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Enantiomeric M4L4 helical cages have been prepared whose 

supramolecular chirality is induced by the chemical chirality of the 

self-sorting amino acid-derived ligands that are used.  Using 

scrambled diastereomeric ligands or achiral glycine-derived 

ligands yields analogous complexes yet ‘turns off’ the 

supramolecular chirality by producing centrosymmetric cages. 

In the past few decades the field of supramolecular 

coordination container complexes has attracted considerable 

attention due to the potential applications of these materials 

in a wide variety of fields, particularly as reaction vessels, 

selective host species and in the stabilisation of reactive 

molecules.1 The synthesis of cage complexes under self-

assembly conditions from simple components can be achieved 

with a semblance of predictability using coordination bonds by 

combining multiple bridging ligands, with the coordinating 

groups appropriately positioned to promote a discrete 

structure, with metals of appropriate coordination 

preferences.2 

The incorporation of chirality into coordination cages imparts 

the potential for applications in enantioselective processes 

such as sensing,3 catalysis4 and separation.5 It is possible to 

incorporate chirality into coordination cages by spontaneous 

resolution using achiral ligands by generating chiral centres 

around tris(chelate) metal centres which may interconvert in 

solution.6 However, from both of these strategies the 

challenge then arises of forming the complexes in an 

enantiomerically pure form.  A more reliable method for the 

synthesis of chiral coordination cages is the use of 

enantiomerically pure ligands.  A variety of strategies have 

been adopted, including appending chiral groups to the 

exterior or interior of ligands known to form cages, effectively 

adding chiral groups to achiral frames.7 More recently, 

induction of supramolecular chirality has been achieved by the 

use of enantiopure ligands in tetrahedral architectures with 

the chirality of the ligand reflected in the handedness (Λ/Δ) 

around the metal centre.8  

Chiral coordination cages can also be constructed in the form 

of helicates, typically generated as racemic mixtures, 

exploiting the presence of a twist within the ligands which 

imparts a helical sense in the complex.9  The use of a chiral 

ligand will ensure the formation of a helicate, while the use of 

achiral ligands can form either helicates or mesocates.10 A 

convenient synthetic route for the formation of chiral ligands 

is the incorporation of amino acids. Recently enantiomeric 

homochiral, quadruple-stranded helicate using amino acid-

derived ligands with a bicyclooctene core were reported,11 and 

control of chirality in tetrahedral cages by virtue of the ligands 

is known.12 

Herein we report homochiral helicates and analogous 

mesocates constructed using 3,3’,4,4’-biphenylsulfonediimides 

(BPSD) substituted with amino acids.  The chiral M4L4 cages 

have supramolecular homochirality based on the handedness 

of the ligands employed.  Reaction of a D/L ligand mixture 

results in the self-selective formation of the enantiomeric 

cages.  

We have previously reported naphthalene- and perylene-

diimides appended with amino acids that have been 

incorporated into homochiral coordination polymers with 

interesting interpenetration topologies including two materials 

capable of enantiomeric resolution of small analytes.13  Whilst 

the planar aromatic core groups lent themselves to the 

formation of extended networks we have more recently 

turned our attention to non-planar core groups that are 

anticipated to form discrete cage complexes due to their 

internal angle, with the sulfone unit previously reported to be 

amenable.9d  

The enantiopure dicarboxylic acids L-H2LeuBPSD and D-

H2LeuBPSD were synthesised from 3,3’4,4’-

biphenylsulfonetetracarboxylic dianhydride and the respective 

leucine isomer under microwave irradiation in acetic acid 

(Figure 1).  The achiral glycine analogue, H2GlyBPSD, was 
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synthesised by a similar route under reflux in DMF (see 

Supporting Information).   

Reaction of enantiopure L-H2LeuBPSD or D-H2LeuBPSD with 

copper nitrate in methanol/dimethylacetamide and a small 

amount of triethylamine yields crystalline material containing 

the helical cages [Cu4(LeuBPSD)4(Solv)4], 1 (Figure 1, see 

Supporting Information for full experimental details).‡  

Structural determination by single-crystal X-ray diffraction 

reveals that the two materials are enantiomers of each other 

with both crystallising in the non-centrosymmetric space 

group P1 (only the L-LeuBPSD derivative is discussed here). 

Crystals of [Cu4(L-LeuBPSD)4(OH2)4], Λ-[1(H2O)4], contain one 

complex in the asymmetric unit alongside partially-ordered 

non-coordinated solvent.  The Λ-1 cage contains {Cu2(O2C)4} 

paddlewheel motifs at either end of the helical complex, 

connected by the four L-LeuBPSD ligands, with aqua ligands 

coordinated to both the inner- and outer-facing apical sites of 

the paddlewheel.  The internal CuII atoms are separated by 7.2 

Å with an internal volume of ca. 300 Å3 in the absence of 

coordinating solvent.  When viewed along the vector passing 

through the four copper atoms the paddlewheel motifs have a 

negligible rotational offset with regards to each other.  The 

ligands do not bridge between sites on the paddlewheels that 

lie immediately above/below, rather they bridge between sites 

related by a torsion angle of ca. 90° generating a helical sense 

around the central Cu4 rotation axis of the complex.   

The arrangement of four leucine residues around the 

paddlewheel motif is such that the substituents must form a 

propeller motif thereby inducing helicity, presumably driven in 

part by the relative steric bulk of the substituents (Figure 2A).  

The helicity of the cages containing L- and D-leucine is Λ and Δ, 

respectively.  These complexes demonstrate that 

supramolecular chirality, viz. the directionality of the helix, can 

be induced by the molecular chirality of the ligands used 

forcing a preferred geometry around the coordination sites.  

Circular dichroism (CD) conducted on acetonitrile solutions of 

Λ-1 and Δ-1 show opposing Cotton effects that are slightly 

shifted and greatly enhanced compared to the spectra for the 

ligands alone indicating that the cages persist in solution 

(Figure 3).  The solution stability of the cages is also observed 

by the presence of m/z peaks corresponding to [1+H]+ and 

[1+Na]+ in the ESI-MS spectra (see Supporting Information) 

although no peaks are observed in which solvent is associated.  

The coordinated solvent is difficult to assign 

crystallographically, due to apparent rotational disorder along 

the Cu-O bond and/or disorder of the nature of the solvent 

within individual cages, and is not observed by mass 

spectrometry.  In the X-ray structure of Λ-1 the coordinated 

solvents all appear to be water, whilst in the structure of Δ-1 

the solvent is best modelled as four methanol molecules.  A 

serendipitous crystalline sample was obtained from a d6-DMSO 

solution of Λ-[1(OH2)4] and subsequently replicated on a larger 

scale (see Supporting Information). This material was found to 

contain the complex [Cu4(L-LeuBPSD)4(DMSO)2(OH2)2] with the 

DMSO ligands coordinated on the interior of the cages, 

thereby demonstrating that the solvent within the cages can 

be exchanged in solution.  Crystallography reveals that there 

are areas of diffuse electron density, i.e. guest solvent, within 

the cages that cannot be resolved (except in the case of 

compound 3, vide infra). 

In order to explore the supramolecular self-selectivity of the Λ-

1 and Δ-1 complexes, a reaction of a 50:50 mixture of L-

H2LeuBPSD and D-H2LeuBPSD with copper nitrate was 

conducted.  As with the individual reactions, a crystalline 

material was able to be isolated and structurally characterised.  

Analysis of the X-ray diffraction data revealed the crystals to 

be centrosymmetric (space group C2/c) with the asymmetric 

unit containing one cage complex in which all of the amino 

acid groups are of the same handedness (Figure 2B).  The 

enantiomeric ligands only form complexes with ligands of like 

handedness, demonstrating that the mixed-ligand system 

displays narcissistic self-selection to form the helical 

complexes.§  Powder X-ray diffraction (PXRD) reveals that the 

bulk material comprises both the centrosymmetric crystals 

containing Λ-1/Δ-1 and chiral crystals of pure Λ-1 and Δ-1 (see 

Supporting Information).  Circular dichroism of the bulk solid 

dissolved in acetonitrile shows a small Cotton effect indicating 

a slight excess of Δ-1.  A CD spectrum taken of the reaction 

solution soon after mixing and on one isolated crystal shows 

the expected lack of response, suggesting that the response 

observed from the bulk solid is likely due to a seeding effect in 

the bulk sample during crystallisation.  

The control of supramolecular chirality by the handedness of 

the ligand prompted exploration of analogous systems in 

which the chirality is removed in one of two ways.  Firstly the 

chirality can be removed by using an achiral ligand, H2GlyBPSD, 

derived from glycine rather than a chiral amino acid.  Secondly 

a racemic ligand, rac-H2LeuBPSD, in which the terminal groups 

are of opposite handedness, can be used. 

 

 
Figure 1: A representative synthesis of the L-leucine derived ligand (L-H2LeuBPSD) 
and the helicate cage [Cu4(L-LeuBPSD)4], Λ-1 (coordinated solvent displayed only 
by the donor atom for clarity) 
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Figure 2: The chirality at the stereocentres in the ligands determines the supramolecular chirality (i.e. helicity) of the complex formed.  (a) The use of enantiomerically pure ligands, 

D-H2LeuBPSD and L-H2LeuBPSD, exclusively yields Δ- and Λ-helical complexes, respectively.  (b) ‘Self-selection’ occurs from a mixture of D-H2LeuBPSD and L-H2LeuBPSD to form the 

helical complexes rather than a mixed-ligand analogue.  (c) Analogous centrosymmetric capsules can be formed by using the achiral ligand H2-GlyBPSD or by using the DL-

H2LeuBPSD ligand (containing mixed D- and L-leucine terminal groups) with helicate formation prevented in the absence of enantiopure ligands. 

rac-H2LeuBPSD was prepared by reacting a 50:50 mixture of D- 

and L-leucine with 3,3’4,4’-biphenylsulfonetetracarboxylic 

dianhydride which is expected to yield a statistical mixture of 

the R,R-, S,S-, and R,S-substituted isomers (1:1:2).  Given the 

statistical prevalence of the desired R,S isomer (DL-H2LeuBPSD) 

the racemic dicarboxylic acid was reacted without purification 

with Cu(NO3)2 to form a crystalline material under analogous 

conditions to the enantiomerically pure Λ-1 and Δ-1.  Single 

crystal X-ray diffraction allowed structural characterisation of 

the achiral complex [Cu4(DL-LeuBPSD)4(MeOH)2(OH2)2] (2) with 

PXRD showing the that other possible products (viz. the 

enantiopure complexes Λ-1 and Δ-1 in both their homochiral 

and centrosymmetric co-crystalline forms) were also present 

in the bulk as expected using a mixture of ligands in the 

synthesis (see ESI). Complex 2 crystallises in the 

centrosymmetric setting P-1 with half of the complex in the 

asymmetric unit.  Complex 2 is analogous to 1, with copper 

paddlewheels bridged by four DL-LeuBPSD dicarboxylate 

ligands (Figure 2c).  The ligands are arranged such that one of 

the paddlewheels is exclusively coordinated to the R terminal 

groups and the other exclusively by S terminal groups with 

these coordination environments therefore being identical to 

those in 1 and further demonstrating the self-selection of the 

enantiomers.  Due to the orientation that is required at each 

paddlewheel the ligands cannot be oriented in a helical 

arrangement and instead bridge between coordination sites 

on the paddlewheels that are directly in line with each other.  

The difference in geometry leads to the interior of the capsule 

being elongated compared Λ-1 and Δ-1 with an internal Cu···Cu 

distance of 9.0 Å (c.f. 7.2 Å). 

Using the achiral H2GlyBPSD ligand the complex 

[Cu4(GlyBPSD)4(MeOH)3(OH2)] (3) was isolated as a phase-pure 

crystalline material (Figure 2c).  The cage is very similar in 

structure to 2 with a non-helical arrangement of ligands 

between the two paddlewheels.  Although there are no 

stereocentres in the ligand the arrangement around one 

paddlewheel is such that the imide groups are orientated in a 

similar propeller motif, presumably due to the steric 

requirements of the ligand.  These propeller motifs are of 

opposite directions at each end of the centrosymmetric cage 

and therefore the overall arrangement is analogous to 2. The 

internal Cu···Cu distance in 3 is slightly larger than in 2 (9.3 Å 

vs. 9.0 Å) due to a subtle difference in the arrangement of the 

ligands.  In 2 the ligands are approximately evenly spaced 

around the central Cu4 axis as can be seen in the N···N 

separations between neighbouring imide groups which lies in 

the range 6.2-6.9 Å.  In 3 the complex is ‘pinched’ in one 

direction with two N···N distances of 6.0 Å and two of 7.1 Å 

demonstrating that these cages have some flexibility.  The 

crystal structure of 3 also reveals well-ordered, partial 

occupancy dimethylacetamide within the cage with two 
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positions partially protruding through the larger windows in 

the side of the cage. 

 

 
Figure 3: Circular dichroism spectra for Λ-1 (solid red); L-H2LeuBPSD (dashed red); Δ-1 

(solid blue); D-H2LeuBPSD (dashed blue); bulk Λ-1/Δ-1 product (grey); Λ-1/Δ-1 single 

crystal (purple). 

In conclusion, we have demonstrated that the supramolecular 

chirality of cage complexes can be controlled by the helical 

sense imparted through the use of enantiopure dicarboxylate 

ligands surrounding copper paddlewheel motifs.  The two 

enantiomeric ligands display self-selection when 

simultaneously reacted with Cu(NO3)2 to form Λ- and Δ-helical 

cages.  Using the R,S analogue of the LeuBPSD ligand gives a 

centrosymmetric cage in which a degree of self-selectivity is 

retained with each paddlewheel exclusively bound to either 

the R or the S terminal group is a complex that closely 

resembles that containing the achiral GlyBPSD ligand.  These 

complexes demonstrate that the supramolecular chirality of 

cages can be controlled by stereocentres around paddlewheel 

motifs thereby offering new synthetic routes to enantiopure 

container species. 
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