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Topological chirality of a molecule is realized when any representation of its graph is

topologically distinct from its mirror image, i.e. if it can not be converted to its mirror image

by continuous deformation in 3D-space.
[1]

This property implies that the graph of the

molecule is non-planar. Molecular systems with an intrinsically non-planar graph are scare.

Their graphs can be contracted to Kuratowski's graphs K5 (the complete graph on five

vertices) or K3,3 (the complete bi-partite graph on two sets of three vertices each).
[2-4]

Many

examples of such systems are known, the 3-rung Möbius strip prepared by Walba et al. more

than 20 years ago being a particularly representative example.
[5]

Interlocking rings (catenanes) and knots have extrinsically non-planar graphs. As discussed

by Schill long ago,
[6]

an achiral [2]catenane can be desymmetrized by a suitable substitution

of its constitutive rings leading to a topologically chiral species. Such catenanes, containing

two oriented rings, have been made in the past.
[7]

It has even been possible to resolve them

analytically by chiral chromatography.
[8]

Contrary to a [2]catenane, a trefoil knot is

unconditionally chiral: the object is topologically chiral without having to colour edges or

orient rings. These prototypical non-planar systems are represented in Figure 1.

Figure 1

Molecular knots have been prepared some time ago using a copper(I)-templated strategy.
[9]

They have been resolved and crystallized, and thereby their absolute configuration was

determined.
[10]

More recently, another family of molecular knots has been elaborated by
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Vögtle and coworkers, their synthesis relying on original sets of hydrogen bonds.
[11]

The

enantiomers of some of these knots and their derivatives were also resolved by chiral

chromatography in a collaborative project between Vögtle's and Okamoto's groups.
[12]

Two

other examples of synthetic knots have been described,
[13-16]

including an "open" knotted

species constructed around an octahedral metal centre used as template.
[14]

As far as we know, topologically chiral compounds have never been prepared in a

stereoselective way. We would now like to report that a trefoil knot can be prepared

stereoselectively from two molecular threads, these fragments being chiral in the Euclidian

sense. The present report is thus concerned with the conversion of classical (or Euclidian)

chirality into topological chirality. The principle of the synthesis is depicted in Figure 2.

Figure 2

The trefoil knot is constructed around two copper(I) centers, by the use of the chiral ligand

bis[5,6] pinene-bipyridine[m-phenyl]
[17]

, which contains stereogenic carbon centers in the

pinene moiety. In principle, two diastereomeric forms are possible upon formation of the

trefoil knot. Our synthesis proceeds in a completely stereoselective way. Only one of the two

different topological enantiomers is obtained.

The strategy for making the knot in a stereoselective way takes advantage of the template

effect of copper(I) and of the properties of the bis-pinene bipyridine type ligand which

induces chirality at the metal centers (Figure 3).

The molecular frame for the present trefoil knot is based on a class of ligands, the

CHIRAGEN family, developed in recent years by some of us. 
[18]

Figure 3

1 represents a ligand where two 2,2’-bipyridine units are connected through a m-phenylene

bridge. Its synthesis was reported recently
[17]

. The CH2 groups near the pyridine ring contain

two diastereotopic protons. Alkylation at this position proceeds in a diastereoselective manner

yielding the doubly alkylated molecule 2.

The latter 2 forms a double-stranded helix with Cu(I) 3 in a complexation reaction. As

observed visually (formation of a deep red complex) and by UV/VIS spectroscopy, this

dinuclear complex is formed rapidly and quantitatively. The ESI-MS shows only one peak at
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m/z 1070.53. The
1
H-NMR spectrum indicates a C2-symmetric arrangement at the ligands. In

addition a strong de-shielding (8.90 ppm to 10.19 ppm) of the proton (a) in the bridge occurs.

No doubling of this signal is observed, indicating a very high (> 95%)of the formation of the

double helix 3 (Figure 4).

Figure 4

The CD-spectrum with a positive exciton-couplet gives the absolute configuration at the

individual copper centers, which is , thus inducing a configuration M in the double stranded

helix 3, as expected from the CPK models.

Ring closing metathesis (RCM)
[19]

is applied for the formation of the knotted system (Figure

5).

Figure 5

RCM yields three isomers (E and Z configuration at the double bonds) in 74% total yield.

Catalytic hydrogenation (Pd/C 20%, 3 bar H2, 16 h) leads to the saturated compound 4 in

quantitative yield. The ESI-MS shows one peak at m/z 1038.50. The
1
H-NMR spectrum

indicates again C2 symmetry. It is very similar to that of the open double helix precursor 3,

except that no signals of olefinic protons are observable. Also the CD spectrum of compound

4 is very similar to that of the open double helix 3 (Figure 6).

Figure 6

Treatment with a large excess of potassium cyanide in acetonitrile / dichloromethane (1:1)

yielded after 12 hours an almost colorless oil in quantitative yield, which is the final product

5. It can be remetallated in a rapid reaction (seconds), yielding a product which is identical to

4. The
1
H-NMR spectrum of 5 shows broad signals at room temperature. We believe that this

is due to reptation within the molecule, as observed previously for another molecular trefoil

knot
[16]

. The ESI-MS gives the m/z 1964.22 molecular mass and a number of fragmentation

products can be observed too. As opposed to the dialkylated ligand 2, 5 shows a pronounced

CD signal in the range 280-340 nm. This is due to a relatively compact arrangement of the
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bipyridine units, leading to a through space coupling of the * transitions, in a similar way

as in the metallated species.

Unfortunately, no crystals suitable for x-ray examination have been obtained hitherto, neither

of 3 nor of 4. Nevertheless, a nice crystal structure of a double helix prepared from 1 and two

silver(I) atom
[20]

could recently be obtained. The experimental evidence for the successful

synthesis of the trefoil knot 5 and its Cu(I) complex 4 is very strong. The mass and chiroptical

behaviour of 3 and 4 indicate very clearly the presence of the two compounds.

In conclusion, the stereoselective synthesis of a topologically chiral molecule has been

achieved. The basis of the strategy for the choice of the reaction sequence is the completely

stereoselective formation of a doubly-stranded helical precursor from two open-chain bis-

chelates, incorporating the appropriate chiral groups.
[20]

The transformation of the M-helix 3

to the left-handed knot 5 corresponds to the conversion of Euclidian chirality to topological

chirality.

We thank the Swiss National Science Foundation and the CNRS (CERC3 project on

Toplogical Chirality) for financial support.

References

[1] D. M. Walba, Tetrahedron 1985, 41, 3161-3212.

[2] J.C. Chambron, C. Dietriech-Buchecker, J.-P. Sauvage, Topics in Current Chemistry,

Springer-Verlag Berlin Heidelberg, 132-162, 1993 and references therein.

[3] L. A. Paquette, M. Vazeux, Tetrahedron Lett. 1981, 22, 291-294 ; H. E. Simmons, III, J.

E. Maggio, Tetrahedron Lett.,1981, 22, 287-290 ; D. Kuck, A. Schuster, Angew. Chem.

1988, 100, 1222-1224.

[4] C.-T. Chen, P. Gantzel, J. S. Siegel, K. K. Baldridge, R. B. English, D. M. Ho, Angew.

Chem. Int. Ed. Engl. 1995, 34, 2657-2660.

[5] D. M. Walba, R. M. Richards, R. C. Haltiwanger, J. Am. Chem. Soc. 1982, 104, 3219-

3221.

[6] G. Schill, In "Catenane, Rotaxanes and Knots". Academic Press, New York , 1971.

[7] D.K. Mitchell, J.-P. Sauvage, Angew. Chem. Int. Ed. Engl. 1988, 27, 930-931; J.C.

Chambron, D.K. Mitchell, J.-P. Sauvage, J. Am. Chem. Soc. 1992, 114, 4625-4631.

4



[8] U. Kaida, Y. Okamoto, J.-C. Chambron, D.K. Mitchell, Tetrahedron Lett. 1993, 34,

1019-1022; C. Yamamoto, J. Okamoto, T. Schmidt, R. Jäger, F. Vögtle, J. Am. Chem.

Soc. 1997, 119, 10546-10547.

[9] C.O. Dietrich-Buchecker, J.-P. Sauvage, Angew. Chem. Int. Ed. Engl. 1989, 28, 189-192 ;

J.-P. Sauvage, C. Dietrich-Buchecker, G. Rapenne, "Molecular Knots - From Early

Attempts to High-Yield Template Syntheses". In "Molecular Catenanes, Rotaxanes and

Knots", Edited by J.-P. Sauvage and C. Dietrich-Buchecker, Wiley-VCH Weinheim,

Chap. 6, 107-139, 1999.

[10] L. Hammarström, F. Barigelletti, L. Flamigni, N. Armaroli, A. Sour, J.-P. Collin, J.-P.

Sauvage, J. Am. Chem. Soc. 1996, 118, 11972-11973 ; C. Dietrich-Buchecker, G.

Rapenne, J.-P. Sauvage, A. De Cian, J. Fischer, Chem. Eur. J. 1999, 5, 1432-139.

[11] O. Safarowsky, M. Nieger, R. Fröhlich, F. Vögtle, Angew. Chem. Int. Ed. 2000, 39,

1616-1618.

[12] F. Vögtle, A. Hünten, E. Vogel, S. Buschbeck, O. Safarowsky, J. Recker, A.-H. Parham,

M. Knott, W. M. Müller, U. Müller, Y. Okamoto, T. Kubota, W. Lindner, E. Francotte,

S. Grimme, Angew. Chem. Int. Ed. 2001, 40, 2468-2471 ; J. Recker, W. M. Müller, U.

Müller, T. Kubota, Y. Okamoto, M. Nieger, F. Vögtle, Chem. Eur. J. 2002, 8, 4434-

4442.

[13] P.R. Asthon, O. A. Matthews, S. Menzer, F. M. Raymo, N. Spencer, J.F. Stoddart, D.J.

Williams, Liebigs Ann./Recueil 1997, 2485-2494.

[14] C.A. Hunter, P.C. Mayers, Nature 2001, 411, 763-764.

[15] C. Dietrich-Buchecker, J.-P. Sauvage, Angew. Chem. 1989, 101, 192-194; Angew. Chem.

Int. Ed. Engl. 1989, 28, 189-201.

[16] O. Lukin, W. M. Müller, U. Müller, A. Kaufmann, C. Schmidt, J. Leszczynski, F. Vögtle,

Chem. Eur. 2003, 9, 3507-3517.

[17] L.-E. Perret-Aebi, A. von Zelewsky, Synlett 2002, 5, 773-774.

[18] P. Hayoz, A. von Zelewsky, Tetrahedron Lett. 1992, 33, 5165-5168.

[19] G. C. Fu, R. H. Grubbs, J. Am. Chem. Soc. 1992, 114, 5426-5427.

[20] L.-E. Perret-Aebi, A. von Zelewsky, C. Dietrich-Buchecker, J.-P. Sauvage, A. Niels, H.

Stoeckli-Evans, in preparation.

5



FIGURE CAPTIONS

Figure 1 : (a) A [2]catenane is topologically achiral whereas, (b) by orienting both rings, a

chiral object is obtained ; (c) the trefoil knot is the prototype of topologically chiral

objects.

Figure 2 : The molecular thread I incorporates two bidentate chelating units, each chelate

being chiral ; the black dot is copper(I) atom. In the course of the complexation

reaction, only one type of double-stranded helix II is formed (P or M). The

appropriate connections will afford the trefoil knot in an enantioselective fashion

from I. Note that although I, IIM and IIp are geometrically chiral, they are

topologically achiral. By contrast, III is geometrically and topologically chiral.

Figure 3 : The CHIRAGEN family of ligands used for the construction of the molecular knot.

Figure 4 : a)
1
H NMR spectra of complex 3 and b) of the knotted system 4 before

hydrogenation. Small impurity signals (~1% intensity) around 10 ppm are due to

unindentified side products.

Figure 5 : Strategy used for the construction of the knot. The knotted system is obtained via a

RCM reaction.

Figure 6 : CD spectrum of the left-handed knotted system 4.
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