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Mechanically Interlocked Molecules



Catenanes, rotaxanes, and knots are molecules NOT supramolecular species!

A molecule is an assembly of atoms which can only be separated by breaking a covalent 

bond; a supramolecular complex is an assembly of molecules/ions which can only be 

separated by breaking noncovalent interactions.

Pseudo-rotaxanes are threaded host-guest complexes – they ARE supramolecular species!

Supramolecular Species ?



Topology

(Topology is the mathematics of connectivity)
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Sphere with two holes

Ring
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Topology of Interlocked Compounds



Mechanically Interlocked Molecules in Nature

Science 2000, 289, 2129.

https://www.science.org/doi/10.1126/science.289.5487.2129


Proteins with Knots

Nature 2000, 406, 916.

https://www.nature.com/articles/35022623


Proteins with ‘Lasso’ Structures



Molecular Links and Knots

J. F. Stoddart et al., CCS Chem. 2021, 3, 1542.

https://www.chinesechemsoc.org/doi/10.31635/ccschem.021.202100975


Catenanes

Catena (Latin) = chain

prefix = number of interlocked 

rings, e.g. [2]catenane, 

[3]catenane etc



Catenanes – The Early Years

Statistical Approach

Edel Wasserman, J. Am. Chem. Soc. 1960, 82, 4433. 

Yield: < 1 % !

https://pubs.acs.org/doi/abs/10.1021/ja01501a082?journalCode=jacsat&quickLinkVolume=82&quickLinkPage=4433&selectedTab=citation&volume=82


Catenanes – The Statistical Approach

D. Leigh et al., J. Am. Chem. Soc. 2023, 145, 9825. 

https://pubs.acs.org/doi/10.1021/jacs.3c01939?ref=PDF


A [2]Catenane by CuI Templation

J.-P. Sauvage et al., J. Am. Chem. Soc. 1984, 106, 3043.

Cu(I) prefers tetrahedral

coordination

Cu(I) can be removed with cyanide to 

give the metal-free [2]catenane.

Most stable Cu(I) complex that exisis

with a neutral ligand.

https://pubs.acs.org/doi/abs/10.1021/ja00322a055?journalCode=jacsat&quickLinkVolume=106&quickLinkPage=3043&selectedTab=citation&volume=106


Different Synthetic Approaches

The final step must proceed by ‘clipping’ – but individual cyclization reactions can

either be performed sequentially (more reactions but less possible byproducts)

or all in one pot.



Formation of a [3]Catenane

J.-P. Sauvage et al, J. Am. Chem. Soc. 1985, 107, 6108.

too short to form 

a [2]catenane

https://pubs.acs.org/doi/abs/10.1021/ja00307a049?journalCode=jacsat&quickLinkVolume=107&quickLinkPage=6108&selectedTab=citation&volume=107


Molecular Necklaces

Review: Lin Xu et al., Dalton Trans. 2023, 52, 2916.

https://pubs.rsc.org/en/content/articlelanding/2023/dt/d2dt03594d


Molecular Necklaces – Example 1

J.-P. Sauvage et al., J. Am Chem Soc. 1991, 113, 4023.

https://pubs.acs.org/doi/abs/10.1021/ja00010a072


Molecular Necklaces – Example 2

K. Kim et al., J. Am. Chem. Soc. 1998, 120, 4899.

https://pubs.acs.org/doi/10.1021/ja980029r


From Tetrahedral to Octahedral Templates

D. Leigh et al., Angew. Chem. Int. Ed. 2001, 40, 1538.

Ring closure by olefin metathesis !

https://onlinelibrary.wiley.com/doi/full/10.1002/1521-3773%2820010417%2940%3A8%3C1538%3A%3AAID-ANIE1538%3E3.0.CO%3B2-F


Formation of a Metallacatenane

under Thermodynamic Control

M. Fujita et al, Nature 1994, 367, 720.
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‘Magic Rings’

https://www.nature.com/articles/367720a0


Characterization of the Metallacatenane

Two inequivalent PyCH2C6H4CH2Py units are 

observed which are assignable to the inside 

and outside units of the catenane. 

X-ray structure of the 

Pt(II) analogue.



Medium Effects

Medium effects enable the modulation of the equilibrium ratio 3:4 in the range of >99:1 

to <1:99. A more polar medium (D2O solution of NaNO3) increased the ratio of 3 up to 

>99% even at low concentrations because of enhanced hydrophobic interactions 

accompanying the catenane formation. In contrast, the ratio of 3 diminishes in a less 

polar medium (CD3OD-D2O). Selective stabilization of 4 by adding sodium (p-

methoxyphenyl)acetate, a specific guest for 4, also reduces the ratio 3:4 . 



Locking of Molecular Rings

The platinum(II)-pyridine 

coordinative bond is irreversible 

("locked") under the ordinary 

conditions, but becomes 

reversible ("released") in highly 

polar media at elevated 

temperatures. Incorporation of 

the molecular lock into a 

macrocyclic backbone makes it 

possible to interlock irreversibly 

two molecular rings.



Paraquat-Based Systems



Olympiadane

J. F. Stoddart et al., Angew. Chem. Int. Ed. 1994, 33, 1286.

https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.199412861


Cyclodextrin-Based Catenanes



H-Bond Directed Catenane Formation

(X-ray)

D. Leigh et al., Angew. Chem. Int. Ed. Engl. 1995, 34, 1209.

https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.199512091


Solomon Link

Solomon link: four crossings

[2]Catenane: two crossings

Sometimes referred to as ‘Solomon’s knot’ 

(e.g. Wikipedia) but technically not correct 

(= link)



Molecular Solomon Links



Orthogonal Metal-Ligand Interactions



A Giant Molecular Solomon’s Link

K. Severin et al., Angew. Chem. Int. Ed. 2014, 53, 11261.

https://onlinelibrary.wiley.com/doi/10.1002/anie.201407144


Borromean Rings

Isola Bella contains an impressive Baroque 

palazzo built in the seventeenth century by 

Vitaliano Borromeo (1620-1690). There are 

many examples of the famous emblem in 

the house and the garden. 



Borromean Rings

• Three rings figure.

• No two rings are linked.

• Inseparables but fall apart if one of them is broken.

• Highly symbolic figure.

Some nontrivial two- and three-ring links, namely, (I) a  [2]catenane, (II) a 

linear [3]catenane, (III) a cyclic  [3]catenane,14 and (IV) the Borromean 

rings.



Retrosynthetic Analysis

• Metal coordination used as template 

method.

• Combination of endo- and exo-oriented 

metal binding sites.

• Orthogonal orientation of rings.



Synthesis of a Ring in a Ring

J. S. Siegel et al. Angew. Chem. Int. Ed. 2003, 42, 5702.

https://onlinelibrary.wiley.com/doi/full/10.1002/anie.200352562


Self-Assembly of Borromean Rings

• Template directed self-assembly of 18 components.

• Macrocyclisation via reversible imine formation.

• Two endo-tridentate and two exo-bidentate ligands.

• Synthesis in methanol, 3 days reflux, 90% yield

Stoddart et al, Science 2004, 304, 1308.

Stoddart et al, Acc. Chem. Res. 2005, 38, 1.

https://www.science.org/doi/10.1126/science.1096914
https://pubs.acs.org/doi/full/10.1021/ar040226x?volume=38&quickLinkVolume=38&journalCode=achre4&quickLinkPage=1&selectedTab=citation


Rotaxanes



Strategies for the Synthesis of Rotaxanes



Rotaxanes – The Early Years

Statistical Approach

I. T. Harrison and S. Harrison,  J. Am. Chem. Soc. 1967, 89, 5723. 

Yield: 6 % !

https://pubs.acs.org/doi/abs/10.1021/ja00998a052?journalCode=jacsat&quickLinkVolume=89&quickLinkPage=5723&selectedTab=citation&volume=89


Paraquat-Based Rotaxanes



Cucurbituril-Based Rotaxanes

K. Kim,  Chem. Soc. Rev. 2002, 31, 96. 

Spermine was chosen as  string  

in this synthesis because it has 

not only high affinity (K =  107) 

toward CB[6], but also terminal 

amine groups to attach bulky 

substituents. Interestingly, CB[6] 

itself is sparingly soluble in water, 

but the resulting pseudorotaxane 

is quite soluble in water. The 

drastically improved solubility 

upon formation of the 

pseudorotaxane allows the one-

pot, high yield synthesis of the 

rotaxane. 

‘Spermine’

https://pubs.rsc.org/en/content/articlelanding/2002/cs/a900939f


Knots

In daily life Mathematical objects



Molecular Knots

Angew. Chem. Int. Ed. 2017.

link

http://onlinelibrary.wiley.com/doi/10.1002/anie.201702531/epdf


Trefoil Knots

Topologically identical !



Synthesis of a Trefoil Knot

• Considered as a major achievement in synthesis.

• Constructed around two Copper(I) centers.

• Double helix around Cu(I) ions.



One-Step Synthesis of a Trefoil Knot

F. Vögtle et al., Angew. Chem. Int. Ed. 2000, 39, 1616.

3 3

one step

Synthesis

https://onlinelibrary.wiley.com/doi/abs/10.1002/%28SICI%291521-3773%2820000502%2939%3A9%3C1616%3A%3AAID-ANIE1616%3E3.0.CO%3B2-Y


Trefoil Knots

Intramolecular hydrogen bonds drive the high-yield formation of the knot.

(X-ray)



Chiral Interlocked Molecules

J. R. J. Maynard and S. M. Goldup, Chem. 2020, 6, 1914.

https://www.sciencedirect.com/science/article/pii/S2451929420303624?via%3Dihub

