed of two or more molecular units linked not by 
traditional chemical bonds, but as a consequence of specific 
molecular topology that includes several “crossing points”. 
Classic examples of rotaxanes, catenanes, and molecular 
knots.1 Because MIMs contain components that are not 
connected via rigid covalent bonds, the relative position of 
the components is typically highly dynamic, which has been 
used in applications across diverse fields, including 
molecular machinery, catalysis, and drug delivery 
systems.2-8 Typically, the assembly of MIMs involves non-
covalent interactions such as metal coordination,9-12 
hydrogen bonding,13, 14 ‒ interactions,15 and electrostatic 
forces.16 Prominent examples of these methods include 
pairing crown ethers with ammonium derivatives,17-19 
interactions between the electron-rich cavities of 

pillararenes and electron-deficient small molecules,20-23 and 
the assembly of cyclobis(paraquat-p-phenylene) with 
viologen radicals to form mechanical bonds.24-26 The very 
first rational synthesis of a [2]catenane was achieved by a 
tour de force covalent template approach.27 [3]Catenanes 
featuring two different macrocycles (ABA-type) are hard to 
prepare,28-30 but have nevertheless been employed in some 
of the most spectacular artificial molecular machines31-33 
reported to date. The rational synthesis of ABC-type 
hetero[3]catenanes or hetero[n]catenanes (n3) is even 
more difficult, which is why examples are still scarce 
(Figure 1b).34-38 

Strained carbon nanohoops, featuring radially 
uninterrupted -conjugation such as 
[n]cycloparaphenylenes ([n]CPPs) and their derivatives, 
exhibit unique properties such as a size-dependent band 
gap.39-42 Since their first synthesis in 2008, these molecules 



 

have garnered significant research interest, initially for 
their potential as seed molecules in the bottom-up synthesis 
of carbon nanotubes43 and increasingly for applications in 
supramolecular chemistry,44, 45 catalysis46 and organic 
electronics.47-49 The structure of prototypical CPPs is 
characterized by large rigid cavities and lacks sites for metal 
coordination or hydrogen bonding. It therefore took ten 
years after their first report for prototypical CPPs to be 
integrated  into MIMs via the concave‒convex ‒ 
interactions with a fullerene (Figure 1a).50, 51 Heteroatom-
containing CPPs have been used to construct MIMs based on 
efficient metal template and active metal template 
approaches (Figure 1).52-56 Itami and Cong recently 
employed covalent template approaches to prepare MIMs 
comprising unaltered CPPs57-59, while Ide, Tsuchido and 
coworkers reported a valuable method that makes use of 
non-covalent interactions, but is limited to the 
dodecamethoxy derivative of [6]CPP (Figure 1a).60 

We were inspired by Jiang and coworkers recent 
demonstration that a [12]CPP derivative can form a 
supramolecular inclusion complex with 18-crown-6, 
facilitated by dispersion forces and multiple C−H 
interactions.61 Specifically, we wondered whether a new 
type of [3]catenane could be made via ring-in-ring assembly 
involving the commercially available macrocycles [12]CPP 
and 24-crown-8 (Figure 1c). Here we show that such an 
ABC-type hetero[3]catenane can be prepared in up to 35% 
yield and report preliminary data on the relative dynamics 
of the three rings. 

  

Figure 1. (a) Overview of previous strategies for the 
preparation of CPP-based MIMs. (b) Illustration of three 
fundamental types of [3]catenanes. (c) ABC-type topology 
described in this work and non-covalent interactions allowing 
ring-in-ring assembly. 

RESULTS AND DISCUSSION 

Synthesis Strategy and Preparation of Precursors. 
Constructing MIMs via a ring-in-ring assembly strategy 
necessitates considering the two rings and their binding 
affinities with the thread simultaneously. Although a 
moderate binding affinity is reported for the combination of 
a [12]CPP derivative and 18-crown-6,61 the size of 18-

crown-6 is evidently too small for axle molecules containing 
aryl groups. After investigating 18-crown-6 and 21-crown-
7, we ultimately selected 24-crown-8 as the inner ring that 
serves to connect [12]CPP and the dibenzylammonium 
thread. Given that [12]CPP features a rigid cavity with a 
diameter of ca. 17 Å, only unusually large stoppers would be 
suitable for the preparation of a [3]rotaxane.62 We therefore 
aimed to demonstrate our ring-in-ring assembly strategy 
for the synthesis of a [3]catenane. The essential building 
blocks [12]CPP (3), dibenzylammonium thread (7) and 24-
crown-8 (8) required for the assembly of the target 
catenane can be purchased or synthesized following simple 
literature procedures (Figure 2a). In a Suzuki–Miyaura 
reaction, aryl dibromide 1 was coupled with aryl diboronic 
esters 2, and a subsequent reductive aromatization gave 
[12]CPP in a two-step yield of 18%. Thread 7 features 
terminal alkyne and azide groups, enabling effective 
cyclization via the copper(I)-catalyzed azide-alkyne 
cycloaddition (CuAAC). To maximize the yield of 
intramolecular ring closure, we introduced two twelve-
carbon alkyl chains on both sides of the aryl group. 

 

Figure 2. (a) Molecular structures and synthesis of key 
precursors. Reaction conditions: (i) K3PO4, 1,4-dioxane, dppf 
Pd G4, 85 C, 24 h. (ii) Sodium naphthalenide, THF, ‒78 °C, 2 h, 
18% (two-step yield). (iii) LiAlH4, THF, 60 C, 12 h, 80%. (iv) 
Toluene, 4 Å molecular sieves. (v) NaBH4, MeOH, RT, 2 h, 80%. 
(vi) HCl 1M, MeOH. (vii) NH4PF6, 2 h. (b) Fluorescence titration 
between [12]CPP (conc. 1.0  10‒6 M) and 9 (conc. range 0−6.1 
 10‒5 M) in 1,2-dichloroethane. ET: electron transfer. 



 

With the three key building blocks in hand, we attempted 
to evaluate the non-covalent association properties of 
ternary complex [12]CPP24-crown-87. Unfortunately, 

 

Figure 3. (a) X-ray crystal structure of the ring-in-ring complex [12]CPP24-crown-8 and IGM analysis of the binary complex (δginter 

= 0.003). (b) X-ray crystal structure of the three-shell supramolecular complex [12]CPP24-crown-89 and IGM analysis of the 
ternary complex (δginter = 0.003).

neither 1H NMR nor optical titration experiments were 
suited to obtain association constants. Therefore, we 
designed a simpler ternary model complex, in which we 
replaced the long side chains of the dibenzylammonium 
thread 7 with two heavy iodine atoms. The introduction of 
iodine in 9 allowed us to investigate the association by 
means of fluorescence quenching titrations. To study the 
three-shell complex63, 64 via spectroscopic titration in 1,2-
dichloroethane, we adopted an approximation previously 
used for similar three-component systems.26, 65 In the 
presence of a large excess of 9 (30 equiv), the isotherm 
representing the binding of the two rings could be fitted 
relatively well with a 1:1 model, giving an apparent Ka of 
2.7 0.1  104 M−1. When compared to the binary binding 
constant determined in the absence of 9 (Ka = 5.5  0.3  103 
M−1, Figure S1), this result indicates that the 
dibenzylammonium guest promotes the supramolecular 
interactions of [12]CPP and 24-crown-8. 

The favourable thermodynamics of the ternary complex 
[12]CPP⊃24-crown-8⊃9 prompted us to grow single 
crystals by slow diffusion of n-hexane into a 1,2-
dichloroethane solution of the complex (concentration: 
0.05 M). Interestingly, both [12]CPP⊃24-crown-8 and 
[12]CPP⊃24-crown-8⊃9 coexisted in a single unit cell 
simultaneously (Figure 3, Figure S2). Crystal structure 
analysis revealed that 24-crown-8 is perfectly encapsulated 
by [12]CPP, with an average distance of 3.3 Å between 
crown ether hydrogen atoms and the center CPP phenylene 
units (Figure 3a). In the ternary complex, the distance 

between [12]CPP and 24-crown-8 decreases further to 
approximately 3.1 Å, which is presumably due to an 
electrostatic enforcement of the multiple C‒H···π 
interactions and would explain the observed cooperativity 
during self-assembly. The crystal structure of the ternary 
complex also shows that 24-crown-8 and 9 engage in strong 
non-covalent interactions through multiple hydrogen 
bonds, with an average OH hydrogen bond distance of 
approximately 2.4 Å (Figure 3b). Independent gradient 
model (IGM) analyses further indicate that the ternary 
[12]CPP⊃24-crown-8⊃9 complex exhibits stronger 
dispersion forces compared to the binary [12]CPP⊃24-
crown-8 complex. 

Catenane Synthesis and Characterization. Before 
evaluating the effectiveness of using a ring-in-ring approach 
to create MIMs, we explored the reaction conditions that 
should facilitate an efficient intramolecular CuAAC while 
not leading to disassembly of the ternary complex. (Figure 
4a). In degassed dichloromethane, a 0.002 M solution of 
thread 7 undergoes an intramolecular click reaction to yield 
macrocycle A in 56% yield, catalyzed by [Cu(CH3CN)4]PF6 in 
the presence of tris((1-benzyl-4-triazolyl)methyl)amine 
(TBTA; Figure 4a: Route I). Subsequently, we assessed the 
potential of this method to form catenanes in the presence 
of macrocycles 24-crown-8 and [12]CPP, respectively. After 
stirring 0.002 M of thread 7 with 2 equiv. of 24-crown-8 at 
room temperature for 8 hours, the addition of 10 mol% of 
[Cu(CH3CN)4]PF6 followed by additional 8 hours reaction 
time furnished [2]catenane B in 41% yield (Route II). 



 

However, when replacing the crown ether with [12]CPP 
(Route III), no [2]catenane was observed after carrying out 

the same procedure (Route III). Encouraged by these 
findings, 

  

Figure 4. (a) Two types of catenanes formed from three simple components by CuAAC: [Cu(CH3CN)4]PF6, TBTA, DCM, RT. (b) ESI+ 
mass spectrum with inset of measured and simulated isotope pattern of catenane (D) (left). MS-MS spectrum of the catenane (D) 
(right), displaying the characteristic collision-induced dissociation (CID) behavior similar to catenane (B) and macrocycle (A). Due 
to the absence of charge, structures 8 and 3 could not be observed following the collision. 

we attempted the synthesis of [3]catenane D via ring-in-
ring assembly (Figure 4: Route IV). In degassed 
dichloromethane, a mixture containing 0.001 M of thread 7, 
1 equiv of [12]CPP, and 2 equiv. of 24-crown-8 was stirred 
overnight for pre-assembly. The following day, 10 mol% of 
[Cu(CH3CN)4]PF6 was added, and stirring continued for 12 
hours at room temperature, after which the product 
mixture was separated by preparative thin layer 
chromatography (TLC). To our delight, we obtained the 
[3]catenane D in 35% isolated yield. Besides the main 
product we obtained 12% of [2]catenane B along with a 
minor quantity of macrocycle A (8% yield) and recovered 
approximately 10% of the [12]CPP nanohoop. Moreover, a 
mixture of  highly polar substances exhibiting bright 
luminescence similar to [12]CPP was observed, which could 
be indicative of oligocatenane formation. 

The structures of A, B and D were fully characterized by 
NMR spectroscopy and high-resolution mass spectrometry 
(HRMS). Given the molecular weight of 1.8 kDa and the 

presence of two flexible macrocycles, it is not surprising 
that our attempts at growing single crystals of D suitable for 
X-ray crystallography were unsuccessful. Consequently, 
MS-MS experiments were carried out to provide evidence 
supporting the [3]catenane structure of D. Macrocycle A 
and two catenanes (B and D) were fragmented under 
varying collision energies. The survival yield curves of 
catenanes B and D were comparable to the one of 
macrocycle A (Figure S3), which strongly suggests that 
these compounds are not simple non-covalent adducts, but 
require the breaking of covalent bonds for their 
dissociation. Moreover, the characteristic fragmentation 
patterns which we observed in the MS-MS spectra of A 
(Figure S4, S5) were also found in catenanes B and D 
(Figure 4b and Figures S6, S7). This finding supports the 
[2]catenane topology for B and the [3]catenane topology for 
D, because these catenanes simply fall apart into the neutral 
macrocycles 3 and 8 upon cleavage of a bond in charged 
macrocycle A, which is the weakest link under the 
conditions of the CID experiments.  



 

The 1H NMR spectra of [12]CPP, 24-crown-8, catenane B, 
and catenane D are depicted in Figure 5a, providing insights 
into the non-covalent interactions between these 
components in their free and mechanically interlocked 
states. The proton signals of the outer [12]CPP in the 
catenane structure [12]CPP exhibited only a minor 
downfield shift relative to the free [12]CPP. In contrast, the 
proton signals of 24-crown-8 in catenane B shifted upfield 
by 0.22 ppm compared to free 24-crown-8, reflecting a 
significant change in the electronic environment of the 
crown ether upon interlocking with the 
dibenzylammonium macrocycle. Most strikingly, in 
catenane D, the proton signals of 24-crown-8 showed a 
pronounced upfield shift of 1.89 ppm compared to free 24-
crown-8, which strongly suggests that the 24-crown-8 
protons are permanently experiencing the diatropic ring 
current of the phenylene units in [12]CPP, as would be 
expected in the mechanically interlocked state.66 
Additionally, the diffusion coefficients of [12]CPP, 24-
crown-8, and the dibenzylammonium macrocycle in 
catenane D, which were determined as ca. 3.2  10−10 m2 s−1 
in diffusion-ordered NMR spectroscopy (DOSY), further 
support the conclusion that these three components are 
part of the same molecule (Figure 5b and Figure S8). 

 

Figure 5. (a) Partial 1H NMR spectra (CDCl3, 500 MHz, 298 K): 
[12]CPP, 24-crown-8, catenane B and catenane D. (b) 1H NMR 
assignments and DOSY NMR characterizations of catenane D 
(CDCl3, 600 MHz, 298 K). 

We next investigated the photophysical properties of 
catenane D to assess the impact of incorporating two 

distinct units into the [12]CPP scaffold (Fgure 6). The 
maximum absorption of catenane D was observed at 344 
nm, showing a slight red-shift of 4 nm compared to the 
parent [12]CPP. However, the absorption band at 
approximately 450 nm remained unchanged, indicating 
that the formation of the mechanical bond did not 
significantly disrupt the symmetry of the ground and 
excited states of [12]CPP.67 Catenane D exhibited similar 
fluorescence lifetimes (  2.7 ns) as [12]CPP (Figure S9), 
but the photoluminescence quantum yield (F) decreased 
to 70% (compared to 81% for [12]CPP)68. This moderate 
reduction in quantum yield may be attributed to non-
radiative relaxation pathways that arise from the proximity 
of relatively flexible guest molecules. 

 

Figure 6. UV-Vis absorbance (solid lines) and fluorescence 
(dashed lines) spectra for [3]catenane D and [12]CPP. 

Due to its unusual composition of two flexible rings and 
one extremely rigid ring, we proceeded to investigate in 
silico the dynamics of catenane D. Specifically, we focused 
on the rotation, tilting and translation of [12]CPP and 24-
crown-8 around the macrocycle. Based on recent studies on 
similar interlocked structures51, 69 and supramolecular 
polymers70-72, we combined classic molecular dynamics 
(MD) and well-tempered metadynamics (WT-MetaD)73, 74 to 
characterize the motion of this catenane. The atomistic 
model, shown in Figure 7, was built and parametrized 
according to the GAFF force-field75. The catenane model was 
immersed in a simulation box with explicit chloroform and 
PF6‒ counterions. After initial energy minimization, the 
system was equilibrated under NPT conditions at 298 K 
(see Methods section in the SI for complete details of models 
and simulations).  

As a first step, we examined the kinetics of the CPP 
nanohoop (Figure 7: in red) unbinding from the 24-crown-
8 (in black). We performed multiple replicas of infrequent 
WT-MetaD simulations allowing to estimate a characteristic 
CPP unbinding time of ca.10 µs, corresponding to a kinetic 
barrier of 10.5 ± 0.3 kcal mol−1 (estimated from the 
unbinding timescale via Eyring equation). Extending this 
approach to explore the kinetics of unbinding of the crown 
ether (Figure 7: in black) from the protonated station/site 
of the macrocycle (in blue), we could observe a 
characteristic unbinding time of ~120 µs (corresponding to 



 

a barrier of ~11.8 ± 0.3 kcal mol−1). This indicates that the 
diffusion of the black ring along the blue thread macrocycle 
is at least one order of  

  

Figure 7. Dynamics of [3]catenane in the protonated (left) and unprotonated (right) state. The top panels illustrate the kinetics of 
[12]CPP and 24-crown-8 unbinding. The bottom panels show the free-energy surfaces for the rotational and tilting motions of the 
rings.

magnitude slower/less-likely than the 
separation/unbinding between the two red and black rings: 
in other words, under these conditions, it is statistically 
likely to observe the red and black rings diffusing separately 
and independently from each other along the blue 
macrocycle thread. 

To further characterize the motion of catenane D, we 
performed 200 ns of classic MD simulations, starting from 
the “bound” configuration. Using a spherical coordinate 
system, we decomposed the motion of the two rings relative 
to the macrocycle into the rotational (θ) and tilting (φ) 
components.44, 60 The resulting free energy surfaces (Figure 
7: bottom row) indicate that both CPP and 24-crown-8 can 
freely rotate and flip, as no preferred binding regions or 
kinetic asymmetries can be noticed. 

Additionally, we also simulated the dynamical behavior 
of catenane D in basic medium, where the macrocycle is 
unprotonated. In this state, the estimated CPP-ring/24-
crown-8 unbinding time is ~3 µs, corresponding to a barrier 
of ~9.5 kcal mol‒1. In this case, this is found very close to the 
characteristic activation barrier for the diffusion of the 
crown ether (in black) along the blue macrocycle thread (in 
blue): ~9.7 kcal mol−1, corresponding to a characteristic 
escape time from the (unprotonated, in these conditions) 

binding station of ~3.3 µs. This indicates that, under basic 
conditions, the interaction between the red and black rings 
is comparable to that between the black ring and the blue 
thread. In contrast to the protonated case, where the 
electrostatic interaction between the blue and black rings is 
dominant, this thus depicts a scenario where the two rings 
can move both independently as well as together with 
similar probability/kinetics. This suggests the presence of 
residual non-specific interactions between the black and 
the blue ring even in the absence of protonation, as, in a 
hypothetical case where the blue-black interaction is 
negligible compared to the red-black interaction, the red 
and black rings would diffuse along the blue thread 
macrocycle preferentially together. These results also 
demonstrate the remarkable effects that changing the 
surrounding conditions may have in determining and 
modifying the internal dynamics of such interlocked 
systems. 

CONCLUSIONS 

We have successfully synthesized a rare ABC-type 
hetero[3]catenane using a ring-in-ring assembly strategy, 
incorporating unaltered [12]CPP, 24-crown-8 and a 
dibenzylammonium macrocycle. X-ray crystal structure 
analysis revealed the key assembly properties of the binary 



 

[12]CPP⊃24-crown-8 and ternary [12]CPP⊃24-crown-8⊃9 
complexes. The formation of the mechanical bond was 
confirmed through several complementary methods, 
including tandem mass spectrometry. CID studies helped to 
rule out non-covalent adducts and indicated that 
macrocycle A is the weakest link in hetero[3]catenane D. 
The photophysical properties of catenane D showed that 
the introduction of flexible macrocycles had a modest effect 
on the absorption and fluorescence properties of [12]CPP. 
Molecular simulations provided insights on the internal 
dynamics of the catenane and showed that the larger CPP 
ring can slip across the smaller crown ether ring. Estimating 
barriers and characteristic timescales for the motions of all 
the sub-components of the catenane relative to each other 
also revealed the key role of the protonation state, which 
may be used to control and modify the dynamics of the 
system. 

Our findings underscore the promise of the ring-in-ring 
assembly strategy for creating MIMs with intricate 
architectures. Moving forward, it should be feasible to 
extend the approach towards the synthesis of 
hetero[3]rotaxanes, polyrotaxanes and MIMs with low 
symmetry and intricate topology.76 Even functional systems 
may be prepared such as new pH-controlled ABC-type 
molecular machines and unique mechanically interlocked, 
networked polymers.77, 78  
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