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Engineering Entanglement: Controlling the Formation 

of Polycatenanes and Polyrotaxanes by π Interactions  

Stephanie A. Boer,a Chris S. Hawesa and David R. Turner*a 

 

 

 

 

A reproducible metallocyclic motif containing amino-acid 

functionalised aromatic diimides has been employed to 

demonstrate remarkable control over entanglement 

topologies. [2]-Catenane and pseudo-rotaxane units give rise 

to 1D→2D polycatenation, the formation of which can be 

sterically prevented, and a unique 1D→3D polyrotaxane. 

The use of π interactions to form either discrete or infinite 
supramolecular assemblies takes advantage of directional 
electrostatic interactions between aromatic surfaces.1  Such 
interactions, present between adjacent base-pairs in DNA 
strands, have been shown to play a vital role in the formation 
and development of mechanically interlocked complexes.2  The 
importance and potential of this approach to topologically non-
trivial materials has been recently highlighted, showing the 
myriad of supramolecular assemblies that can be constructed 
using macrocycles containing aromatic groups to form 
catenanes and the combination of these macrocycles with linear 
guests to form rotaxanes.3  Such systems are known using both 
purely organic macrocycles 4 and using metallocycles with 
ligands containing pi-systems.5 

The formation of interlocking macrocycles through designed 
supramolecular interactions in the solid-state, as opposed to discrete 
supramolecular complexes, is a less explored area, with many 
reports of polycatenane and polyrotaxane frameworks being ex post 

facto descriptions of network topologies.6  There is a concerted 
research effort towards being able to control interpenetration 
topologies by altering synthetic conditions, using templates and 
tailoring ligand systems.7  Given the large base of work in discrete 
supramolecular π systems, it follows that this logic should be able to 
be extended into infinite, solid-state assemblies with the utilisation 
of ‘discrete’ motifs to form entangled networks. 

We have reported the ability of an alanine-substituted 
naphthalenediimide (NDI), H2AlaNDI, to form the one-dimensional 
coordination polymer poly-[Cd2(AlaNDI)2(DMF)4].

8  This polymeric 
compound consists of conjoined bis-NDI metallocycles, 

{Cd2(AlaNDI)2}, and assembles into a 1D→2D polycatenated 
structure by interlocking of the rings between perpendicular, 
topologically linear chains (Figure 1).   

 

Figure 1. (top) Diimide ligands with amino-acid end-groups that 
differ in the steric bulk of the alkyl chain (methyl or isobutyl) and 
the length of the core unit, greatly affecting the interlocked 
supramolecular assemblies that can form. (bottom) The formation of 
a 1D→2D polycatenated structure in [Cd2(AlaNDI)2(DMF)4] 
containing interlocked {Cd2(AlaNDI)2} metallocycles. 
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The size and geometry of the metallocycle is ideal for forming a 
self-complementary catenane with a mean plane distance between 
NDIs of ~ 7 Å, i.e. preorganised to accept a planar, aromatic guest in 
the cavity with face-to-face π-interactions of ca. 3.5 Å. NDIs are 
well known in discrete systems to associate through π interactions.9 
The presence of a substituent at the chiral centres of the ligand 
appears essential for formation of the cyclic motif by controlling the 
ligand conformation, evidenced by the 1D chains using H2GlyNDI 
with only a CH2 bridge between the carboxylate and the NDI core.10   

Our initial observation led us to explore whether the assembly of 
interlocked structures utilising the metallocyclic motif of amino-
acid-NDIs (aaNDIs) could be directed in order to control the 
entanglement of the resulting structure.  Herein we demonstrate a 
remarkable control of the self-assembly of such systems to exploit 
sterically bulky groups to prevent self-association, to form novel 
1D→3D polyrotaxanes by inserting bipyridyl spacers between the 
NDI-metallocycles and to form polycatenanes using a larger 
perylenediimide (PDI) core group which overrides the presence of 
additional steric bulk. The 1D→2D polycatenation in 
[Cd2(AlaNDI)2(DMF)4] is built around a catenane motif between 
two {Cd2(AlaNDI)2} metallocycles which form a stack of four NDI 
units with three face-to-face π interactions (Figure 1).  The AlaNDI 
ligand is not sterically demanding as the methyl substituents on the 
chiral centres point away from the NDI core, thereby allowing 
catenation of the two metallocycles.  When the AlaNDI ligand is 
replaced with the more sterically crowded LeuNDI ligand, which 
possesses isobutyl groups in place of methyl groups, a material (1) 
containing similar 1D chains of poly-
{[Cd2(LeuNDI)2(DMA)4]·DMA} is obtained that shows no 
interpenetration between metallocycles (Figure 2).   

 

 
 
Figure 2. The 1D chains of [Cd(LeuNDI)(DMA)2] contain solvent 
within the metallocycles, rather than form an interpenetrating motif, 
postulated to be due to the steric bulk of the isobutyl chains 

 
The 1D chains formed with AlaNDI and LeuNDI are of identical 

composition, [Cd2(aaNDI)2(DMx)4] (DMx = DMA or DMF), with 
the same connectivity and a slight difference in morphology which is 
thought to arise from crystal packing effects (vide supra).  The 
LeuNDI ligands adopt the expected geometry, allowing the 
formation of the metallocycle, and the dinuclear cadmium linker 
between the metallocycles retains the same coordination 
environment with both chelating and bridging carboxylates and 
solvent molecules completing the octahedral coordination spheres.  
The isobutyl groups are situated over the faces of the NDI cores, 
thereby not leaving enough space for the catenane motif to form due 
to the steric clash that would occur between the isobutyl chains of 
one macrocycle and the aromatic protons of the other (Figure 2).  In 
place of interpenetration, two disordered DMA molecules reside 
within the macrocyclic cavities. The steric bulk of the isobutyl 
groups also prevents any π interactions between chains, which 
dominate the crystal packing in [Cd2(AlaNDI)2(DMF)4]. The 
absence of interpenetration in 1 demonstrates that the self-
association of 1D chains can be 'switched off' by the use of bulkier 
side chains on the aaNDI ligand.  This raises the interesting prospect 
of whether less sterically demanding aromatic co-ligands can be 

passed through the macrocycles in the [Cd2(LeuNDI)2] chain in 
place of catenation. 

 

 

 
 

 

Figure 3. (a) A portion of one of the 1D chains in the structure of 2 
with the metallocycle motif separated by bipyridine linkers. (b) Two 
views showing the chains forming a polyrotaxane network with the 
bipyridine ligands passing through the {Cd2(LeuNDI)2} macrocycles 
to give (c) the overall 1D→3D polyrotaxane structure. 

 
Reaction of H2LeuNDI with Cd(NO3)2 in the presence of 4,4'-

bipyridine (bipy) yields the compound poly-
{[Cd2(LeuNDI)2(bipy)(DMF)3(H2O)]·DMF·H2O} (2) as a pure 
crystalline product.11  The compound contains a 1D coordination 
polymer that once again has the desired {Cd2(LeuNDI)2} 
metallocycles. However, the metallocycles are now bridged by a 
4,4'-bipyridine ligand rather than being directly connected through a 
Cd2-carboxylate node (Figure 3a).  The macrocycles themselves are 
the same as those in the structure of 1, with a separation of ~7 Å 
between the NDI groups which are slightly deviated from being 
parallel to each other within each loop (~ 9º). The macrocycles are 
sterically prevented from forming catenanes, due to the isobutyl 
chains of the leucine, which allows the bipyridine ligands of 
perpendicular 1D chains to pass through the metallocycle.  Overall 
this arrangement gives, to the best of our knowledge, an 
unprecedented example of a 1D→3D polyrotaxane, with the linear 

(a) 

(b) 

(c) 
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bipyridine ligand being threaded through the {Cd2(LeuNDI)2} 
macrocycles. The 1D chains, when viewed in isolation, are 
topologically linear, as are those in 1, with the two NDI ligands that 
connect the Cd2 nodes conventionally reduced to a single linkage for 
topological analysis.  To accurately attribute topological connectivity 
within the structure, the chain must be described with an expanded 
topology to describe the ring, thereby fitting the definition of a 
polyrotaxane as recently put forward by Yang, Ma and Batten.6e 

The presence of 4,4'-bipyridine as a bridging ligand in 2 
introduces an additional degree of freedom compared to the chains in 
1, with free rotation of the bipyridine along the Cd···Cd vector.  This 
extra freedom means that the interpenetration is not restricted to the 
1D chains being co-planar, as is the case in [Cd2(AlaNDI)2(DMF)4], 
and the chains in 2 are able to form a 1D→3D polyrotaxane structure 
(Figure 3c).  The chains intersect at an angle of approximately 35º 
with closest C···C contacts between the NDI and the 4,4'-bipyridine 
of 3.28 Å.  The crystallographic 2-fold axis passes through the point 
of intersection between four chains (Figure 3b). 

 

 
Figure 4. (a) A portion of the 1D coordination polymer from the 
structure of 3, (b) the catenane motif between two metallocycles and 
(c) the overall 1D→2D polycatenation of the chains. 

 
The steric clash between ligands that prevents the formation of a 

polycatenane in 1 can potentially be overcome in one of two ways; 
the size of the alkyl substituent could be reduced (c.f. 
[Cd2(AlaNDI)2(DMF)4])  or the length of the aromatic core could be 
increased. Towards the latter goal we synthesised the larger 
perylene-derived species H2LeuPDI (Figure 1).  The two connected 
naphthalene rings in H2LeuPDI make the ligand approximately 4 Å 
longer than the NDI analogue whilst retaining the same width, 
thereby ensuring that the two isobutyl chains are far enough apart 
that two perpendicular PDI ligands can easily form π-stacking 
interactions.  Reaction of H2LeuPDI with Cd(NO3)2 afforded a single 
crystalline product that consists of poly-
{[Cd2(LeuPDI)2(H2O)4]·3DMF} (3).11  The 1D polymer in 3 has an 
analogous composition to that in 1, with the longer ligands forming a 
larger metallocycle between Cd2 nodes (Figure 4a).  Given the larger 
distance between the isobutyl side chains, the catenane motif recurs 
in the structure of 3 giving an overall 1D→2D polycatenated 
structure akin to that of [Cd2(AlaNDI)2(DMF)4] (Figure 4, c.f. Figure 
1).  Given the increased size of the ligands, the core unit is slightly 
bowed towards the middle of the metallocycle with the four ligands 
that form the catenane being non-parallel (Figure 4b).  The closest 
C···C distance between PDI groups within the catenane is ~ 3.4 Å.  
With the length of the ligand overcoming the steric bulk of the 

isobutyl groups, there are also face-to-face π interactions between 
the sheets giving rise to infinite π stacking parallel to the unique axis 
of the hexagonal structure. 

Conclusions 

The metallomacrocycle formed between cadmium and either aaNDIs 
or aaPDIs is a robust supramolecular tecton for engineering 
entangled networks through the formation of discrete catenane or 
rotaxane motifs. Adjusting the size of the peripheral alkyl groups can 
prevent self-complementary polycatenation of 1D chains (1). Less 
bulky aromatic guest species, such as 4,4'-bipyridine, can be 
threaded through the macrocycle as shown in the polyrotaxane 2.  
Expanding the aromatic core used in the macrocycle overrides the 
steric bulk and once again allows a polycatenane motif to be formed.  
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