
V O L U M E  23 N U M B E R  10 

O C T O B E R  1 9 9 0  

Registered in US. Patent and Trademark Office; Copyright 1990 by the American Chemical Society 
~~~~ 

Interlacing Molecular Threads on Transition Metals: 
Catenands, Catenates, and Knots 

JEAN-PIERRE SAUVAGE 
Laboratoire de Chimie Organo-MinBrale, UA au CNRS 422, Insti tut  de Chimie, I, rue Blaise Pascal, 67000 Strasbourg, France 

Received February 12, 1990 (Revised Manuscript Received Ju ly  9, 1990) 

Introduction 
People have long been fascinated by knots and in- 

terlocked rings. Interlaced and knotted threads have 
been used in art for centuries; one of the earliest and 
richest examples is the Book of Kells, a masterpiece of 
graphic art produced by 8th century Irish monks, which 
contains many beautiful representations of some very 
intractable knots.’ A second intriguing example is the 
Borromean sign,2 symbol of a powerful Italian family, 
which contains three interlocked rings so disposed that 
any one cut allows them all to be separated: no ring 
is interlocked to another without the help of the third 
component. More recently, the work of the Dutch artist 
Escher3 contains examples of fantastic animals asso- 
ciated with impossible geometrical figures. Some of his 
work contains shapes, spaces, and interlaces closely 
related to modern molecular sciences, including at- 
tractive views of the trefoil knot.3 Some views of knots 
and interlocked rings are shown in Figure 1. 

Topology, in association with graph theory, is a 
branch of mathematics of renewed interest. In partic- 
ular, low-dimensional topology is connected to other 
fields of scientific investigation, most notably chemistry 
and molecular biology. DNA is known to adopt com- 
plex topologies under the influence of certain enzymes. 
It was recognized over 20 years ago that the topology 
of circular duplex DNA can be deeply modified by 
“gyrase”  enzyme^;^ this led to the discovery of DNA 
ca tenane~ ,~  and in 1976, the first closed knotted form 
of DNA was r e p ~ r t e d . ~  Many of the pictures taken 

Jean-Pierre Sauvage was born in Paris in 1944. He carried out graduate 
studies with Jean-Marie Lehn at the University of Strasbourg (Ph.D.. 1971) 
and postdoctoral studies with M. L. H. Green at Oxford University. He is 
currently Research Director at the CNRS and at the University of Strasbourg, 
and his research interests include functionalized conducting polymer films, 
redox photocatalysis, intramolecular photoinduced electron transfer, models 
of natural photosynthesis, and chemical topology. 

0001-4842/90/0123-0319$02.50/0 

since then of various topological forms of DNA are of 
a rare b e a ~ t y . ~ ~ ~  

Graph theory applied to chemistry has been called 
chemical topology. However, it is only very recently 
that a rigorous mathematical treatment has been ap- 
plied to molecules. Walba’s use of graph theory for 
describing molecular systems now provides a unified 
view: and its theoretical basis should be sufficient for 
treating almost any synthetically accessible chemical 
species for decades. Before this rigorous treatment, 
many other scientists were interested in chemical to- 
pology, and the most outstanding contributions are 
worth mentioning. 

Schill’s book Catenanes, Rotananes and Knots,g 
written in 1971, is indispensable for the topologist. In 
addition to interesting theoretical considerations re- 
garding interlocked rings and knots, it contains much 
information on the experimental approaches used by 
Luttringhaus and, later, Schill and their co-workers to 
prepare such topologically novel systems. The possible 
existence of such compounds was envisaged as early as 
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Figure 1. (a) A superb illumination due to Irish monks (Kelsch's 
book, 8th century). (b) The Borromean symbol. (c) A classical 
representation of the trefoil knot. 

2a 2b 2c 
Figure 2. Three topological stereoisomers; isomers b and c are 
topological enantiomers. 

the beginning of this century;1° it is reported that 
WilstAtter postulated the formation of interlocked rings 
at a seminar in Zurich before 1912. 

The first written theoretical discussion on the subject 
was a paper entitled "Chemical Topology", by Frisch 
and Wasserman.ll I t  contains a very clear account of 
most of the ideas that constitute the background of 
chemical topology. For example, the idea of topological 
isomers is introduced by comparing a [2]-catenane (two 
interlocked rings) to the set of the two separate cyclic 
molecules. Another example is provided by considering 
a single closed curve, which can be a normal cycle (to- 
pologically trivial) or a knotted cycle, the simplest ex- 
ample being the trefoil knot. The three objects of 
Figure 2 are topological stereoisomers: although they 
consist of exactly the same atoms in the same sequence, 
and the same chemical bonds between them, they 
cannot be interconverted by any type of continuous 
deformation in three-dimensional space. In addition, 
the compounds of parts b and c of Figure 2 are topo- 
logical enantiomers, since they are nonsuperimposable 
mirror images. 

The expression "topologically nontrivial" can be de- 
fined more rigorously. The "molecular graph" of a 
system must be nonplanar for the molecule to be to- 
pologically nontrivial; that is, it will be impossible to 
draw the molecule on a sheet of paper-allowing any 
desired deformations of bond lengths and angles- 
without having crossing points. The catenanes are 
simple examplesP12 Apart from interlocked rings, only 
recently synthesized compounds have nonplanar mo- 
lecular graphs. These include the Simmons-Paquette 
molecule based on propellane (1981),13,14 its purely hy- 
drocarbon analogue (1988) ,15 and (a particularly notable 
accomplishment) the first molecular Mobius strip 
(1982).16 The few nonknotted or catenane-like com- 

(10) Reference 9, p 1. Frisch, H. L.; Wasserman, E. J. Am. Chem. SOC. 
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Figure 3. A few compounds with a nonplanar molecular graph. 
(a) Simmons-Paquette K5 propellane.13*14 (b) Kuck and Schuster 
K5 hydr0carb0n.l~ (c) Walba's synthesis of the first molecular 
Mobius strip (K3,3).16 

pounds whose molecular graphs have no planar repre- 
sentation are drawn in Figure 3. 

Two other important discussions of chemical topology 
are worth mentioning. The first is a very imaginative 
article by Van Gulick,17 from the University of Oregon, 
which has unfortunately never been published; however, 
it still circulates among chemists and may still inspire 
much research. The second is a review by Sokolov18 and 
is particularly relevant to this account since it suggests 
the remarkable idea of using a transition metal as a 
template to build a trefoil knot. Transition-metal ions 
are well-known for their templating properties,lg and 
in particular the 3D template effect has been used in 
recent years to build interesting bicyclic 

Synthesis of Catenates 
We applied the 3D template synthesis around a 

transition-metal ion (copper(1)) to the synthesis of in- 
terlocked rings. The novelty of this approach with re- 
spect to previously used 3D template syntheses is that 
the chelating ligands collected by the metal, and or- 
ganized in its coordination sphere, are not covalently 
linked to each other after the cyclization reaction. The 
strategy25 is illustrated in Figure 4. In principle, 
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Figure 4. Synthesis of interlocked ring systems. The strategy is based on a 3D-template effect induced by a transition metal. The 
molecular fragment f-f interacts with a transition metal (circle). The f and g represent chemical functions able to react and form an 
f-g chemical bond. 

strategy A is very simple. Both coordinating fragments 
I have to bind to the metal center M so as to be mu- 
tually perpendicular. By an appropriate choice of 
metal, chelates, linkers (g-g), and functional groups (f 
and g), the system (11) will react in the expected fashion: 
with formation of two interlocked rings (V) rather than 
by connecting the two f-f fragments of the complex. 
The only apparent weakness of strategy A is that a total 
of eight reaction points have to find one another in the 
double-cyclization reaction. The second strategy re- 
duces this problem, since it involves only four reacting 
groups to be interconnected in a single cyclization (twice 
g-f) leading to V. The only requirement is that the 
starting macrocycle (111) has to be presynthesized before 
the template reaction is performed. This ring contains 
a coordinating fragment (f-f) and a noncoordinating 
linker (g-g), and it is also likely to be formed as an 
intermediate in strategy A. It is noteworthy that, 
provided the bis-chelate complex (IV) is stable enough, 
it must form quantitatively from a 1:l:l mixture of the 
cycle (III), the metal ion, and the open-chain fragment 
(I). A statistical mixture of complexes, as would arise 
if two different open-chain ligands were reacted with 
a metal ion, cannot occur, because it is impossible for 
two of the cyclic ligands (111) to attach to the metal ion. 

The choice of metal ion and chelate followed natu- 
rally from a collaboration with Professor D. R. 
McMillin, on the photochemical properties of hindered 
Cu(1) complexes with functionalized phenanthroline 
ligands bearing alkyl or aryl substituents a to the ni- 
trogen atoms.26 These complexes have a variety of 
interesting photochemical proper tie^,^^-^^ and as a 

(26) Dietrich-Buchecker, C. 0.; Marnot, P. A.; Sauvage, J.-P. Tetra- 
hedron Lett. 1982.23, 5291-5294. 

(27) Dietrich-Buchecker, C. 0.; Marnot, P. A.; Sauvage, J.-P.; Kirch- 
hoff, J. R.; McMillin, D. R. J. Chem. Soc., Chem. Commun. 1983, 

(28) Gamache, R. E., Jr.; Rader, R. A.; McMillin, D. R. J. Am. Chem. 

(29) Ichinaea. A. K.: Kirchhoff. J. R.: McMillin. D. R.: Dietrich-Bu- 
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(31) Kern, J.-M.; Sauvage, J.-P. J. Chem. Soc., Chem. Commun. 1987, 
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546-548. 

spin-off we thought that entwined complexes like I1 of 
Figure 4 should be relatively easily converted into in- 
terlocked systems. 

Phenanthroline derivatives and copper(1) have been 
used in both routes of Figure 4. Since it was less risky, 
we started with strategy B, which led to an interlocked 
system in good yield.25 Since then we have focused 
more on strategy A; the actual reaction carried out is 
shown in Figure 5.33 

The diphenolic starting compound 1 is prepared from 
1,lO-phenanthroline in two steps (70% yield overall), 
and it is easily obtained on a multigram s ~ a l e . ~ ~ ~ ~  The 
precursor complex 2+, containing two entwined ligands 
around a copper(1) center, is formed quantitatively from 
1 (2 equiv) and CU(CH,CN)~(BF,) and is used without 
any purification. Reaction of this with diiodopenta- 
ethyleneglycol (3) in DMF at 65 " C  in the presence of 
Cs2C03 under crude high-dilution conditions leads to 
the interlocked system 4+ as a B F c  salt in 25-27% 
yield. Purification of the crude product is difficult, 
requiring extremelty careful chromatography. 4+.BF; 
is thus obtained on a real preparative scale (batches of 
0.5-1 g) in four steps from the commercially available 
1,lO-phenanthroline in 20% yield overall. 4' was 
quantitatively demetalated to 5 with KCN, and X-ray 
crystallography of both compounds showed that a 
complete rearrangement occurs after d e m e t a l a t i ~ n . ~ ~  
From the compact and rigid topography of 4+, with its 
two entwined ligands not only interacting with the 
copper(1) center but also undergoing several T-T in- 
teractions leading to close stacking, the disentangled 
and expanded structure of 5 was obtained. In the in- 
terlocked free ligand (two 30-membered rings), the 
chelating fragments are remote from one another, and 
the whole system is certainly highly flexible. 4' was 

(32) Kern, J.-M.; Sauvage, J.-P. J. Chem. Soc., Chem. Commun. 1989, 

(33) Dietrich-Buchecker, C. 0.; Sauvage, J.-P.; Kern, J.-M. J. Am. 
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(35) Dietrich-Buchecker, C. 0.; Marnot, P. A.; Sauvage, J.-P.; Kint- 

(36) Cesario, M.; Dietrich-Buchecker, C. 0.; Guilhem, J.; Pascard, C.; 
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Figure 5. Preparation of the copper(1) catenate 4' and subsequent demetalation to the catenand 5. 3 = ICH2(CH20CH2)4CH21; H.D. 
= high dilution. 
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Figure 6. Topologically chiral molecules: oriented interlocked rings. 

named a catenate, and the free ligand 5 a'catenand; 
they are the prototypes of a novel family of molecular 
systems consisting of coordinating interlocked rings. 

The catenand 5 can be quantitatively recomplexed 
with a large variety of cationic species: H+,37 Li+, and 
transition metals such as Fe2+, Co2+, Ni2+, Cu+, Zn2+, 
Ag+, and Cd2+.38 In every case the entwined topogra- 

(37) Cesario, M.; Dietrich-Buchecker, C. 0.; Edel, A.; Guilhem, J.; 
Kintzinger, J.-P.; Pascard, C.; Sauvage, J.-P. J. Am. Chem. SOC. 1986,108, 
6250-6254. 

(38) Dietrich-Buchecker, C. 0.; Sauvage, J.-P.; Kern, J.-M. J. Am. 
Chem. SOC. 1989,111,7791-7800. 

phy of the catenate was reformed. Detailed studies of 
catenand 5 and its numerous catenates have been 
performed: spectroscopic,38 e l e c t r o ~ h e m i c a l , 3 ~ ~ ~ ~ , ~ ~  ki- 
netiq4 thermodynamic,4' and molal volume42 properties 
have been investigated. 

(39) Dietrich-Buchecker, C. 0.; Kern, J.-M.; Sauvage, J.-P. J. Chem. 
SOC., Chem. Commun. 1985,760-762. 

(40) Albrecht-Gary, A.-M.; Dietrich-Buchecker, C. 0.; Saad, Z.; Sau- 
vage, J.-P. J. Am. Chem. SOC. 1985,107,3205-3209; 1988,110,1467-1472. 

(41) Arnaud-Neu, F. A.; Marques, E.; Schwing-Weill, M.-J.; Dietrich- 
Buchecker, C. 0.; Sauvage, J.-P.; Weiss, J. New J. Chem. 1988,12,15-20. 

(42) Morel-Desrosiers, N.; Morel, J.-P.; Dietrich-Buchecker, C. 0.; 
Weiss, J.; Sauvage, J.-P. New J. Chem. 1988, 12, 205-208. 
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Figure 7. Synthesis of dimetallic [3]-catenates: strategy based 
on the 3D-template effect of a transition metal (circle) followed 
by a cyclodimerization reaction. The triangles represent chemical 
functions able to react with one another to form a chemical link 
under appropriate conditions. 

Stereochemistry and chirality are invariably associ- 
ated. We have thus been interested in topologically 
chiral catenates and catenands. Classical chirality 
refers to mirror image chemical objects that cannot be 
interconverted by chemically allowed operations such 
as rotation about a bond. In chemical topology, all of 
the seemingly forbidden operations of chemistry are 
allowed except the cleavage of a bond. Only a chemical 
species whose molecular graph has no planar repre- 
sentation may be topologically chiral; otherwise the 
plane of the graph (i.e., the sheet of paper on which it 
is drawn) would be a plane of symmetry. 

The prototypical example of a topologically chiral 
system is that of oriented interlocked rings, as shown 
in Figure 6. The chiral catenate 6+ was prepared by 
the same strategy as for 4+.43,44 It was shown to be 
chiral by NMR studies using a chiral reagent,43 and 
analytical resolution of the enantiomers was subse- 
quently achieved by chromatography on a chiral sup- 
port.44 The pure enantiomers of 6+ may have unusual 
optical properties and may also participate in enan- 
tioselective electron transfer45 and enantiospecific in- 
teraction with DNA.46 

After a [ 21 -catenate, the next logical step is to prepare 
multiring interlocked systems coordinated to several 
metal centers. Not only may these systems provide 
simple ways for building di- or polynuclear species with 
a strictly controlled arrangement of photo- and elec- 
troactive centers suitable for long-range electron 
transfer studies, but they will also have considerable 
topological and aesthetic appeal. 

Initial attempts to prepare a [3]-catenane (three rings 
interlocked) gave very poor yieldst7 although an X-ray 
structure of a 30-54-30 catenate (each number repre- 
senting the number of atoms in the ring) was obtained? 
The more efficient procedure finally adopted is sche- 
matically represented in Figure 7. Using the 3D 
template effect of a transition metal, and starting from 
a prebuilt macrocycle VI containing a coordinating 
fragment, the first step is formation of the tripartite 
precursor VI11 from equivalent amounts of M, VI, and 

(43) Mitchell, D. K.; Sauvage, J.-P. Angew. Chem., Int. Ed. Engl. 1988, 
27,930-931. 

(44) Chambron, J.-C., unpublished results. Analytical resolution 
performed by K. Tachibana at Daicel Chemical Industries, Himeji, Japan. 

(45) Porter, G. B.; Sparks, R. H. J.  Chem. SOC., Chem. Commun. 1979, 
1094-1095. Geselowitz, D. A.; Taube, H. J. Am. Chem. SOC. 1980,102, 
4525-4526. Ohkubo, K.; Hamada, T.; Inaoka, T.; Ishida, H. Inorg. Chem. 
1989,28, 2021-2022 and references. 

(46) Barton, J. K. Science 1986, 233, 727-734 and references cited. 
(47) Sauvage, J.-P.; Weiss, J. J. Am. Chem. SOC. 1985,107,6108-6110. 
(48) Guilhem, J.; Pascard, C.; Sauvage, J.-P.; Weiss, J. J.  Am. Chem. 

SOC. 1988, 110,8711-8713. 

the open-chain fragment VII. As with strategy B of 
Figure 4, there is no problem with statistical mixtures 
of complexes: VI11 must form quantitatively, provided 
that the bis-chelate complexes of M are sufficiently 
strong to discourage chelating fragments from remain- 
ing uncoordinated. By an appropriate choice of reacting 
functions (the dark triangles of Figure 7) and metric 
parameters (ring size, length of VII, etc.), it should be 
possible to prevent VI11 from undergoing an intermo- 
lecular cyclization. If VI1 is sufficiently short to prevent 
intramolecular cyclization, the cyclodimer species IX 
should form. Some higher cyclooligomers may also be 
obtained, leading to even more topologically complex 
interlocked systems. 

The approach used, again based on copper(1) com- 
plexes with two phenanthroline-type chelates, is de- 
picted in Figure 8.49 The oxidative acetylenic coupling 
(Glaser reaction)50 was surprisingly efficient. In its 
previous applications to the synthesis of macrocy- 
c1es,51,52 fine control of the experimental conditions was 
necessary to give reasonable yields, and the same was 
observed in our case. From virtually 0% yield in the 
first attempts, the 30-44-30 compound lo2+ was finally 
obtained in 58% yield by careful control of solvent 
(DMF), temperature (ambient), amounts of copper(1) 
and copper(I1) salts (large), presence of O2 (compulso- 
ry), and concentration. It is noteworthy that the cy- 
clodimerization leading to lo2+ does not require high- 
dilution conditions at  all. Typical concentrations are 
in the range 5-10 mM 7 and 8, so that 1 g of lO2+.2BF4 
can be prepared in 250 mL of solvent. Surprisingly, a 
20% yield of the cyclotrimer was also obtained. This 
compound is a trinuclear copper( I) complex, consisting 
of a central 66-membered cycle interlocked to three 
30-membered rings. The total yield of identifiable 
cyclic products from the oxidative coupling reaction of 
9' was 78%! 

The [3]-catenate lo2+ has been studied in detail by 
lH NMR spectroscopy (chemical shift studies and NOE 
experiments to determine the conformation and mor- 
phology of the system in solution) as well as by X-ray 
~rystallography.~~ The agreement between the two 
methods is excellent. As shown in Figure 8, the mo- 
lecular shape of lo2+ is compacted and globular due to 
strong 7r-type stacking interactions between the two 
copper(1) complex subunits, involving the 1,lO- 
phenanthroline nuclei and phenyl rings. This results 
in a distance of only 8.1 A between the copper(1) ten- 
ters, whereas in an expanded arrangement this distance 
would have been over 12 A. This situation is favorable 
to intramolecular communication between two metal 
centers occupying the copper(1) sites. 

With the aim of inducing electron transfer from one 
site (MLCT excited state of one copper(1) subcomplex) 
to the other, the synthesis of heterobimetallic catenates 
has been undertaken. Cu(I)/Ag(I) and Cu(I)/Co(II) 

(49) Dietrich-Buchecker, C. 0.; Khemiss, A.; Sauvage, J.-P. J. Chem. 
SOC., Chem. Commun. 1986,1376-1378. 

(50) Glaser, C. Ber. Dtsch. Chem. Ges. 1869,2, 422-424. Glaser, C. 
Justus Liebigs Ann. Chem. 1870,154, 137-171. 

(51) Eglington, G.; Galbraith, A. R. Chem. Ind. (London) 1956, 
737-738. Eglington, G.; Galbraith, A. R. J. Chem. SOC. 1959, 889-896. 

(52) Sondheimer, F.; Amiel, Y. J. Am. Chem. SOC. 1957,79,5817-5820. 
Sondheimer, F.; Amiel, Y.; Wolvsky, R. J.  Am. Chem. SOC. 1957, 79, 

(53) Dietrich-Buchecker, C. 0.; Guilhem, J.; Khemiss, A. K.; Kint- 
zinger, J.-P.; Pascard, D.; Sauvage, J.-P. Angew. Chem., Int. Ed. Engl. 

6263-6267. 

1987,26,661-663. 
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Figure 8. Preparation of the dicopper(1) [3]-catenate lo2+ (58% yield from 7 and 8); X-ray structure of IO2+. 

[ 31 -catenates have already been obtained,54 and elec- 
trochemical studies indicate that there is a ground-state 
electrostatic interaction between the subunits. Photo- 
physical studies are underway. 

Regarding multicatenands, it should be stressed that 
the making of interlocked ring polymers similar to real 
molecular chains or collars has been dreamt of by 
polymer chemists for a long time. Although it is too 
early to know whether such interlocked polycyclic ma- 
terials will display magic mechanical or rheological 
properties, their synthesis represents an extremely 
challenging problem to tackle. Indeed, interpenetrating 
network polymers and cyclic polymers trapped into 
network structures display nontrivial topological prop- 
e r t i e ~ . ~ ~  These materials are of growing practical im- 
portance. An extension of the cyclodimerization ap- 
proach (Figure 7) can easily be imagined, leading to 

(54) Dietrich-Buchecker, C. 0.; Hemmert, C.; Sauvage, J.-P. New J. 
Chem., in press. 

(55) Mark, J. E. Acc. Chem. Res. 1985, 18, 202-206. Clarson, S. J.; 
Mark, J. E.; Semlyen, J. A. Polymer Comm. 1986,27,244-245. Clarson, 
S .  J.; Mark, J. E.; Semlyen, J. A. Polymer Commun. 1987,28,151-153. 
Sperling, L. H. CHEMTECH 1988,104-109. 

Figure 9. Possible strategies for making interlocked ring poly- 
mers. 

X l l l  
XI1 

Figure 10. Toward molecular knots: strategy based on the double 
3D-template effect of two transition metals able to twine two 
molecular threads. 
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Figure 11. Synthesis of the molecular knots 132+ and 14 (3% yield from 11). 14 and 15 are topological stereoisomers (Figure 2), both 
being 86-membered rings. 
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interlocked polymers, as schematically represented in 
Figure 9. 

Synthesis of the Trefoil Knot 
Despite many early difficulties, recent results from 

our group5fi open the door to the preparation of knots 
constructed around transition-metal ion templates. As 
noted earlier, the synthesis of chemical knots is a par- 
ticularly appealing task linked to the graphic arts,'-3 
mathematics, and molecular Our strategy 
is shown in Figure 10. The strategy rests on the for- 
mation of a helicoidal intermediate (XI) from two bis- 
chelating threads (X) and two metal ions. The first 
difficulty will be a possible lack of selectivity in the 
reaction leading to XI. Although the choice of chelating 
moiety in X was dictated by our experience with 1,lO- 
phenanthroline based systems, the choice of linker be- 
tween the two chelating subunits was much less obvious. 
Several geometrical factors had to be considered: (1) 
The linkage must be short and rigid enough to prevent 
X from forming a mononuclear complex by the folding 
up of the bis-chelate metal thread onto one metal cen- 
ter. (2) However, the pitch of the double helix (XI) will 
be much more favorable to the cyclization leading to 
XI1 if the linker is sufficiently long. (3) The linker must 
be as thin as possible, to avoid steric compression in 
XII. 14) Formation of cyclic or linear oligomer com- 
plexes of X and the metal has to be inhibited. In ad- 
dition, the linker must be sufficiently chemically robust 
to withstand the synthesis of X and cyclization to XII. 
Several bi- or polynuclear complexes with a double- 
helical arrangement of ligands have been 

Although far from being ideal, the -(CHJ4- linker 
between two substituted 1,lO-phenanthroline subunits 
provided a molecular thread which formed a suitable 
double-helical complex with copper(1). The synthetic 
pathway is shown in Figure 11. 

The thread 11 was obtained in three steps from 
1,lO-phenanthroline in 65% yield. I t  can be readily 
prepared on a gram scale. After addition of a stoi- 
chiometric amount of CU(CH~CN)~+.BF;, a small pro- 
portion of the double-helicoidal complex 122+ was 
formed. Detailed 'H NMR studies carried out on the 
0-methylated analogue of 11 indicated that a 1:l mix- 
ture of Cu(1) and the ligand contains about 15% of the 
desired dicopper(1) double helix. This may explain the 
low yield (3%) of 132+ in the cyclization reaction (1:l 
mixture of 1 I and CU(CH~CN)~+.BF~- in DMF at 60 "C, 
with excess Cs2C03). Purification required difficult 
chromatographic separation, since various other cyclic 
products were also isolated and characterized from this 
reaction.6f 
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Figure 12. A possible strategy for synthesizing multiply inter- 
locked rings or knotted single curves from polymetallic double 
helices. 

Demetalation of 13?++ was carried out as usual with 
KCN, leading quantitatively to the free knotted ligand 
14. The interconversion between 132+ and 14 could be 
performed several times without noticeable change: it 
involves a large molecular reorganization since the to- 
pography of the dicopper(1) complex 132+ is very dif- 
ferent from that of 14 according to 'H NMR studies. 
The structure of 14 (an 86-membered ring) was con- 
firmed in two ways: (1) We also isolated 0.4% of 15, 
the unraveled topological stereoisomer of 14, and both 
compounds behave similarly in FAB mass spectrosco- 
py62 (calculated molecular weight 1610, found 1609.9) 
as expected for compounds having exactly the same 
sequence of atoms and valence bonds. (2) 'H NMR 
studies showed the trefoil knot 14 to be chiral, whereas 
the topological stereoisomer 15 showed no sign of chi- 
rality. 

The dicopper(1) complex 132+ is a crystalline solid 
whose X-ray structure is currently under investigationUa 
At the present stage, we have only 50 mg of the free 
ligand 14, which should exhibit fascinating dynamic and 
conformational properties. We are confident that it will 
be possible to improve the yields of kgotted systems 
dramatically by slight structural modifications and that 
we shall one day be able to visualize these molecules 
with crystallographic methods. 

Finally, we note that the concept of using polynuclear 
double helices as precursors to more complex inter- 
locked and knotted systems can be generalized. The 
principle is explained schematically in Figure 12, but 
a t  the moment this is just an intellectual game. As a 
general rule, if the number of metal centers is even, the 
number of crossing points in the molecular graph after 
cyclization is odd, and a single closed knotted curve is 
formed (trefoil, pentafoil, heptafoil, etc. from two, four, 
six, etc. metal centers, respectively). If the double helix 
is built around an odd number of templating metals, 
there will be an even number of crossing points, which 

(63) Guilhem, J.; Pascard, C., work in progress. 
(64) Note Added in Proof (a) After this paper was written, the 
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Vicent, C.; Williams, D. J. Angew. Chem., Int. Ed. Engl. 1989, 28, 
1396-1399. (b) The X-ray structure of the dicopper trefoil knot 132+ has 
been solved: Dietrich-Buchecker, C. 0.; Guilhem, J.; Pascard, C.; Sau- 
vage, J.-P. Angelc. Chem., in press. 
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will result in multiply interlocked [2]-catenanes (two 
singly, doubly, triply, etc. interlocked rings from one, 
three, five, etc. metals, respectively). 
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While photochemistry of gases and liquids is a mature 
research field1i2 and photochemistry on semiconductors 
is relatively well-~tudied,~ photochemistry at  metal 
surfaces is a newly emerging area.4-14 This Account 
describes the status of our current research on the 
surface science of photochemistry at adsorbate-metal 
interfaces; it forms part of an expanding, worldwide 
effort to understand, for m e t a l ~ , ~ - l ~   semiconductor^,^ 
and in~ulators, '~ the role of the surface on the mecha- 
nistic and dynamical aspects of photon-driven surface 
processes. Our work, summarized in Table I, has fo- 
cused on intraadsorbate bond-breaking processes. 
Particular examples, illustrating important points, are 
discussed below. 

When a molecule is near a metal surface, its chemical 
and optical properties are altered, and the metal sub- 
strate itself can play a direct photochemical role by 
absorbing light and serving as a source of energy for 
activating the adsorbate. It can also quench excited 
adsorbates. Thus, we expect gas- and liquid-phase 
photo processes to change qualitatively and quantita- 
tively a t  surfaces. For example, it is well-known that 
fluorescence, a nanosecond phenomenon, is very 
strongly quenched near metal surfaces,16-18 an effect 
attributed to nonradiative energy transfer.17J9 For 
adsorbed molecules, electronic quenching can proceed 
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through charge t r a n ~ f e r , ~ ~ a  which occurs on a time scale 
from a few femtoseconds (fs = s) for resonant 
electron tunneling20i21 to - lo2 fs for Auger neutraliza- 

(1) Okabe, H. Photochemistry of Small Molecules; Wiley-Interscience: 
New York, 1978. 

(2) Calvert, J. G.; Pi th ,  J. N., Jr. Photochemistry; Wiley-Interscience: 
New York, 1966. 

(3) Creighton, J. R. J .  Vac. Sci. Technol. 1986, A7, 669. Ying, Z. C.; 
Ho, W. J .  Chem. Phys. 1989, 91, 5050. Ho, W. Comments Condens. 
Matter Phys. 1988, 13, 293. Swanson, J. R.; Friend, C. M.; Chabal, Y. 
J. J .  Chem. Phys. 1987,87, 5028. Morrison, S. R. Electrochemistry at 
Semiconductor and Oxidized Metal Electrodes; Academic Press: New 
York. 1980. Ehrlich. D. J.: Tsao. J. Y. J.  Vac. Sci. Technol. 1983. E l .  969. 

(4) Chuang, T. J: Suri. Sci. 1983, 3, 1. Domen, K.; Chuang, T.'J. J .  

(5) Hanley, L.; Guo, X.; Yates, J. T., Jr. J.  Chem. Phys. 1989,91,7220. 

(6) Wolf. M.: Nettesheim. S.: White. J. M.: Hasselbrink. E.: Ertl. G .  

Chem. Phys. 1989, 90, 3332. 

Hanley, L.; Guo, X.; Yates, J. T., Jr. Surf. Sci., in press. 

J .  Chem. Phys. 1990,92,15&. Hasselbrink, E.; Jakubith, S.;'Nettesheim, 
S.; Wolf, M.; Cassuto, A.; Ertl, G. J.  Chem. Phys. 1990, 92, 3154. 

(7) Cowin, J. P.; Marsh, E. P.; Meier, W.; Gilton, T. L.; Schneider, M. 
R. Proc. SPIE-Int. Soc. Opt. Eng. 1989, 1056, 139. Marsh, E. P.; Ta- 
bares, F. L.; Schneider, M. R.; Gilton, T. L.; Meier, w.; Cowin, J. P. J .  
Chem. Phys. 1990, 92, 2004. 

(8) Mieher. W. D.: Ho. W. J .  Chem. Phvs. 1989.91.2755. Germer. T. 
I ,  

A.;'Ho, W. J.'Chem.'Phys. 1988, 89, 562.- 
(9) Buntin, S. A.; Richter, L. J.; Cavanagh, R. R.; King, D. A. J.  Chem. 

Phvs. 1988.89.5344. Buntin, S. A.; Richter, L. J.; King, D. A.; Cavanagh, 
R.R. J .  Chem. Phys. 1989,91, 6429. 

C. D.; Wang, J. H.; Xu, G.-X. J .  Phys. Chem. 1989, 93, 7761. 

WI, 1989), in press. 

88, 4200. 

(IO) Cho, C.-C.; Colling, B. A.; Hammer, R. E.; Polanyi, J. C.; Stanner, 

(11) White, J .  M. Proc. Int. Summer Inst. Surf. Sci., 9th (Milwaukee, 

(12) Goncher, G. M.; Parsons, C. A.; Harris, C. B. J .  Phys. Chem. 1984, 

(13) Grassian, V. H.; Pimental, G. C. J .  Chem. Phys. 1988,88, 4484. 
(14) Celii, F. G.; Whitmore, P. M.; Janda, K. C. Chem. Phys. Lett. 

1987, 138, 257. 
(15) Dixon-Warren, St. J.; Harrison, I.; Leggett, K.; Matyjaszczyk, M. 

S.; Polanyi, J .  C.; Young, P. A. J .  Chem. Phys. 1988,88,4092. Villa, E.; 
Dagata, J. A.; Lin, M. C. J .  Chem. Phys. 1990,92,1407. Bourdon, E. B. 
D.; Das, P.; Harrison, I.; Polanyi, J. C.; Segner, J.; Satnners, C. D.; Young, 
P. A. Faraday Discuss. Chem. Soc. 1986,82,343. Tabares, T. L.; Marsh, 
E. P.; Bach, G .  A.; Cowin, J. P. J. Chem. Phys. 1987,86,738. Cho, C.-C.; 
Polanyi, J. C.; Stanners, C. D. J .  Chem. Phys. 1989, 90, 598. Harrison, 
I.; Polanyi, J. C.; Young, P. A. J. Chem. Phys. 1988, 89, 1475, 1498. 
Domen, K.; Chuang, T. J. J .  Chem. Phys. 1989, 90, 3318. 

(16) Whitmore, P. M.; Robota, H. J.; Harris, C. B. J .  Chem. Phys. 
1982, 77, 1560. 
(17) Chance, R. R.; Prock, A.; Silbey, R. J .  Chem. Phys. 1975,62,2245; 

1975,63, 1589. 
(18) Waldeck, D. H.; Alivisatos, A. P.; Harris, C. B. Surf. Sci. 1985, 

198, 103. 
(19) Avouris, P.; Persson, B. N. J. J .  Phys. Chem. 1984, 88, 837. 
(20) Avouris, P.; Walkup, R. E. Annu. Reu. Phys. Chem. 1989,40, 1. 

0 1990 American Chemical Society 


