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Stereoselective synthesis of a  
composite knot with nine crossings 

Figure 1. 1H-NMR (600 MHz, 298K) spectra of ligand 1; circular hexamer helicate Fe616; mixture of composite knot Fe62 and 
97

3 link Fe63; composite knot Fe62 and organic mixture of composite  knot 2 and 97
3 link 3 (from top to bottom). 

Scheme 1. Synthesis of a composite knot and 97
3 link. Reaction conditions: 1. 1 (1.0 equiv.), Fe(BF4)2 6H2O (1.0 equiv.), N,N-

dimethylformamide (DMF), 130 oC, 24 h. 2. KPF6, MeOH, 90% (two steps). 3. Hoveyda-Grubbs 2nd generation catalyst (100 mol%), 
MeNO2/1,2-dichloroethane 1:1, 60  oC, 24 h. 4. KPF6, MeOH, 92% (two steps). 5. NaOH(aq) (1 M)/MeCN 1:1, 80 oC, 15 min, 35%. 

Figure 2. Low-resolution LCQ-MS of circular hexamer helicate Fe616 (top) and mixture of 
composite knot Fe62 and 97

3 link Fe63 (bottom). 

Figure 2. ESI-MS spectra a) The 
demetalated topological mixture of 
composite knot 2 and [3]catenane 3 
with formic acid added to generate 
multiply protonated ions; b) MS-MS 
of [M+4H]4+ peak (m/z = 1454.50) 
from the demetalated topological 
mixture of composite knot 2 and 
[3]catenane 3, demonstrating the 
formation of a macrocycle (m/z = 
969.42; m/z = 1938.92) and [2] 
catenane (m/z = 1293.17; m/z = 
1938.92) from the fragmentation of 
[3]catenane 3 and non-interlocked 
polymeric thread from the 
fragmentation of knotted structure 2 
(m/z = 1434.25); c) The demetalated 
composite knot 2 with formic acid 
added to generate multiply 
protonated ions, the MS spectra is 
same with the mixture; d) MS-MS of 
[M+4H]4+ peak (m/z = 1434.33) from 
the demetalated composite knot 2, 
only the non-interlocked polymeric 
thread from the fragmentation of 
knotted structure 2 was detected 
(m/z = 1454.5). The faint peak at m/z 
= 969.25 corresponding to the 
macrocycle can be observed due to 
the kinetic collection process. The 
charge of each peak is demonstrated 
by zoomed spectra.  

• The formation of open helicate Fe616
12+  ,fully closed topological isomers Fe6212+  

and Fe6312+  and organic mixture 2 and 3 are characterized by 1H-NMR and ESI-MS. 

• The separation of the composite knot Fe62 and Fe63 can be achieved by crystallization. 

• The self-assembly of six ligand 1 and six Fe(II) 
cations generates open helicate Fe616

12+ after 
heating to 130 oC for 24 hours. 

• Following olefin ring-closing metathesis of open 
helicate, fully closed isomers are generated. 

• Demetallation is achieved by treatment with NaOH. 

• The work presented here details the use of a circular hexameric helicate which is used to generate 

the two most complicated topological isomers, the +31#+31#+31 Composite Knot and 𝟗𝟕
𝟑 link. 

+31#+31#+31 knot 97
3 link  

Alternative (1,3-type) connection 

Trefoil 𝟑𝟏 Figure-eight 𝟒𝟏 

Pentafoil 𝟓𝟏 𝟖𝟏𝟗 

• Knots are fundamental elements of structure, exploited in basic tools and materials. 
• Out of the 6 billion known knot formations, just four have been created by synthetic chemists.  

and they are all Prime Knots. 

• In knot theory, a Prime Knot is a knot that is, in a 
certain sense, indecomposable. More specifically, 
a prime knot is a non-trivial knot which cannot 
be written as the knot sum of two non-trivial 
knots. Knots that are not prime are said to 
be Composite Knots. 

• 𝐗𝐙
𝐘 X: number of crossings; Y: number of discrete 

components; Z: arbitrary order of the knot. 
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+31#-31 composite knot  

Conclusion 
• The two most complicated topological 

structures : +31#+31#+31 Composite Knot 

and 𝟗𝟕
𝟑 link have been synthesized through 

cyclization of a hexameric helicate. The 
composite knot Fe6212+  is separated and 
characterized by X-ray crystallography.   
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• Single crystals of Fe6212+  are grown by solvent 
diffusion of isopropanol into a solution of mixture in 
acetonitrile. The solid-state structure is determined 
by X-ray crystallography using the Diamond 
synchrotron source and refined via Maximum 
Entropy Method (MEM). 
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