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Di- and tricatechol imines are easily accessible by condensation of appropriate amines with 2,3-

dihydroxybenzaldehyde. Dicatechol imines can be used for the alkali metal template-directed self-

assembly of dinuclear triple-stranded helicates or meso-helicates with high diastereoselectivity.

Tricatechol imines lead in self-assembly processes to metallosupramolecular 4 : 4 tetrahedra with

a huge internal cavity, which is able to encapsulate guest species. Hereby the special features of the

imine unit can be used to control the outcome of the self-assembly process.

Introduction

In 1995, nearly one decade ago, dicatechol ligands were

introduced for the formation of triple-stranded helicates.1

Hereby the groups of Stack2 and Raymond3 focused on

catechol amide derivatives, while we thoroughly investigated

alkyl4 (and later aryl)5 bridged dicatechols. The dicatecholate

ligands form negatively charged metal complexes, which is in

contrast to the well known cationic helicates from nitrogen

donor ligands.6,7 Therefore the anionic helicates are able to

interact with cations. This opened up an interesting host–guest

chemistry and lead to the discovery of templating effects.8 It

was even possible to induce a preferred helical twist at the

helicate by interaction with chiral cations.9

In the course of our studies of alkyl bridged dinuclear

titanium complexes, we found a way how to selectively

form triple-stranded helicates or the corresponding achiral

meso-helicates. Hereby the nature of the alkyl spacer controls

the preorganisation of the ligand which leads to a highly

diastereoselective self-assembly of the helicates. Due to the

preferred zigzag conformation of the alkyl chain, an even

number of methylene units in the spacer leads to the

helicate, while an odd number results in the formation of

the corresponding meso-helicate (‘‘side-by-side complex’’,6

‘‘mesocate’’10).11

Just recently we started to introduce catechol imines as

ligands for the self-assembly of triple-stranded helicates and

bigger metallosupramolecular aggregates (Fig. 1). Although a

disadvantage of the imines is, that they are easily hydrolyzed,

we were attracted by the following features of the imine units:

(i) with the imine nitrogen atoms an additional donor

is introduced in the spacer, which can interfere with

cation binding and therefore might influence the host–guest

chemistry,

(ii) the preferred conformation of the imines should be

important for the structures of the helicates, and

(iii) the imines are easily accessible by condensation of

simple amines with 2,3-dihydroxybenzaldehyde, which allows

a broad screening of ligands with different geometries and of

different sizes.

Conformational considerations

In principle catechol imines can be compared to the catechol

amides (Fig. 2). In both cases the spacer is attached to the

catechol through a diatomic nitrogen–carbon linkage. Both
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Fig. 1 A dinuclear triple-stranded helicate (left) and a dinuclear

triple-stranded meso-helicate (right).
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atoms of this unit possess sp2-hybridization. However, there

are some remarkable differences which have to be taken into

account.12

In the catechol amide two hydrogen bonds are formed.

One from the OH group in 3-position of the 2,3-

dihydroxybenzoate unit to the oxygen in 2-position and

another one between OH in 2-position and the amide oxygen

atom. Therefore the amide nitrogen atom, to which a spacer is

connected, is orientated opposite to the dihydroxybenzene

face.13,14

In the catechol imines the nitrogen atom is orientated

towards the hydroxo groups due to strong hydrogen bonding

between OH(3) and O(2) and between OH(2) and the imine-N.

The latter can be so strong, that proton transfer occurs and a

keto-enamine structure is observed.15

The situation changes upon formation of a chelate complex

through the catecholate moiety. In case of the amide, rotation

at the aryl–carbonyl bond occurs leading to an NH–O

hydrogen bond, which enforces an orientation of the spacer

towards the face of the chelating unit.13,14 In a metal

coordinated imino catecholate, repulsion between the nega-

tively polarized O(2) and the lone pair at nitrogen occurs

leading to an outward orientation of the spacer. However, if an

appropriate template M9 is present, it may be chelated by the

internal oxygen of the catecholate and the imine nitrogen and

thus will compensate the repulsion and lead to an orientation

very similar to the one of the catecholate amide with an N–H–

O hydrogen bonded unit.

Differences in the chemistry of catechol amides and catechol

imines which result from the different orientations of the

catechol–C–N-spacer unit will be shown in this article.

Preparation of di- and tricatechol imine ligands: solid

state structures and thermochromic behaviour

Biscatechol imine ligands can be easily prepared by simple

imine condensation of appropriate diamines with 2,3-dihy-

droxybenzaldehyde. Usually the ligands are obtained in pure

form by precipitation from an alcoholic solution of the

reactands.12,16

The dicatechol ligands which are discussed in this study are

shown in Fig. 3. All ligands, except L5-H4 were prepared for

the first time. L5-H4 was already used for the formation of a

trinuclear copper(II) complex in which copper is bound to the

imine nitrogens and some of the catecholate oxygens while

some of the hydroxy groups do not coordinate to the metal.17

As can be seen from Fig. 3, the size of the ligands was varied

from approximately 1 nm (azine linkage in L1-H4) to 2 nm

length (L9-H4).

The use of triamines in the condensation reaction affords the

triscatechol derivatives L10-H6 – L12-H6 (Fig. 4).16 L12-H6 was

already described by Vigato et al.18

Fig. 2 Comparison of the conformation at a catechol or catecholate

amide with the corresponding imines.

Fig. 3 Biscatechol imine ligands.
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The ligands can adopt the catechol imine or the keto-

enamine structure as is shown in Figs 2 and 5. The equilibrium

between the two different structures is temperature dependent

and therefore thermochromic behaviour can be observed for

catechol imines.15 As an example, L5-H4 is shown in Fig. 5 at

liquid nitrogen temperature (left) and at r.t. (right). The more

intense colour at high temperatures is due to the keto-enamine

structure B, while the slightly yellow colour at low tempera-

tures corresponds to the catechol imine A.12 Thermotropic

behaviour as observed for our ligands is a well known

phenomenon in catechol and salicyl imine chemistry.15

We obtained X-ray crystal structures of L5-H4 and L12-H6

which are depicted in Fig. 6. For L5-H4 a hydrogen bonding as

shown in Fig. 2 with transfer of the hydrogen from the internal

hydroxo group to the imine nitrogen atom is observed in the

solid state. The bond lengths at the catechol imine are in

agreement with a keto-enamine structure.12 In L12-H6 this

proton transfer also can be observed, but only at two of the

three catechol units. Here we have two keto-enamine and one

catechol imine moieties present in the solid state.16

Dinuclear triple-stranded helicates: self-assembly,

templating, diastereoselectivity, and enantiopurity

Disalicyl imines were introduced by Yoshide as ligands for

helicates. Hereby the salicylate imines act as bidentate O,N

chelating units.19 Analogously, reaction of ligand L5-H4 with

copper(II) leads to a bishelical trinuclear complex [Cu3(L5)(L5-

H2)] with two external hydroxyl groups of one strand being

uncoordinated but the imine nitrogens binding to the metal.17

In a first study we investigated the coordination chemistry of

the azine bridged ligand L1-H4 with titanium(IV) or

vanadium(IV) ions in the presence of lithium, sodium or

potassium carbonate in methanol. With titanium(IV) orange

solids are obtained in quantitative yield, while with

vanadium(IV) black solids were formed. In case of the

diamagnetic titanium(IV) complexes, NMR spectra can be

taken, which show the high symmetry of the complexes.

Similar shifts in the 1H NMR spectra of the salts of

M4[(L1)3Ti2] (M 5 Li, Na, K) show that no significant

interaction occurs between the helicate and the countercations.

On the other hand, slight differences in the 13C NMR shift of

the imine carbon resonance indicate weak interactions between

the anion and alkali metal cations in solution.20

Fig. 4 Triscatechol imine ligands.

Fig. 5 Thermochromic behavior of L5-H4 (left: liquid nitrogen

temperature, right: r.t.); adapted from ref. 12.

Fig. 6 Solid state structures of L5-H4 (top) and L12-H6 (bottom).
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Fig. 7 shows parts of the X-ray structures of Na4[(L1)3Ti2]

(from DMF) and Na4[(L1)3V2] (from methanol). The tetra-

anionic dinuclear complexes [(L1)3(Ti/V)2]42 adopt the struc-

ture of a triple-stranded helicate with metal–metal separations

of 8.699 Å (Ti–Ti) and 8.339 Å (V–V). In each case, two of

the sodium counterions are bound in the interior of the

helicate, coordinating to internal catecholate oxygen atoms,

some of the imine nitrogens, and are coordinatively saturated

by solvent molecules or water. The cavity of the helicate is too

small to encapsulate two cations fully and therefore they are

forced to bind in an unsymmetrical fashion, enforcing an

involvement of the imines into cation binding in the solid

state.20,21

As can be seen from the two X-ray structures, the length of

the cylinder-type helicates [(L1)3Ti/V2]42 is close to 10 Å. This

size can be easily extended by formaly inserting long rigid units

into the N–N bond of the azine. Thus, titanium complexes

with 1,4-phenylene (L2-H4) and 4,49-biphenylene (L3-H4) as

spacers were prepared. Due to the low solublity, the

coordination studies with titanium(IV) ions have to be

performed in DMF as solvent. The structures of the triple-

stranded helicates [(L2)3Ti2]42 and [(L3)3Ti2]42 are depicted in

Fig. 8. Introduction of phenylene as a spacer leads to an Ti–Ti

separation of approximately 12.6 Å in [(L2)3Ti2]42, while the

biphenyl spacer of [(L3)3Ti2]42 results in a Ti–Ti distance of

16.9 Å. In the latter case, the length of the whole cylindrical

complex is about 21 Å. Due to the rigidity and linearity of the

spacer, the complexes possess the homochiral helicate struc-

tures with the ligands slightly wrapping around the Ti–Ti axis

and thus transfering the stereochemical information from one

complex unit to the other.12,21

In contrast to the azine bridged complexes M4[(L1)3(Ti/V)2]

those with the ligands L2 and L3 have enough internal space

available to fully encapsulate two countercations. In

K4[(L2)3Ti2] two potassium ions each are binding to three

internal catecholate oxygens and to three DMF molecules.

Thus a K–K distance of approximately 5.5 Å results, which is

ideal for the coordination of an additional bridging water

molecule inside of the helicate.12 The typical coordination

environment of an encapsulated sodium cation in

Na4[(L3)3Ti2] is shown in Fig. 9. The cations are sepparated

by 10.6 Å, leaving enough space for the inclusion of an

additional DMF molecule in between them.21

The bipyridine bridged ligand L4-H4 leads to results which

are similar to those with the biphenyl spacer. An X-ray

structural analysis shows the structural similarity between the

helicates Na4[(L3)3Ti2] and Na4[(L4)3Ti2].22

A strong templating effect by the alkali metal cations was

observed in our earlier investigations on alkyl bridged triple-

stranded helicates.8 With the rigid catechol imine ligands L1,

L2 and L3 helicates are obtained which encapsulate cations in

their interior, but no influence of those cations on the

formation of the dinuclear complexes can be shown.

However, with alkyl bridged dicatechol imines L5-H4, L6-H4

and L7-H4 an influence of the counterions can be observed.

The self-assembly of triple-stranded dinuclear complexes

proceeds smoothly if sodium or potassium cations are present.

NMR spectroscopy shows nicely resolved spectra which

indicate the high symmetry of the coordination compounds.

With lithium no defined compounds but rather mixtures of

oligomers are obtained.12

Fig. 10 presents the X-ray structures of the triple-stranded

helicates [(L6)3Ti2]42 and [(L7)3Ti2]42. Again two of the

countercations are found in each of the cavities.12

In [(L6)3Ti2]42 the trans-1,4-substituted cyclohexane can

adopt a favorable conformation with the substituents in

equatorial position. A Ti–Ti separation of 12.475 Å results.

[(L7)3Ti2]42, on the other hand, has to adopt a diaxial

conformation at the trans-(R,R)-cyclohexane and the Ti–Ti

distance is only 10.264 Å due to the shorter carbon chain

length (C2 in L7 versus C4 in L6).12

Fig. 7 Parts of the X-ray structures of Na4[(L1)3Ti2] (from DMF,

left) and Na4[(L1)3V2] (from methanol, right). Colour code (through

the whole manuscript): grey: C, red: O, green: N, dark blue: Na,

orange: titanium, light blue: vanadium; solvent molecules are only

indicated.

Fig. 8 Parts of the X-ray structures of K4[(L2)3Ti2] and Na4[(L3)3Ti2].

Fig. 9 Coordination at encapsulated sodium (blue) in Na4[(L3)3Ti2].
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Usually the helicates are formed as racemic mixtures of the

L,L- and D,D-stereoisomer. However, ligand L7 bears chiral

information hidden in the spacer. This is transferred to the

metal centers and an enantiomerically pure triple-stranded

helicate is formed which possesses a left handed helical twist.

In K4[(L7)3Ti2] the 1,2-(R,R)-cyclohexyl spacer induces

L-configuration at each of the two titanium(IV) triscatecholate

units.23

The ligands L1–L7 all lead to chiral helicates. However, in

case of alkyl-bridged dicatechols the achiral meso-helicates

could be obtained as well. We wanted to know, if we are also

able to control the diastereoselectivity of helicate versus meso-

helicate formation in case of catechol imine ligands. We even

challenged ourselves, to control the transfer of stereochemical

information over a long distance by only small stereo-

controlling units. The general concept is shown in Fig. 11.

The stereochemical information of one metal complex unit

should be transferred through a rigid linear connector

(composed of the imine unit and a phenylene moiety) to a

central stereo-controlling unit, which ‘‘processes’’ this infor-

mation and transfers it—again through a linear connector—to

the second metal complex. The stereo-controlling unit can be

either an ethylene group, which in its preferred zigzag

conformation possesses a C2 axis which is relevant for the

formation of the dinuclear helicate. A methylene unit as stereo-

controlling unit possesses two symmetry elements which have

to be considered. The C2 axis could favour the formation of

the helicate, while a ‘‘dominance’’ of the s-plane would

support the preferred formation of the meso-helicate.21

The derivatives L8-H4 and L9-H4 were used to test this

concept on the long-range stereocontrol in dinuclear helicate-

type complexes. Coordination studies of the ligands with

titanium(IV) ions in the presence of M2CO3 (M 5 Li, Na, K)

affords the dinuclear complexes M4[(L8)3Ti2] and M4[(L9)3Ti2],

which both show high symmetry by NMR spectroscopy.

X-ray structural analyses of the sodium salts reveal, that

M4[(L8)3Ti2] adopts the achiral meso-helicate structure, while

M4[(L9)3Ti2] represents the chiral helicate (Fig. 12).

The result obtained for the homochiral helicate

Na4[(L9)3Ti2] is expected from the symmetry of the central

ethylene unit (see Fig. 11). However, the observation of only

the meso-helicate in case of Na4[(L8)3Ti2] is rather surprising.

For symmetry reasons both diastereomers (homochiral or

heterochiral) could be formed. Furthermore, NMR spectro-

scopic investigations at variable temperature reveal, that for

M4[(L8)3Ti2] the meso-helicate is the only species which can be

observed in solution.

The preferred formation of the meso-helicate with ligand L8

is tentatively attributed to a higher degree of flexibility of the

dinuclear complex compared to the corresponding homochiral

Fig. 11 Concept for the stereo control of helicate versus meso-helicate

formation with long dicatechol imine ligands possessing rigid linear

connecting units and small (CH2 or CH2CH2) stereo controlling units.

Fig. 12 Parts of the X-ray structures of the meso-helicate [(L8)3Ti2]42

(left) and the helicate [(L9)3Ti2]42 (right); top: side view, bottom: top

view along the Ti–Ti axis.

Fig. 10 Parts of the X-ray structures of Na4[(L6)3Ti2] and

K4[(L7)3Ti2].
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helicate. Therefore in [(L8)3Ti2]42 the heterochiral form should

be favoured due to entropic reasons.21

Nevertheless, in [(L8)3Ti2]42 and [(L9)3Ti2]42 the stereo-

chemical information of one titanium triscatecholate unit is

transferred over approximately 1 nm to a small alkyl group

which controls the stereochemistry at a second complex unit

which again is located 1 nm away.

The helicates [(L8)3Ti2]42 and [(L9)3Ti2]42 form cylinders

with a length of more than 2 nm. They have an internal cavity,

which is big enough to encapsulate two {Na(DMF)3} units

and one central DMF molecule.21

The described results show, that biscatechol imines are well

suited to form dinuclear triple-stranded helicates or meso-

helicates with high diastereoselectivity in self-assembly pro-

cesses. Encapsulation of alkali metal cations in the interior of

the coordination compounds seems to be important for their

formation. However, it would be of general interest, to obtain

related self-assembled metallosupramolecular aggregates with

a larger internal cavity to investigate host–guest chemistry or

even perform chemical reactions inside. Therefore we switched

from dicatechol to tricatechol imine ligand systems.

Supramolecular tetrahedra

Ligands with three bidentate metal binding sites which possess

an axis of C3-symmetry in their idealized structure are able to

form tetrahedral 4 : 4 complexes with metal ions that prefer an

octahedral coordination geometry.24 Many examples are

described in the literature, where tetrahedral 6 : 4 complexes

are obtained.25 Some of Fujitas coordination compounds can

be considered as supramolecular tetrahedra,26 as well as the

example by Müller and Robson.27 However, the ligands

depicted in Fig. 13 were shown to form 4 : 4 tetrahedral

coordination compounds. Unfortunately the size of the

tetrahedra is too small to bind guest species in the interior.14,28

Our aim is to obtain larger tetrahedral complexes which are

able to bind molecules in their interior.26,29 The triscatechol

imine ligands L10-H6 and L11-H6 were introduced by us for this

purpose.

Complexation of L10-H6 or L11-H6 with titanium(IV) ions in

the presence of alkali metal carbonate as base (M 5 Li, Na, K)

in DMF produces in clean self-assembly processes coordina-

tion compounds M8[(L10)4Ti4] and M8[(L11)4Ti4]. NMR

spectroscopy reveals the high symmetry of the coordination

compounds while ESI MS shows that the desired 4 : 4

complexes are formed.30

We were able to obtain crystals of K8[(L10)4Ti4] which could be

solved by X-ray structural analysis showing the structure to be a

supramolecular tetrahedron with the titanium(IV) ions sitting at

the corners and the ‘‘C3’’-symmetric ligands located at the faces.

Fig. 14 shows the tetrahedron with the titanium(IV) ions

separated by approximately 16 Å. The length of the edge of the

Fig. 13 Ligands for 4 : 4 supramolecular tetrahedral coordination

compounds.

Fig. 14 The molecular tetrahedron [(L10)4Ti4]82 in the solid state

(top) and the four encapsulated {K(DMF)3}-units (bottom).
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tetrahedron is about 2.0 nm. (In the case of M8[(L11)4Ti4] this

length should be more than 2.5 nm). The octaanionic complex

[(L10)4Ti4]82 possesses a huge internal cavity with four

potassium cations bound to the internal catecholate oxygen

atoms of each titanium(IV) catecholate complex unit.

Additionally three DMF molecules are binding to each of

the potassium ions.

In the solid state the tetrahedra stack face to face and the

crystal structure, which is depicted in Fig. 15, is formed.30

L10-H6 and L11-H6 are both rigid ligand systems which are

forced by their geometry to form the supramolecular

tetrahedra. However, we were interested, if it is also possible

to obtain such 4 : 4 complexes with the flexible ligand L12-H6.

Hereby the preferred conformation of the imino catecholate

unit should be in favour for the formation of the tetrahedron.

Therefore we used L12-H6 for complexation of titanium(IV)

ions. L12-H6 was already used by Vigato et al. as an N3O3

ligand.18

Several years ago, Raymond and coworkers investigated the

coordination behaviour of the triscatechol amide ligand

TRENcam and showed that it is a very good chelating ligand

for different metal ions. Binding of the metal hereby is

supported by strong intramolecular amide-NH catecholate-O

hydrogen bonding.31 However, if the triscatechol imine ligand

L12-H6 is deprotonated, the catecholates orientate ‘‘outwards’’

due to the repulsion of the oxygen and nitrogen lone pairs.

This should favour the formation of a 4 : 4 over a 1 : 1 complex

(Fig. 16).

Reaction of L12-H6 with titanium(IV) ions and potassium

carbonate in DMF leads to a mixture of oligomeric complexes.

However, if the reaction is performed with sodium carbonate

or if sodium salts are added to the mixture, a well defined

coordination compound is obtained.32

An X-ray structural analysis shows that the mononuclear

complex Na[Na , {(L12)Ti] is formed, in which sodium acts as

a template and stabilizes the mononuclear titanium(IV)

complex. Na+ coordinates to the internal catecholate oxygens

and the nitrogen atoms of L12 and thus compensates the

repulsion of the ligand lone pairs (Fig. 17).

Potassium is bigger than sodium and therefore it cannot act

in a similar fashion. However, crystallization of the mixture of

oligomers, which are formed from L12 and titanium(IV) in the

presence of potassium carbonate results in a few crystalls of

K2[K2 , {(L12)2(Ti3O2)]. Potassium cations bind to the

nitrogen atoms of the ligand. This stretches the size of the

triscatechol ligand and not only one titanium(IV) but a Ti3O2

cluster can be coordinated to the ligand. One of the ligands is

approaching from the top, the other from the bottom forming

two cavities for the binding of two potassium cations. Here the

size of the titanium complexes adjusts to the size of the

templating potassium ions.

In the coordination compounds [Na , {(L12)Ti]2 and [K2 ,

{(L12)2(Ti3O2)]22 the alkali metal cations compensate the

repulsion of the ligand lone pairs. However, to use the

repulsion for the formation of the tetrahedron, we have to

suppress the cation binding. Therefore we dissolved the

oligomeric mixture of coordination compounds of ligand L12

Fig. 15 Stacking of the tetrahedra [(L10)4Ti4]82 in the solid phase.

Fig. 16 Comparison of TRENcam and ligand L12.

Fig. 17 Structure of [Na , {(L12)Ti]2 (top) and [K2 ,

{(L12)2(Ti3O2)]22 (bottom).
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in DMSO-d6, which should be a slightly better ligand for

potassium than DMF is.

Within a few hours the spectrum changes and a dominating

single set of signals of a highly symmetric species can be

observed. The observation of the resonance of the imine

protons at d 5 8.6 indicates its ‘‘inward’’ orientation towards

the catecholate oxygen. This is in favour for a multinuclear

coordination compound. Finally, ESI MS shows, that here the

supramolecular tetrahedron [(L12)4Ti4]82 is present (Fig. 18).

The corresponding peaks are observed at m/z 5 795.6

{K5[(L12)4Ti4]}32, 783.3 {HK4[(L12)4Ti4]}32, 770.6

{H2K3[(L12)4Ti4]}32, 587.7 {K4[(L12)4Ti4]}42, and 577.8

{HK3[(L12)4Ti4]}42.32

The investigations with ligand L12 show, how crucial

templating effects of cations can be in the self-assembly

processes of metallosupramolecular aggregates. If we are able

to control this templating, we can direct our self-assembly

towards the formation of different well-defined coordination

compounds.

Conclusions

Dinuclear triple-stranded helicates and meso-helicates as well

as tetranuclear 4 : 4 tetrahedral coordination compounds were

described in this article. All the compounds contain as a special

feature the catecholate imine unit as metal coordination site.

This unit shows versatile coordination behaviour due to its

preferred conformation and the influence of alkali metal

cations on this conformation. Templating plays an important

role in the formation of well-defined supramolecular aggre-

gates from catechol imines. This is in strong contrast to the

well known conformationally fixed catechol amides.

In the course of our investigations we observed interesting

temperature dependent proton transfer behaviour, we were

able to obtain helicates in enantiomerical pure form by

introduction of chiral spacers and we succeeded to control

the relative stereochemistry of dinuclear complexes over a

distance of nearly 2 nm.

The formation of huge supramolecular tetrahedra is just the

starting point for some host–guest chemistry in the interior of

the aggregate as it is successfully described by Raymond33 or

Fujita.34

The ease to prepare oligocatechol imines opens up a wide

field of research which can be systematically studied or might

be screened by combinatorial methods.

However, we are still excited to go on with our research to

develop new systems and in the future will direct our studies

towards the application of the self-assembled aggregates in

catalysis or material science.35
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