
Chem. Rev. 1995,95,2725-2828 2725 

Interlocked and Intertwined Structures and Superstructures 

David 6. Amabilino and J. Fraser Stoddart’ 

school of Chemisw, The Universily of Birmingham, Edgbasm, 6irmingham 815 27l, UK 

Received Apri/Zf, f995(Revised Manusripf Received ocfober2, 1995) 

Contents 
I. Introduction 2725 
II. Early Attempts at the Chemical Synthesis of 2727 

Interlocked Compounds 
A. Statistical Methods for Catenane and 2727 

Rotaxane Synthesis 
B. Cylinders, Mobius Strips, Macmcycles, and 2729 

Catenanes 
C. “Directed” Synthesis of Catenanes and 2730 

Rotaxanes 
111. Helices, Catenanes, and Knots from the Natural 2733 

World 
IV. The Chemical Synthesis of Catenanes and 

Rotaxanes Incorporating Cyclodextrins 
V. Synthetic Double and Triple Helices 
VI. Catenanes, Rotaxanes, and Knots Incorporating 

Metal Ions 
VII. Catenanes and Rotaxanes Based on n-Electron 

Acceptors and n-Electron Donors 
A. Mutual Molecular Recognition between 

n-Electron Acceptors and n-Electron Donors 
B. Catenanes 
C. Pseudorotaxanes 
D. Rotaxanes 

2738 

2745 
2758 

2774 

2774 

27-16 
2792 
2794 

VIII. Hydrogen Bonding for Catenane and Rotaxane 2802 
Self-Assembly 
A. Amide-Containing Interlocked Compounds 2802 
B. Ammonium Ions for Rotaxane Construction 2806 

2808 
DNA 

IX. The Construction of Geometrical Objects from 

X. Polyrotaxanes and Polycatenanes 
A. Entanglement in Polymers 
B. Interpenetrating Polymer Networks 
C. Polyrotaxanes 
D. Polycatenanes 
E. Crystals Containing Networks of Interlocking 

Supramolecular Arrays 
XI. Overview and Opportunities 
XII. Acknowledgments 
XIII. References 

281 1 
281 1 
2812 
2813 
2816 
2817 

2819 
2821 
2821 

1. Introduction 
“How can anyone not find these beautiful 

molecules fmcimting?!” 
S c i e n t i s t s  draw great inspiration2 from the o b j e c t s  

that surround t h e m  in the world at large, w h e t h e r  
they come from m o t h e r  nature, or art3 or architec- 
ture? or w h e r e v e r  else. Comparisons with e v e r y d a y  
ob jec ts  often aid us in understanding and c o m -  
m u n i c a t i n g  about systems in action, as well as in the 
c o n c e p t i o n  and r e a l i z a t i o n  o f  new c h e m i c a l   design^.^ 
The “cha i r ”  and “boat”  forms of the cyclohexanes,B 
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or complexes. Thus, a [2lcatenane is comprised of 
two interlocked macrocycles, a [2lrotaxane is com- 
prised of one dumbbell component and one macro- 
cycle, and a pseudo[2lrotaxane is comprised of one 
macrocycle with a rodlike molecule inserted through 
its center. The nomenclature for polymeric systems 
is also defined in Figure 2. 

The concept of chemical topology is highly relevant 
when considering interlocked structures. Many 
excellent discussions have appeared concerning this 
subject, by van Gulick,lg Frisch and Wasserman,2O 
and Sokolov,21 and more, recently, by Lipatov, 
Lipatova, and Kosyanchuk,22 Walba%, Chambron, 
Dietrich-Buchecker, and Sa~vage ,2~ and Liang and 
Misl0w.2~ Therefore, only the key concepts need be 
mentioned in this review. A compound is said to be 
topologically nontrivial if, by a continuous deforma- 
tion of the bonds between the atoms, it cannot be 
converted into another isomer of the compound 
although the connectivity may be the same. They 
possess nonplanar molecular graphs when embedded 
in three-dimensional ~pace .2~  Catenane molecules 
are “topological isomers” 2o of the separated compo- 
nent rings (Figure 3). Each of the rings in the 
catenane is homeomorphic with the ring in isolation, 
but they are not isotopic. This property is apparent 
when their molecular structures are analyzed. A 
[2lcatenane cannot be drawn on a piece of paper 
without a t  least two crossing points, i.e. the structure 
has a nonplanar graph when embedded in three- 
dimensional meaning that it cannot be 
converted into the constituent rings without physi- 
cally breaking one of the macrocycles, and then 
re-forming the cycle in the absence of the other. Con- 

A Double Helix A Trefoil Knot 
Figure 1. A simple collection of interlocked molecules and 
intertwined supermolecules. 

and Emil Fischer‘s “lock-and-key” hypothesis of 
enzyme action’ are two examples of well-established 
teaching aids. Dendrimers* and arbomlsg cannot fail 
but to be likened to the trees of the natural world, 
while fullerenes4 derive their name from architecture 
and CSO, sometimes referred to as “footballene”, is 
most easily envisioned as a soccer ball. There has 
even been a suggestionlo of “molecular shish-kebabs”! 
Interlocking and intertwining objects are all around 
us. The laces on our shoes contain threads which are 
woven together to form the laces, which we then tie 
in the form of a “knot” (in layman’s terms!). Chains 
of all kinds are commonplace. Yet, until relatively 
recent times, the existence of interlocked and inter- 
twined structures a t  the molecular level had not been 
realized in the laboratory. Catenanes,” rotaxanes,12 

and helices15 (Figure 1) have captured the 
imaginations of a wide spectrum of the scientific 
community. This interest is not only because of their 
undisputed beauty,’6 but also a result of the potential 
applications that might be addressed by incorporat- 
ing the aspect of entanglement into chemical systems. 
Perhaps for this reason, as well as for the improved 
methods of their synthesis, the last few years have 
witnessed an explosion in research carried out into 
the creation of interlocked and intertwined chemical 
structures and superstructures. 

Catenanes,” from the Latin catena meaning chain, 
are molecules which contain two or more interlocked 
rings, which are inseparable without the breaking of 
a covalent bond. Rotaxanes, from the Latin rota 
meaning wheel, and axis meaning axle, are com- 
prised of a dumbbell-shaped component, in the form 
of a rod and two bulky stopper groups, around which 
there are encircling macrocyclic component(s). The 
stoppers of the dumbbell prevent the macrocycle(s) 
unthreading from the rod. When these stopper 
groups are absent from the ends of the rod, or if the 
bulky groups are of insufficient size to stop equilibra- 
tion of the bead, we refer to the corresponding 
complexes as pseudorotaxanes. Schill has pointed 
out” that a wide range of interlocked structures is 
accessible from such entities (Figure 2). Other 
groups refer to this type of structure as a prerotaxane 
or precatenane,18 depending on the target compound. 
The nomenclature employed with these systems 
involves placing (in square brackets) the number of 
the components before the name of the compounds 

-9- 
A PseudolZlRotaxane 
or *‘Pre-Gtenaneq8 

A Pseudopolyrotaxane 

L 

A Polyrotaxane 

A Linear Polycatenane 
Figure 2. Some examples of nomenclature in operation. 
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Figure S. Topological isomerismz0 as it relates to a [21- 
catenane, a trefoil knot, and a doubly interlocked 121- 
catenane. 

versely, r o k a n e s  are not topological isomers of their 
component parts. Deformation of the macrocyclic 
component of a [2lrotaxane allows it to be removed 
from the dumbbell component, i.e. the [alrotaxane 
can be drawn as a planar graph when embedded in 
three-dimensional space. In reality, [2Irotaxanes can 
be prepared with sufficiently large blocking groups 
such that the components are inseparable, illustrat- 
ing that covalent bonds are not able to be stretched 
infinitely! To all intents and purposes, the chemical 
components are interlocked (or reversibly threaded). 
Clearly, helices are not topological isomers of their 
component threads, since they can be unravelled 
from one another. However, by linking the termini 
of a double helix in the correct manner, a range of 
topological stereoisomers can be generated.13 The 
simplest of these is the trefoil knot, which is a 
topological diastereoisomer of the corresponding 
macrocycle since the two are not mirror images. In 
addition, the trefoil knot is chiral and so can exist as 
two topological enantiomers (Figure 3). It may also 
be noted that a singly interlocked L2lcatenane is a 
topological diastereoisomer of the two homeomorphic 
topologically enantiomeric doubly interlocked 
[2lcatenanes. 

It has been pointed out by Sauvage and Dietrich- 
Buchecker,26 in one of the most recent comprehensive 
reviews concerning catenanes, that the tremendous 
advances in analytical chemistry, complemented by 
the remarkable developments in synthetic method- 
ology-particularly in the field of supramolecular 
chemistryz7-not to mention the emergence of self- 

have allowed the creation and charac- 
terization of chemical structures and superstructures, 
which, until not so long ago, had been merely wild 
dreams in the minds of the chemists. This review 
discusses research which relates to the creation of 
molecules and supermolecules that have made some 
of these wild dreams come true. Each family of 
chemical species is discussed in sections, each genre 
being introduced, as far as possible, in chronological 
order, before being updated to its "state-of-the-art". 
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11. Early Attempts at the Chemical Synthesis of 
Interlocked Compounds 

In order to put the more recent advances in 
research into catenanes and rotaxanes into perspec- 
tive, only a r6sum6 of the early successes in the 
synthesis and isolation of interlocked rings is given 
here, in the knowledge that this area has been 
reviewed extensively A number of 
different conceptual approaches toward the synthesis 
of catenanes were disc~ssed '~ by Luttringhaus et al. 
in 1958, along with the first, apparently unsuccessful, 
deliberate attempt a t  the synthesis of a compound 
containing two interlocked rings. The latter will be 
discussed in section TV. The former will be sum- 
marized in this section. 

A. Statistical Methods for Catenane and Rotaxane 
Synthesis 

The chance formation of one macrocycle, while 
being threaded through another, has been termedz6 
the "statistical" approach. It was this approach that 
was responsible for providing the first experimental 
evidence for the formation of a L2lcatenane. Wasser- 
man's historic %reparation of interlocking rings" was 
achievedz9 in less than 1% yield by the cyclization 
(Figure 4) of a diethyl tetratriacontanedioate, to form 

2. HOAc 

Figure 4. The synthesism of a 12lcatenane in less than 
1% yield by the statistical approach. 

a cyclic acyloin, in the presence of an excess of a 
pentadeuterated C34 cycloalkane, which was intro- 
duced with the solvent (xylene) into the reaction 
mixture. The [2lcatenane's existence was established 
using chemical methods. The presence in one of the 
products of the reaction of the pentadeuterated 
macrocycle, after cleavage of the acyloin ring from 
the material rendered free from the starting penta- 
deuterated macrocycle, could only arise, it was 
armed, from a compound composed of two interlock- - 
ing rings. 

The first synthesis (Figure 5) of a [2lrotaxane was 
reported by Hamson and Harrison30 in 1967. They 
called it a "hooplane". A cyclic ketone with a pendant 

Resin 

I- 
&//// 

O 

Figure 5. The synthesis30 of a 12lrotaxane in 6% yield by 
the statistical method repeated 70 times on the surface of 
a resin. 
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Unstable Stable 

Figure 6. The preparation3I of [2lrotaxanes using the 
“statistical slipping” methodology. 

carboxylic acid function was coupled to a Merrifield 
resin, which was treated on a column repeatedly (70 
times!) with decane-1,lO-diol and triphenylmethyl 
chloride. Cleavage of the rings from the resin, 
followed by purification, yielded the [alrotaxane in 
6% yield. It was characterized by IR spectroscopy 
and degradation studies. Later, I. T. Harrison31 
reported (Figure 6) the “statistical slipping“ of a 
mixture of cyclic hydrocarbons over the end groups 
of the dumbbell-shaped 1,lO-bis(tripheny1methoxy)- 
decane at 120 “C. Heating of the “slipped” rotaxane 
caused the reverse reaction to take place. The 
rotaxane incorporating the “slipped” C29 macrocycle 
was stable at ambient temperature, while those 
greater in size than C33 were extremely labile. The 
synthesis of the [2lrotaxanes was also achieved32 by 
reversible bond breaking and bond formation involv- 
ing the stopper groups of the dumbbell component 
with acid in the presence of a variety of macrocycles. 
The largest yield obtained using this method was 
only 1.6%. 

The “statistical” methods of Zilkha and Agam33 
brought the yields of “rotaxanes” up to more respect- 
able figures. The reason for placing “statistical” in 
quotation marks is that the method might involve a 
small amount of molecular recognition associated 
with it and so may be a little more than just 
statistical. The reason for placing “rotaxanes” in 
quotation marks is that none of the species produced 
can formally be regarded as rotaxanes since the 
threading components remained unstoppered. Even 
so, the results that the authors describe in their 
 publication^^^,^^ of 1976 are highly significant. In 
their first series of experiments, pseudopolyrotaxanes 
were prepared by “statistical threading” of dibenzo 
crown ethers on to poly(ethy1ene glycols) at elevated 
temperatures, followed by polymerization of the 
assemblies with naphthalene-l,5-diisocyanate to form 
polyurethanes. Although purification of the polymers 
was not achieved, the degree of threading on to the 
polyurethane chain was evaluated by absorbing the 
reaction product on to  silica gel and back-extracting 
the free crown ether. It was assumed that unthread- 
ing was only significant toward the ends of the 
polymer chains, it being suggested that coiling up of 
the polymer chain would trap the rings near the 
central part of the chains. The extent of threading 
was found to be dependent upon (i) the proportions 
of the two components, (ii) the sizes of the rings, (iii) 
the lengths of the threads, and (iv) the total volume 
of the reaction mixture. Degrees of threading of up 

to approximately 60% were achieved with poly- 
(ethylene glycol) 1000 and dibenzo-58.2-crown-19.4 
(a mixture of crowns!). After mixing neat poly- 
(ethylene glycol) 400 and dibenzo-58.2-crown-19.4 at 
130 “C, followed by addition of triphenylchloromethane 
and pyridine, the researchers isolated (Figure 7) a 
“[2lrotaxane” in 15% yield, although it must be 
pointed out that the trityl stoppers at  the ends of the 
poly(ethy1ene glycol) chains would be much too small 
to  prevent unthreading of the large crown ether rings. 
Despite this potential drawback, the neat isolated 
“rotaxane” was decomposed by only 30% aRer heating 
for 10 h at 130 “C. Dissociation of the dumbbell from 
the bead in solution was found to be dependent on 
the nature of the solvent; it is slow in o-xylene and 
relatively fast in 2-octanol. The heat of the reaction 
for the rotaxane going to ring plus chain is 9.5 kcal 
mol-l, a value which the authors considered to  be the 
approximate magnitude of the dipole interactions 
between the poly(ethy1ene oxide) moieties in each 
component. Such a scenario would perhaps explain 
the relatively high yield obtained in the synthesis. 
In addition, the activation energy required for the 
threading process is approximately 3.4 kcal mol-’, 
whereas the activation energy for decomposition is 
approximately 15.9 kcal mol-l. It was argued that, 
since the threading process does not require the 
breaking of electrostatic interactions, it would be 
expected to be associated with a lower energy barrier. 
The incorporation of a bromomethyl group into each 
of the trityl groups in the “[2lrotaxane” also provided 
a route to  the synthesis (Figure 8) at high dilution 
of a L2lcatenane in 14% yield.34 The structure of the 
K2lcatenane was confirmed by hydrolysis of the trityl 
groups and analysis of the product. The zinc/copper 
couple in DMF, the reaction conditions which gave 
rise to  the [2lcatenane, also afforded a compound 
whose structure was proposed to  be a “[4lrotaxane”, 
in 8% yield. Remarkably, the further reaction of 
this “[41rotaxane” to  form a polyrotaxane was not 
reported. 

The “statistical” approach of Harrison was also 
applied by Schill and c o - ~ o r k e r s ~ ~  to the preparation 
of [2lrotaxanes in which triarylmethanethiol blocking 
groups on the termini of an alkyl thread were 
equilibrated using p-toluenesulfonic acid in the 
presence of cycloalkanes. Yields of up to 11.3% were 
achieved with the optimum ring size for the cyclo- 
alkane and the appropriate chain length in the 
dumbbell component. The reactions were followed 
by HPLC. More recently, the same kind of statistical 
approach is claimed to have afforded36 a [2lrotaxane 
in 49% yield. Reaction of 1,12-bis(triphenylmethoxy)- 
dodecane with p-toluenesulfonic acid in the presence 
of [2.18lparacyclophane in a bomb at 100 “C for 1 h 
yielded a mixture which was treated with triethyl- 
amine before being subjected to column chromatog- 

Figure 7. A “[2]rotaxane” prepared from poly(ethy1ene 
glycol) and a mixture of dibenzo crown ethers.33 
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DMF Zn/Cu 1 
+ 

I l l  

Figure 8. The synthesis34 of a [2]catenane and a “[4]rotaxane”. 

raphy. Broad signals resonating at 6 0.8-0.9 in the 
‘H NMR spectrum of the product indicated the 
location of part of the aliphatic chain of the dumbbell 
in the shielding zone of the aromatic residues of the 
cyclophane. No mass spectroscopic evidence for the 
product was presented in the communication. 

B. Cylinders, MUbius Strips, Macrocycles, and 
Catenanes 

It was Frisch and WassermanZoa who first recog- 
nized that the formation of catenanes is possible as 
a result of cleavage of the links (Figure 9) in a doubly 
twisted striplike molecule. The ob~ervat ion~~ of large 
carbon macrocycles in the products of the transition 
metal-catalyzed metathesis of cyclic olefins led to the 
hypothesis that Mobius strips, catenanes and knots 
may be present in these reaction mixtures. Indeed, 
this proposal proved to be correct. It was substanti- 
ated independently and simultaneously by Wolovsky38 
and by Ben-Efraim, Batich, and W a ~ s e r m a n . ~ ~  In 
both papers, the presence of the catenated hydro- 
carbons in the metathesis reaction products was 
inferred directly from mass spectroscopic evidence. 
The proposed mechanism of formation of interlocked 
structures is surprizing in view of the current theory 
regarding metathesis reactions of this type (carbene 
mechanism). 

The first synthesis of a molecular Mobius strip 
compound, an “isomer” (Figure 9) of a cylinder which 
has one side and one edge, was achieved by Walba 
and his co-worker~ ,~~ and was reported in 1982. The 
synthesis was developed from an earlier prepara- 
tion41 of cylindrical macropolycyclic hosts comprised 
of fused crown ethers incorporating the tetrakis- 
(hydroxymethy1)ethylene (THYME) residue.42 The 
THYME diol ditosylate 1 was cyclized under high 
dilution conditions to  yield (Figure 10) the cylindrical 
compound 2 and the chiral molecular Mobius strip 
derivative 3 in 24% and 22% yields, respectively. The 
identity of the ~ h i r a l ~ ~  Mobius strip derivative 3, 
which contains no tetrahedral stereogenic centers, 

and is not rigid, was confirmed by addition of Pirkle’s 
reagent [(+)-2,2,2-trifluoro-9-anthrylethanoll to  a 
solution of the compound. Two distinct olefinic 
carbon resonances were evident in the 13C NMR 
spectrum of the chiral Mobius strip compound 3, 
while the spectrum of the cylindrical compound 2 

t i  n 

Figure 9. Possible approaches20a to the synthesis of a 
[2]catenane and a trefoil knot  by cleaving links in twisted 
striplike molecules. 

nn nn A n  
H O v O  0 0 ~ 0  0 0 ~ 0  0 OTs 

NaH, DMF 
High dilution I 

2 3 
Figure 10. The cyclization of THYME diol ditosylate 1 to 
give a cylindrical compound 2 and the molecular Mobius 
strip 3.40 
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shows only one. The authenticity of 3 was also 
confirmed chemically.4 Ozonolysis of 2 and 3 inde- 
pendently produced two separate homologous 
macrocycles, a smaller triketone from the double- 
edged cylinder compound 2, and a larger hexaketone 
from the single-edged strip derivative 3. A problem 
was encountered in the isolation of these materials 
because of the ease of decomposition of the macro- 
cyclic ketones. This problem was o~ercome‘~ by 
treating the macrocyclic ketones with lithium-free 
methylenetriphenylphosphorane to afford the corre- 
sponding crown ethers. The polymethyleneated prod- 
ucts were stable and easy to characterize. The 
possibilities of preparing catenanes, from doubly half- 
twisted strip compounds, or knots, from triply half- 
twisted strip compounds, are limited presently by the 
statistical nature of the twisting required in the 
precursors. The efficient syntheses of compounds 
with interlocked structures in a straightforward 
manner is always going to require an element of 
direction! 

C. “Directed Synthesis of Catenanes and 
Rotaxanes 

Clearly, the “statistical” approach for the creation 
of molecular structures with aspects of interlocking 
or entanglement has extreme limitations since the 
yields obtained using this method are associated with 
chance events and so must always be low. The use 
of a template:‘j,‘’ or “auxiliary linkage”,ii is essential 
for the efficient synthesis of compounds with inter- 
locked structures. Figure 11 shows the principle 
behind this general approach. The components of the 
rings that are to become incorporated into a [21- or 
L3lcatenane are brought together in relative orienta- 
tions such that the most favored outcome from 
linking the (appropriate) termini of the oriented 
components is that of interlocked rings. It is clear 
that the template could be, for example, (i) a covalent 
bond, (ii) a coordinative bond, or (iii) a noncovalent 
bond. 
Six years after the first reported attempt to make 

a [2lcatenane, Luttringhaus and S ~ h i l l ~ ~  reported the 
use of covalent bonds as templates in what they 

Covalent or 
Noncovalent 

Lmk 

Figure 11. Approaches to the synthesis of [21- and 
13lcatenanes employing auxiliary linkages associated with 
a covalent, a coordinative, or a noncovalent bond. 

Amabilino and Stoddan 
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I 

‘cH”- (CH& 

M a 0  41 0 WOMe OS.( >e 9 
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Figure 12. The “directed” synthesis50 of the [Zlcatenane 
9. 

described as “directed” catenane syntheses. This 
approach involves incorporation of a relatively labile 
covalent linkage between one moiety from a compo- 
nent of each of the rings, such that the reactive 
termini from each component are directed away from 
one another. Steric control prevents unfavorable 
cyclizations which would normally be more favored 
when using the “statistical” method.49 In this 
situation, the steric effect is acting as a negative 
template.‘? Many ingenious and elaborate synthetic 
schemes have been designed and executed by Schill 
and his eo-workers, many of which are presented” 
in his book, Catenanes, Rotaxanes and Knots. Rather 
than retrace the historically important work pre- 
sented therein, the directed approach to the synthesis 
of catenanes and rotaxanes using covalent bonds as 
templates will be illustrated with a few recent and 
interesting examples. 

In 1981, the syntheses (Figure 12) of two new 
[2lcatenanes were reported.50 This research epito- 
mizes the elegant strategy that has been developed 
over the years by the Schill whereby the size 
and functionality of the component rings have been 
varied systematically. The bisaldehyde 4 was con- 
verted into a bisalkyne using a four-step procedure 
starting with a Wittig reaction, followed by subse- 
quent cyclization of the bisalkyne and reduction, in 
a manner similar to that employed by Isele and 
Scheib5* in analogous systems, to afford the macro- 
cycles 5. Demethylation of the phenol methyl ether 
functions paved the way for ketal formation, which 
was followed by nitration of the aromatic ring. 
Catalytic reduction of the nitro compound produced 
the aromatic amine 6, which was cyclized to form the 
double ansa compound 7. In this synthesis, the 
chains emanating from the ketal are held perpen- 
dicular to the plane of the aromatic ring in 6, so that 
the nucleophilic attack by the amine function at  each 
of the two carbon atoms a to the chlorine atoms a t  
the ends of the long chains of 6 must take place 
on opposite faces of the aromatic ring. Hydrolysis of 
the ketal “auxiliary” linkage with HBr in acetic 
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11 W 
10 

14 
13 

Figure 13. The “directed” synthesis54 of the [2]catenane 14 from the bisansa compound 10. 

acid, to  form the ketone 8, followed by cleavage of 
the nitrogen aromatic ring bond,53 liberates the 
[2lcatenanes 9. 

In 1978, Schill’s group reported54 the synthesis of 
a [2]catenane incorporating cyclooctacosane and 
azacyclohexacosane from the bisansa compound 10 
which was transformed (Figure 13) in the first 
instance into 11 by cleavage of the ketal and aromatic 
nitrogen bonds. Exhaustive ozonolysis of 11 gave the 
tetraketone 12, which was reduced directly with 
sodium borohydride to  afford the tetrol 13 as a 
mixture of stereoisomers. Repeated treatment of 13 
with Raney nickel in HBr and propionic acid gave 
the [2lcatenane 14. Purification of this compound 
was troublesome on account of side reactions 
involving the hydrocarbon ring during ozonolysis. 

The initial characterization of catenanes often 
relies heavily upon mass spectrometry. Two seminal 

describing the development of this 
technique toward the characterization of interlocked 
macrocycles involved the analysis of compounds 
prepared using the Schill “directed” synthetic 
methodology. The mass spectrum of a variety of 
[2]catenanes was observed55 to be very different from 
that of the precursors in which the component 
macrocycles were linked by a covalent bond, yet 
resembled more the sum of the spectra of the two 
macrocycles. The [2lcatenanes give molecular ion 
peaks at high mlz values, which are accompanied 
by fragmentation peaks similar to  those observed 
for the component macrocycles in isolation. Few 
fragmentation peaks are observed at lower mass until 
one of the macrocycles is broken apart from the other 
macrocycle. Also prevalenP in the fragmentations 
at high mlz values are peaks corresponding to the 
transfer of a hydrogen atom from one of the macro- 
cycles to  a functional group on the other macrocycle. 

Both the IH and 13C NMR spectra of the 
[2lcatenane 14 reveal shifts to  low field in the 
resonances arising from the nuclei in the component 
macrocycles in the interlocked structure54 when 
compared to those in the corresponding free macro- 
cycles.57 The reason for these chemical shift changes 
was attributed to van der Waals interactions between 
the two ring components. High-field chemical shift 
changes arising from solvent effects were also noted 
in the ‘H NMR spectra of the catenane. Spin-lattice 
relaxation time (2’1) measurementP on the Czs 
macrocycle in the L2lcatenane 14 revealed diminished 
TI values for its protons compared with those of the 

free macrocycle, confirming that the motions of the 
interlocked rings are more restricted than the mo- 
tions of the free components. 

Schill and his team59 have also used the “directed” 
approach for the synthesis of mechanically modified 
dumbbell-shaped molecular components carrying 
entrapped macrocycles-compounds to which he gave 
the name, rotaxanes. Their syntheses are very 
similar to  those of the catenanes.60 For example, the 
bisansa compound 15 was formed (Figure 14) in 
which two substituent chains, bearing functional end 
groups, protrude either side of the central benzene 
ring. Introduction of bulky groups at the termini of 
these chains to  form 16, followed by cleavage of the 
orienting covalent bonds, afforded the [2lrotaxane 17. 
The mass spectra of the compounds gave molecular 

I ‘  b 

Figure 14. The “directed” synthesis59 of the [2lrotaxane 
17 from the bisansa compound 15. 
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Figure 16. The “directed ~ y n t h e s i s ~ ~ ~ ~ ~  of three transla- 
tionally isomeric [3]catenanes 21-23 from the bisdiansa 
compound 19. 

ions corresponding to the sum of the components, so 
confirming their inseparable nature.61 

The construction of [3]catenanes has also been 
achieved using the “directed” approach, simply by 

R-SO~-(CH~)~~-SOTR 
+ 

incorporating two bisansa units into one macro- 
cycle.62 One of these syntheses afforded products 
which led to the introduction of the concept of 
translational isomerism, that is, where a cyclic 
component is capable of occupying two or more 
different sites on another ~ o m p o n e n t . ~ ~  The 
[Slcatenane synthesis (Figure 15) required the 
preparation of the bisdiansa compound 19 from 18, 
in an analogous way to that described for the 
synthesis of L2lcatenanes (vide supra). Sequential 
cleavage of the ketal functions and then the nitrogen 
aromatic ring “handles” in 20 releases three macro- 
cycles in the form of three translationally isomeric 
[3lcatenanes 21, 22, and 23. Two fractions were 
obtained chromatographically, one of which was 
characterized as the [3lcatenane 21, in which each 
of the smaller peripheral macrocycles is located either 
side of the two aromatic rings in the larger central 
macrocycle. The second fraction was characterized 
as a mixture of the two translational isomers 22 and 
23, in which the two smaller macrocycles surround 
one and the same CZZ chain, linking the two aromatic 
rings in the central macrocycle. The translational 
isomer 21 could be separated from the mixture 
22/23 because the substituents on the aromatic rings 
in the central macrocycle prevent free movement of 
the smaller rings around its circumference. 

A combined “statistical” and then “directed” 
synthesis of a hydrocarbon catenane via a trans- 
lationally isomeric rotaxane, was reported@ by Schill’s 
group in 1983. Following the work of H a r r i s ~ n , ~ ~ , ~ ~  
a [2lrotaxane was prepared statistically (Figure 16) 
by the acid-catalyzed equilibration of a trityl-termi- 
nated thread in the presence of cyclooctacosane. 
Reaction of the bis-lithium salt of the L21rotaxane 
with 13-bromo-1-tridecyne yields two compounds, 
which equilibrate with each other over a period of 

Figure 16. The “statistical” synthesis64 of the all-hydrocarbon [2lcatenane 26. 
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Macrocycle Macrocycle Knot [ZICatenane 
Figure 17. Possible synthetic routes to  knots and catenanes via triply cyclized intermediates.68 

time. It was assumed that the barrier to  intercon- 
version between 24 and 25 was sufficiently large at 
room temperature to allow their separation. Glaser 
coupling of the translational isomers 24 and 25 
yielded a [alrotaxane and a [2lcatenane, respec- 
t i ~ e l y . ~ ~  Reduction of the alkyne units and 
removal of the redundant blocking groups from the 
12lcatenane yielded the all-hydrocarbon [2lcatenane 
26. A similar treatment of the [2lrotaxane afforded 
the separate cycloalkanes. 

Schill et al. also used a covalently directed method 
for the attempted synthesis of knots,@ through 
both Mobius ~ t r i p - l i k e ~ ~  and multiple cyclization68 
approaches. Although the attempts were elegant in 
synthetic terms, they were unsuccessful owing to the 
relatively poor efficiencies in the key steps associated 
with the long synthetic routes. In the multiple 
cyclization approach, triple cyclization (Figure 17) of 
27 (itself prepared in nine steps) afforded68 a mixture 
of three isomeric products in only 1.7% yield. There 
are four possible triply cyclized products, namely 
28 and 29, which should afford macrocycles upon 
cleavage of the ketal and amine auxiliary linkages, 
30, which should give a knot, and 31, which should 
yield a [2lcatenane. Separation of the three 
compounds, followed by NMR spectroscopy, sug- 
gested that 30 might have been formed, although the 
identity of the isomers was not established. The final 
step, to  generate the cyclic, catenated, or knotted 
products, was not reported.68 

The construction of catenanes, rotaxanes, and 
knots using covalent bonds as templates has been 
extremely well exemplified by Schill's ingenious 
synthetic strategies in research that was much ahead 
of its time. However, the synthetic routes demand a 
great deal of technical expertise and manipulation. 
The construction of interlocked molecular structures 
is probably much simpler using coordinative and/or 
noncovalent bonding interactions to act as the sources 
of the templates. 

Ill, Helices, Catenanes, and Knots from the 
Natural World 

The natural world is replete with examples of 
molecular intertwining. Because of the breadth and 

depth of this field in science, it is clearly beyond the 
scope of this review to discuss all the intertwined and 
interlocked structures that have been uncovered so 
far in biological systems. Despite the fact that their 
importance in determining the superstructures and 
molecular recognition properties of many biopolymers 
is far-reaching, single helices will not be discussed 
at all, since they do not by themselves constitute 
intertwined superstructures. Instead, an overview 
of the variety of entangled structures will be pre- 
sented here-the emphasis being placed on molecular 
recognition. 

The double helix, formed by deoxyribonucleic acid 
(DNA),69 is the intertwined structure which illus- 
trates the benefits of molecular entanglement for 
function. The four simple base-pair building blocks, 
adenine (A), cytosine (C), guanine (GI, and thymine 
(T), attached to the sugar-phosphate backbone of the 
nucleic acid determine the information that is stored 
and then relayed from each strand of DNA in the 
form of the genetic code.'O The incredible simplicity 
and stability of the double helix is adequate demon- 
stration of the perfection in superstructure terms to 
which synthetic chemists must aspire. The formation 
of the double helix, the so-called secondary structure 
of DNA, is determined (Figure 18) by the primary 
structure of each strand in the helix, since A binds 
noncovalently with T, and C binds noncovalently with 
G. Generally, the most stable form of the DNA 
double helix is the right-handed B-form, which 
crystallizes as fibers whose diffraction patterns led 
originally to  the proposal of the double helical 
superstructure by Watson and The helix has 
the base pairs buried around the central axis that 
hold it together, with the phosphate groups of the 
backbone facing out toward the external environ- 
ment. As a result, two so-called grooves spiral their 
way down the double helix, namely the major one 
and the minor one. The grooves result from the 
differential angles (ca. 75" and 285") between the 
glycosyl bonds of the DNA. 

While the right-handed double helical B-form of 
DNA is the best known one, at high salt concentra- 
tions, certain sequences of base pairs exist as a left- 
handed double-helical superstructure known as the 
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Figure 18. The primary structures of DNA and RNA and how it relates through base-pairing in DNA to the major and 
minor grooves in the secondary structure of DNA. 

Z-form of DNA.71 Atomic resolution X-ray crystal 
structures are usually obtained from crystals of DNA 
containing short complementary sequences. The first 
crystal structure of the Z-form of DNA was obtained72 
from a fragment with the sequence d(CpGpCpG- 
pCpG), which was known to exist in the alternative 
double-helical form. The structure of this double 
helix has similar gross features to that of B-DNA, 
with Watson-Crick base pairs aligned parallel to one 
another, but tilted with respect to  the helical axis, 
with a left-handed sense and with a "zigzag" shape 
to the backbone, hence, the name Z-DNA. Whereas 
the repeating unit in B-DNA is a mononucleoside, 
in Z-DNA it is a dinucleoside on account of the 
alternating conformations in the sugar residues. 
Perhaps the most striking feature of Z-DNA is the 
absence of a discernable major groove, while the 
narrow minor groove is considerably deeper than in 
the corresponding regions in the B-form. In addition, 
the left-handed helix is more extended. Over a 
distance of 44.6 A, the B-form has 13 base pairs, 
while the Z-form has only 12, and the diameters 
of the duplexes are 20 and 18 A, respectively. 
Combinations of complementary enantiomorphic DNA 
strands, where the natural D-deoxyribose is 
replaced73 with L-deoxyribose, result in left-handed 
B-DNA, and also result in Z-DNA at high salt 
concentrations. A crystal structure74 of a racemic 
duplex containing D- and L-strands showed pairs of 
right-handed double helices in the Z-form from the 
L-L pairing and left-handed Z-DNA from the D-D 
pairing. 

The major and minor grooves in B-DNA are both 
capable of forming complexes with other molecular 
 specie^.^^,^^ This capability has permitted the forma- 
tion of a number of triple-helical superstructures 
between linear homopurinehomopyrimidine du- 
plexes and the corresponding homopyrimidine 
 strand^.'^ Moreover, it has led to  the creation of site- 
specific cleavers of DNA.77 The additional strands 
are bound to the Watson-Crick-paired duplex by 
Hoogsteen hydrogen bonds78 in the major groove 

(Figure 19). Triple helices have also been observed 
in supercoiled plasmid DNA79 and in the bindingo 
of single strands of purine- or pyrimidine-rich DNA 
using a circular DNA molecule which is either 
pyrimidine- or purine-rich, respectively. The binding 
is achieved by the circular DNA molecules wrapping 
themselves round the host, as depicted schematically 
in Figure 20. The minor groove of DNA has also been 
the object of recognition and site-specific cleavage-this 
time by noncovalently paired peptide dimers,81 where 
the peptide hydrogen atoms are involved in nonco- 
valent interactions with the lone pairs on the N-3 
atom in purine or on the 0-2  atom of the pyrimidine 
in the host DNA. Very recently, Dervan's group has 
prepared82 a covalently linked peptide heterodimer, 
which exhibits sequence specific recognition in the 
minor groove of duplex DNA. 

Beyond the helical forms, a third level of DNA 
structure results from the bending of the axis run- 
ning through the duplex.83 Circular DNA, common 
in bacteria and viruses, is comprised of two intact 
DNA macrocycles, and theoretically can exist as four 
possible topological stereoisomers, although the right- 
handed helix with antiparallel edges is the only one 
to be considered. In addition to these circular 
duplexes, a further family of topological stereoiso- 
m e r ~ ~ ~  is also present in nature-namely  supercoil^,^^ 
catenanes,@j and knots (Figure 21). WalbaZ3 and 

H 

C+GC Base Triplet 
TAT Base Triplet 

Figure 19. The recognition motifs that give rise to triple- 
helical superstructures in DNA. 
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binding of circular DNA by single-stranded DNA. 

Wasserman and Cozzarellie4 have produced detailed 
discussions of the topological isomers that are 
afforded upon cyclization of the DNA. A summary 
and more recent developments will be presented here. 

The existence of catenated circular DNA in vivo 
was discovered by Vinograd and co-worker~.~' The 
dimeric forms of DNA from mitochondria were sepa- 
rated and viewed under an electron microscope, 
which revealed that two circular duplex DNA mol- 
ecules were mechanically interlocked. Further stud- 
iesS8 indicated the presence of catenated trimers, i.e. 
a [3lcatenane, comprised of three circular duplex 
DNA molecules. In the same year, Wang and 
Schwartzsg reported a synthetic approach to the 
catenation of DNA. At high concentrations, as in 
synthetic chemical situations, linear aggregates of 
DNA are formed, while, a t  low concentrations, 
cyclization is favored although interpenetration de- 
creases. In fact, the team used labeled bacteriophage 
1 DNA in the presence of a high concentration of 

ClrcYler 
Duplex DNA 

catenated 
Duplex DNA 

S"~rc.aIled 
Duplex DNA 

K"nted 
Duplex DNA 

Figure 21. Diagrammatic representations of circular, 
catenated, supercoiled, and knotted double-stranded DNA. 

preformed 186 DNA rings. The two types of DNA 
were chosen because they are incompatible chemi- 
cally. Density gradient centrifugation was used to 
separate the interlocked ring compounds. Later 
reports showed the existence of catenanes in plasmid 
DNA?" as well as in viruses.g1 Some of the most 
stunning imagesg2 of twisted and catenated DNA are 
of kinetoplast DNA from cells of Leishmania taren- 
tolue, where electron micrographs show mixtures of 
simple L21catenanes through to incredibly huge, 
complex, and beautiful mechanically linked assem- 
blies. 

Although the catenanes and knots formed in bio- 
logical systems by DNA are extremely beautiful when 
viewed using an electron microscope, they are of 
rather more profound interest when one considers 
their functions. During the later stages of the 
replication of simian virus 40 (SV40) DNA, 20 
discrete catenated dimeric species have been identi- 
fiedg3 in which two circular duplex DNAs are linked 
by one or more intertwining events. It was proposed 
that a specific enzyme is necessary to uncatenate the 
daughter chromosomes in uiuo. These enzymes, 
which are responsible for the formation of inter- 
twined and interlocked DNA by carrying out the 
transient breakage of either one or both strands of 
DNA, before passing single or doublestranded through 
the break, and then resealing the break in the DNA, 
are called the to poi some rase^.^^ They are crucial to 
replication, transcription, and recombination of the 
genetic information store. While the topological 
transformations are being carried out, type I topo- 
isomerases break single strands of and the 
type I1 enzymes break both strands of the double 
helix. This fact was dramatically showng6 in 1987, 
when a group working with SV40 blocked the topo- 
isomerases extracted from HeLa cells with either 
specific inhibitors or with antibodies. The rate of 
DNA synthesis was decreased by a factor of 15-20. 
The replication was fully restored upon addition of 
purified topoisomerase 11. The products in this case 
were monomeric daughter molecules: but when the 
blocked cells were treated with topoisomerase I, 
multiply intertwined and catenated daughter mol- 
ecules were found. The authors concluded that, 
although either enzyme may unlink DNA, for the 
segregation of freshly synthesized daughter mol- 
ecules to occur, topoisomerase I1 is essential. Similar 
results were obtainedg' by inhibition of topoisomerase 
N in partitioning bacterial replicons: inhibition of 
the enzyme leads to the formation of right-handed 
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However, figure-eight catenanes were generated in 
a stereospecific way using the resolvase of transposon 
Tn3. The catenanes had (+) nodes. Approximately 
99% of the recombinants in this latter experiment 
were singly linked [Zlcatenanes, which were subse- 
quently studied and found to have exclusively (-) 
 node^.'"^ Stereoselectivity, as performed by enzymes 
on "normal" chemical substrates, is usually relatively 
easily explained. It is not so obvious how the 
formation of catenanes by Tn3 resolvase is stereose- 
lective. The reason for the selectivity is more clear 
when the effect of catenation upon the twisting in 
the duplex DNA Mgs is considered. In the catenated 
state, the double helix is unwound by approximately 
two-thirds for every right-handed supercoil in the 
catenated form compared with the cyclic form, an 
effect that is believed to be of key importance to the 
unwinding of DNA during repli~ation. '~~ The action 
of Tn3 resolvase on cyclic DNA to produce the 
catenated form therefore removes four negative 
supercoils. In relaxed or nicked DNA, this reaction 
is slower. In Figure 24, the resolution sites are 
represented as arrows, which define the directions 
of the component rings. Fusion, the reversal of 
resolution, introduces four negative supercoils into 
the DNA. When one considers the fusion of a (+Z)  

Left-Handed Right-Handed 
Torus Catenane Torus Catenane 

(Each squiggle reprerenls duplex DNA) 

Figure 22. Cartoon representations of left-handed and 
right-handed torus eatenanes formed by DNA. 

and parallel catenanes with a torus form (Figure 22) 
with from two to more than 32 crossing points. One 
of the catenanes observed under the electron micro- 
scope contained a macrocycle as one component and 
a trefoil knot as the other. The buildup of these 
structures support the model of a two-stage unwind- 
ing which has also been proposed for 
ATP-dependent topois~merases.~~ 

The observation'"" of a knotted single-stranded 
DNA ring was first made in 1976, when circular fd 
DNA was treated with Escherichia coli (E. coli) w.  
The resulting mixture of products was separated by 
sedimentation. The fraction which sedimented more 
quickly, on account of its more compact nature, was 
characterized by electron microscopy to be a product 
with a knotted structure, which had very similar 
properties to normal circular DNA, and could be 
equilibrated back to the more usual state upon 
treatment with the enzyme under dilute conditions. 
The trefoil knots formed by duplex DNA can have 
two forms, containing either left-handed (-) super- 
coils or right-handed (+) supercoils (Figure 23). The 
three crossing points, or  nodes, of a trefoil knot all 
have the same sign. In 1983, a method was re- 
ported'"* to distinguish between the two types of node 
by staining with E. coli RecA protein and observing 
the resulting superstructures in an electron micro- 
scope. It was found that knots generated by topo- 
isomerase I were a mixture of (+) and (-) knots, the 
topoisomerase I family are known to be unselective 
toward the sign and orientation of crossing segments. 

F i m  23. The definition of nodes. Diaerammatic reme- 
segtation of a trefoil knot and a figure-eight cateiane 
formed by duplex DNA. 
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Figure 24. This figure illustrates the reason for selection 
between topological diastereomers during resol~tion.'~~ The 
black arrows in the [Zlcatenanes (top) represent the direc- 
tions of the res recombination sites in double-stranded 
DNA. The two [Zlcatenanes differ only by the relative 
direction of one site. The two schemes show the effects of 
synapsis and strand exchange, given that the res sites are 
aligned in the enzyme. The products of the righbhanded 
(+1) and lefihanded (-1) strand exchange are shown. The 
diagrams show clearly that synapse of the ( + Z )  catenane 
is energetically very unfavorable, while the ( -2 )  catenane 
requires relatively little flexing to act as a substrate; it can 
form a four-noded knot or a trivial circular product. 
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superhelix that results has a diameter of approxi- 
mately 1.4 nm and exists as self-assembled fibrils of 
10-200 nm in diameter and are eventually covalently 
cross-linked.lll The most striking feature of the 
primary structure of each of the a-chains in collagen 
is the presence of a glycine every third residue. The 
principal reason for this particular feature of the 
primary structure is that glycine is the only amino 
acid small enough to be incorporated into the center 
of the triple helical superstructure. Approximately 
one-third of the remaining amino acid residues 
present in collagen are proline and 4-hydroxyproline, 
which are apparently there in order to  assist in 
strengthening and rigidifying each strand, as well as 
to  form hydrogen bonds between the strands in the 
triple helix.l12 Approximately 90 4-hydroxyproline 
residues are required in each a-chain in order that 
the collagen triple helix becomes a stable entity at 
physiological temperatures.log 

The structural information so far reported for 
collagen has been largely derived from fiber diffrac- 
tion patterns. However, very recently, the crystal 
structure of a 30 amino acid peptide trimer has been 
solved and refined to 1.9 A res01ution.l~~ The protein 
sequence most common in collagen is proline-hydrox- 
yproline-glycine (Pro-Hyp-Gly). The decamer con- 
taining this sequence forms a stable triple helix.l14 
When a single Gly to alanine (Ala) substitution is 
made in the center of this decamer, then the triple 
helix which forms has lower thermal stability than 
that of the nonmutated structure.l15 Yet, it was the 
mutant which crystallized! The triple helix which 
forms is 87 8, in length and 10 A in diameter. Either 
the carbonyl groups or the imino acid rings of all 
residues are exposed to the solvent, a feature which 
is believed to play a vital role in the formation of this 
type of protein aggregate. Water molecules form 
hydrogen-bonded bridges at the site of Ala substitu- 
tion where there is some distortion of the triple helix 
on account of the direct hydrogen bonding between 
the amino acids of each helical thread being pre- 
cluded for steric reasons. The alanine residues in 
each strand are located inside the triple helix, where 
the glycine residues they replace would be expected 
to  reside. The Pro carbonyl groups and Gly amide 
functions form a total of 46 interchain hydrogen 
bonds (60 are possible) in the form of the Rich and 
Crick116 model 11. Six of the residues that do not form 
hydrogen bonds are located at  the termini of the 
triple helix, which is slightly unwound and disor- 
dered. The triple helices pack laterally some 14 A 
apart, leaving this gap to be bridged by a highly 
ordered network of water molecules in which the Hyp 
residues play an important part. The self-assembled 
triple helix is thus, at  least in the first instance, held 
together through hydrogen bonding as a result of the 
chemical information present in each of the compo- 
nent strands. Collagen's strength and versatility as 
a material in the body is partly a consequence of the 
intertwining of polypeptide chains that occurs at the 
molecular level: it is similar to  a rope! 

Certain naturally occurring polysaccharides which 
show great versatility in living organisms have 
intertwined superstructures in the solid and solution 
states. The family of carrageenans, which are ex- 
tracted from red algae, are comprised of repeating 

catenane by the enzyme, it is necessary that an eight- 
noded knot is formed for the resolution sites to adopt 
their correct position in the enzyme, a thermody- 
namically unfavorable situation. On the other hand, 
recombination of the (-2) catenane produces either 
a macrocycle or a four-noded structure. The actual 
effect of Tn3 or Tn21 resolvases is not only to  produce 
macrocyclic DNA duplexes, but also small quantities 
of the four-noded material, an outcome which sup- 
ports the proposed mechanism of action, although the 
exact interactions between the enzyme and the DNA 
have yet to  be established. 

The complete E.  coli DNA topoisomerase I is a 
metalloprotein, of molecular weight 97K, which 
achieves DNA cleavage through transesterification 
of a tyrosyl residue of the enzyme with a DNA 
phosphodiester bond.lo5 The covalently linked inter- 
mediate is then attacked by the severed DNA, rejoin- 
ing it and freeing the enzyme. Some clues as to  how 
the enzyme achieves its topological transformations 
were provided by the crystal structurelo6 of its 67K 
N-terminal fragment. (Although the fragment is 
incapable of relaxing supercoiled DNA, it can cleave 
single-stranded oligonucleotides.) The crystal struc- 
ture reveals an elongated toroid-shaped molecule, 
with a hole sufficiently large so as t o  be able to  
accommodate the B-form DNA with no steric encum- 
brance. In addition, a hole, running parallel to  the 
large hole of the toroid, houses the active site of the 
enzyme. It was suggested that this small hole may 
receive a single strand of DNA and deliver it to  the 
active site. A mechanism for passage of part of a 
complete DNA ring through the cleaved DNA (co- 
valently bound t o  the enzyme) into the large void in 
the enzyme has been proposed: it requires that part 
of the enzyme acts as a hinge. 

Liang and Mislow have recently uncovered the 
presence of both catenaneslo7 and knotslos in protein 
structures. These discoveries have led the authors 
to  speculate that topological chirality may be present 
in a wide range of conjugated proteins. Both classes 
of structure are restrained by disulfide cross-links 
and include the presence of cofactor. In the catenated 
forms of quinoprotein methylamine dehydrogenases, 
the cofactors are covalently bound cross-linkers of 
either a pyrroloquinoline quinone or tryptophan 
tryptophylquinone nature. In the case of the knot 
found in the structure of ascorbate oxidase, this 
cofactor, which forms part of the knotted cycle, is a 
copper(I1) ion.lo8 Liang and M i s l o ~ ~ ~ ~ J ~ ~  have also 
speculated that the inclusion of hydrogen bonds as 
edges of a molecular graph of a protein molecule 
could give other interlocked structures. This specu- 
lation raises a point which we will return to  at the 
end of this review-namely, when is an interlocked 
structure interlocked? More precisely, which kind of 
bonds can you include on a molecular graph and 
which ones can you discount? 

Perhaps the most abundant triple helical structure 
in the natural world is found in a group of proteins 
we call c01lagen.l~~ All varieties of collagen, which 
constitutes the extracellular framework present in 
all multicellular organisms, are comprised of a coiled 
coil of three polypeptide a-chains, each containing a 
three-residue per turn left-handed helix wound to- 
gether to  form a right-handed superhelix.ll'J The 
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R =H, SO; 
Figure 25. The repeating units present in K-carrageenan 
and i-carrageenan. 

units of alternate 1,3-linked P-D-galactopyranose and 
1,Clinked 3,6-anhydro-a-D-galactopyranose units (Fig- 
ure 25). Two polymers from this family, K-carrag- 
eenan (R = H) and warrageenan (R = sos-) have 
double-helical conformations, a superstructural fea- 
ture first revealed by X-ray diffraction117 of stretched 
films of their salts. In each double helix, one 
complete turn of the helix corresponds to three 
disaccharide units (ea. 25 A). It was proposed that 
these helices are held together by hydrogen bonds 
between the hydroxyl groups in each strand. The 
sulfate groups appear to  be oriented toward the 
outside of the double helices. Similar duplexes are 
believed to be present in aqueous solutions of the 
polysaccharides, as determined by temperature118 
and concentrationllg studies carried out on the ag- 
gregates. Further association of the helices is be- 
lieved to be promoted by cations in solution.120 In 
addition, recent computational studies121 have con- 
firmed the preference of this type of disaccharide unit 
to  form helical conformations. 

Hyaluronic acid is another important biopolymer 
which is capable of adopting a double helical struc- 
ture.122 This polysaccharide is based on a disaccha- 
ride repeating unit comprised of alternating D-glu- 
curonic acid and N-acetyl-D-glucosamine moieties. At 
pH 2.5, the polysaccharide forms a putty with a high 
proportion of crystallinity. An X-ray diffraction study 
of a stretched film of the material extracted from 
human umbilical cord led the authors122 to propose 
the existence of a left-handed double helix with 
antiparallel strands. The pitch length of 33.7 A in 
the double helix is equivalent to  a repeating unit 
composed of four of the disaccharide residues. In- 
terestingly, in the proposed double helix, some of the 
carbonyl groups of the acid and acetyl functions of 
the disaccharide are directed toward the center of the 
superstructure, perhaps providing sites for metal ion 
or water binding. A very similar structure, reported 
in the subsequent paper,123 for the potassium salt of 
hyaluronic acid was determined using the same 
technique as that for the structure of the parent 
polymer. A number of other conformations, whose 
interconversion is achieved readily in solution, are 
known to exist. The mechanism of interconversion 
of the different forms has been proposed to take place 
via a randomly coiled structure.123 The ease of 
conversion of the double-helical form into other 
conformational states implies that it is not favored 
dramatically in solution. As well as forming double 
helices, polysaccharides have also been found124 to 
possess triple-helical structures in the solid state. The 
naturally occurring (1-3)-/3-~-xylan~~~ and, more 
recently, the (1--3)-P-D-glu~an~~~ both form right- 
handed helices which are stabilized by hydrogen 
bonds around the inner edge of the three strands 
between the O(2) hydroxyl groups. The hydroxy- 
methyl groups present in the glucan do not affect the 
helix as they are located on the periphery. 

The remainder of this review will be given over to 
the attempts of synthetic chemists t o  use molecular 
recognition to construct interlocked and intertwined 
chemical objects. Nature informs us about the 
considerable benefits that might await the realization 
of such systems, while providing the inspiration for 
designing totally new and novel synthetic materials. 
The first compounds which have been exploited for 
the construction of rotaxanes by molecular recogni- 
tion are produced naturally and are comprised of 
a-1,4 linked D-glucopyranose residues: they are the 
cyclodextrins. 

IV. The Chemical Synthesis of Catenanes and 
Rotaxanes Incorporating Cyclodextrins 

Cy~lodextrinsl~’ are cyclic oligosaccharides that are 
probably the most obvious and readily available 
starting materials to  employ in the assembly of 
interlocked molecular compounds128 such as cat- 
enanes and r 0 t a ~ a n e s . l ~ ~  The a-, ,&, and y-cyclodex- 
trins, containing six, seven, and eight a-D-glUCOpyr- 
anose residues, respectively, have a rigid, cylindrical, 
hydrophobic cavity, which is capable of binding a vast 
range of rod-shaped guests in aqueous s01ution.l~~ 
Indeed, many of these complexes can be regarded as 
pseudorotaxanes, i.e. rotaxanes in which no stoppers 
are present in order to  prevent unthreading of the 
host from the guest. Luttringhaus et aZ.,17 in the first 
planned experiment to  prepare a catenane, tried 
linking the thiol-functionalized termini of a thread- 
like molecule (Figure 261, incorporating a hydro- 
quinone residue, while the guest was surrounded by 
a-cyclodextrin in aqueous solution. Their efforts 
failed, possibly as a result of the lengths of the 
aliphatic chains in the guests being insufficient, or 
the conformations of the aliphatic chains in the 
guests being inappropriate. 

In 1976, Ogata, Sanui, and Wada131 reported the 
synthesis of “inclusion polyamides”-pseudo- 
polyrotaxanes! When P-cyclodextrin was stirred with 
aliphatic diamines (hexamethylenediamine, p-xy- 

Figure 26. The first unsuccessful attempt to  make a [ZI- 
catenane (involving a cyclodextrin) reported17 in the lit- 
erature. 
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isolated in 2-19% yields, the more efficient reactions 
being with the smaller cyc l~dext r ins .~~~ Using a 
similar approach and characterization methods, 
Yamanari and S h i m ~ r a l ~ ~  have prepared rotaxanes 
composed of the same bead components and a 
dumbbell incorporating similar cobalt(I1) stopper 
complexes, but where the rod contains a thiol coor- 
dinated to the stopper (Figure 28). The [2lrotaxanes 
were prepared by reacting a thiol-derivatized cobalt- 
(11) complex with a dibromoalkane in the presence 
of either a- or /3-cyclodextrin. Here, the formation 
of the rotaxanes incorporating the A form of the 
complex was found to be favored over those incorpo- 
rating the A form. The best yield obtained was 28% 
for the [~I-[AA-(~~)~CO{H~N(CH~)~S(CH~)~~S(CH~)~- 
NH~}Co(en)2Cl&[a-cyclodextrinl-rotaxane. The same 
research gr0up140 went on to incorporate a mercap- 
toacetic acid residue into each blocking complex, 
although it actually proved to be less stable than the 
2-aminoethanethiol analogs. Once again, the threads 
incorporating the A complexes formed a rotaxane 
with a-cyclodextrin preferentially. The unsymmetri- 
cal [~I-[(~~)~CO{O~CCH~S(CH~)~~S(CH~)~NH~}CO- 
(en)zCl&[a-cyclodextrinl-rotaxane, where the two 
stoppers of the dumbbell were different, was also 
prepared. Rotaxane formation was confirmed by 
thorough circular dichroism and 13C NMR spectro- 
scopic studies. 

The self-assembly (Figure 29) in 71% yield of a 
“threaded molecular loop” was reported in 1990 by 
the group of Lawrence.141 Substitution of biphenol 
with an ammoniumpropyl chain provides an ideal 
substrate for inclusion within the cavity of heptakis- 
(2,6-di-O-methyl)-/3-cyclodextrin. Although the chlo- 
ride salt of the substrate is only sparingly soluble in 
aqueous solution, addition of the substituted cyclo- 
dextrin renders the former completely soluble, in the 
form of a pseudorotaxane. Addition of an aqueous 
solution of sodium tetraphenylboron yielded a pre- 
cipitate, which was characterized as the “threaded 
molecular loop”, in essence a pseudorotaxane. Al- 
though the complex is stable in acetone, even at 
reflux, addition of triethylamine to the solution 

+ H2N-(CH2)n-NH2 n = 10 and 12 

t \ “ n d  Jn 

n = l  o r 2  

q<a@;$\ OH ~2~~ 4+ 
H2(/NH2 J’ 

Figure 27. The preparation of a cyclodextrin-based [2]- 
rotaxane with metalloorganic stoppers using a threading 
~ r 0 c e d u r e . l ~ ~  

lylenediamine) in water, precipitates were formed 
and they were characterized as inclusion compounds. 
Subsequent condensation of these included diamines 
with isophthaloyl or terephthaloyl chloride afforded 
polyamides, which were surrounded by many of the 
cyclodextrins-“like a train passing through many 
tunnels”, to  quote the authors. The solubilities and 
moisture absorptions exhibited by the pseudopolyro- 
taxanes were greater than those of the naked poly- 
mer thread. Differential thermal analyses of the 
threaded and naked polymer showed that there were 
no significant amounts of unthreaded polyamide in 
the pseudopolyrotaxane. The authors concluded that 
similar materials “will develop a new broad field of 
polymer materials”. 

Maciejewski and c o - ~ o r k e r s ~ ~ ~ - ~ ~ ~  have reported 
several attempts at  the preparation of polyrotaxanes 
in the solid state, by, for example, radiation polym- 
erization of crystalline monomeric adducts of /3-cy- 
clodextrin and vinylene dichloride, allyl chloride, and 
methyl methacrylate. In the case of polyvinylene 
dichloride, stable polymers (M, 20 000) were 
reported, containing 80 wt % /3-cyclodextrin and 20 
wt % polymer chain. Polyrotaxanes were suspected 
to be formed, although the possibility of covalent 
bonding between beads and threads was not ruled 
out. Polymerization of the crystalline adduct of 
/3-cyclodextrin with methyl methacrylate did not 
produce a stable polymer. 

The first well-characterized low molecular weight 
rotaxanes incorporating both a- and /3-cyclodextrins 
as the bead components were reported by O g i n ~ l ~ ~  
in 1981. The [2lrotaxanes were prepared (Figure 27) 
by dissolving a diaminoalkane in a small volume of 
DMSO which was then saturated with the cyclodex- 
trin, followed by addition of cis-[CoCln(en)2lCl. The 
threaded dumbbell and free dumbbell compounds 
were separated by column chromatography, which 
was also used for their characterization, along with 
optical rotation, electronic spectra, and 13C NMR 
spectroscopic measurements. The rotaxanes were 

H2dJ 

OH 

M Form 
Figure 28. The preparation of a cyclodextrin-based [2]- 
rotaxane with chiral metalloorganic stoppers using a 
threading procedure. 139 
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The complexation of (ferrocenylmethylldimethy- 
lamine derivatized with n-alkyl chains of varying 
lengths146 within the cavities of a-, p-, and y-cyclo- 
dextrins paved the way for the synthesis (Figure 31) 
of a zwitterionic rotaxane in 15% yield.14’ The [2]- 
rotaxane was prepared by 1-[3-(dimethylamino)- 
propyl]-3-ethyl-carbodiimide (EDC) coupling of po- 
tassium 5-amino-2-naphthalenesulfonate with either 
dimethyl(7-oxoheptyl)(ferrocenylmethyl)ammonium 
cation or dimethyl(7-oxoundecyl)(ferrocenylmethyl)- 
ammonium cation in the presence of 2 equiv of 
a-cyclodextrin in water. The unsymmetrical nature 
of the dumbbell component in these compounds 
means that two isomers of each L2lrotaxane are 
possible. In both cases, they were identified by lH 
NMR spectroscopy. In the case of the rotaxane 
incorporating the heptyl thread,148 the ratio of these 
isomers was 6:4. The isomeric rotaxanes were sepa- 
rated using reverse-phase TLC. An intriguing fact 
about the isomers is that those with the wider 
primary face of the cyclodextrin facing the naphtha- 
lenesulfonate stopper undergo slow unthreading at  
a rate which was found to be dependent on the 
solvent. The other isomers are completely stable. 

In 1991, Ritter and Born149 reported the first side- 
chain polyrotaxane, which incorporates heptakis(2,6- 
di-0-methyl)-p-cyclodextrin as the bead. A “semiro- 
taxane” (pseudorotaxanel was formed (Figure 32) 
between an aliphatic amine terminated with a tri- 
arylmethane blocking group and the torus-shaped 
host. It was characterized by FABMS, lH NMR 
spectroscopy, and DSC. This complex was reacted 
with an anhydride-activated copolymer of MMA and 
114methacryloylamino)undecanoic acid. The result- 
ing polyrotaxane was subjected to lH NMR and IR 

m H 2 ) ” C O O H  r” 
n = 7 and 11 

& 

1 Pl 

Threaded Molecular Loop 

Figure 29. The self-assembly of a threaded molecular 
l00p . l~~ 

causes dissociation of the “loop”. The same cyclodex- 
trin was also used for the self-assembly (Figure 30) 
of a [3lpseudorotaxane containing a tetra-aryloxy- 
alkylammonium porphyrin in the rod component, 
upon which two of the cyclodextrins are accom- 
m ~ d a t e d . l ~ ~  The authors proposed that two sodium 
ions were trapped between the two cyclodextrin rings 
in this superstructure which has been compared143 
to heme-containing proteins, where a potential bind- 
ing site is surrounded by a hydrophobic sheath. The 
groups of W a g g ~ n l ~ ~  and C ~ a r n i k l ~ ~  have prepared 
similar [3lpseudo- and [4lpseudorotaxanes, but with- 
out ionic blocking groups. The latter incorporates a 
substituted 1,4,5,8,9,12-hexaazatriphenylene core with 
three appended phenylene residues which are each 
surrounded by an heptakis(2,6-di-O-methyl)-P-cyclo- 
dextrin. 

Figure 30. The self-assembly of a [3]pseudorotaxane 
involving heptakis(2,6-di-O-methyl)-~-cyclodextrin as the 
two rings.142 

EDC I Yb 

+ Bo,- 

Figure 31. The synthesis of orientational isomers of a [21- 
rotaxane where a-cyclodextrin is the ring and one of the 
stoppers is a ferrocenyl g r 0 ~ p . ~ ~ ~ - ~ ~ 8  
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spectroscopies, which showed that virtually all the 
copolymer side chains were attached rotaxanes, and 
ruled out the presence of any free cyclodextrin. The 
polyrotaxane has a lower viscosity than the native 
polymer because of the lack of any interchain hydro- 
gen bonding. Polymeri~ationl~~ of a diene-terminated 
pseudorotaxane, whose existence was confinned spec- 
troscopically, did not lead to a similar comblike 
polymer under standard conditions. The same group 
has recently reported150 similar side-chain polyro- 
taxanes, utilizing the same semirotaxane to that 
described in Figure 32. However, the semirotaxane 
is covalently linked to a polymer bearing side arm 
with two reactive groups. The resulting poly(bis[21- 
rotaxane) was characterized by elemental analysis 
and NMR spectroscopy and showed modified thermal 
behavior t o  that of the native polymer containing no 
threaded cyclodextrin. 

I -EtOH I C o p  

(-+ \ /  

\ 

Semi-rotaxane 

OM0 

Figure 32. The preparation of a side-chain polyrotaxane 
by a threading p r 0 ~ e d u r e . l ~ ~  

In a manner similar conceptually to  that of the 
Ogino research, Wylie and Macartneylsl have achieved 
the self-assembly (Figure 33) of [2lrotaxanes incor- 
porating an a-cyclodextrin threaded on to an 1,l”- 
(~w-allranediyl)bis-(4,4‘-bipyridinium) dicationic ligand 
and stoppered with labile [Fe(CN)50HzI3- ions. The 
rotaxane, which is formed efficiently in solution, is 
not kinetically inert, and was not isolated. This 
lability is emphasized by the fact that, when the 
dumbbell component [(NCkFe(bpy(CHd,bpy)- 
Fe(CN)5I4- is mixed with a-cyclodextrin, rotaxane 
formation takes place by slow dissociation of the 
blocking groups, and then their recombination after 
threading of the bead by the “~emi ro taxane” .~~~  
Similar rotaxanes incorporating pyrazinium moieties, 
rather than bipyridinium groups, were reported153 to 
be more kinetically stable than the 4,4’-bipyridine 
analogs. 

The ability of heptakis( 3-0-acetyl-2,6-di-O-butyl)- 
P-cyclodextrin to  complex the pyridinium group of a 

A I 4- 

H 2 0  

NaCl 

25°C 
I 1 A- 

Figure 33. The self-assembly of a kinetically labile [31- 
rotaxane. 

monostoppered 4,4’-bipyridine unit in CD3CN en- 
couraged Wenz et d. 154 to believe that treatment with 
a benzylic bromide attached to a stopper group would 
yield a [2lrotaxane. Their hopes were dashed on 
account of the more rapid rate of reaction of the 
pyridyl ring and benzylic bromide groups outside the 
cavity of the cyclodextrin. However, extension of the 
alkyl spacer between the reactive groups and the 
triarylmethane stopper in each component of the 
dumbbell, followed by reaction in the presence of the 
lipophilic cyclodextrin, yielded 19% of a [2lrotaxane 
(Figure 34). The failure of the first attempt was 
attributed to  steric interactions between the blocking 
group and the host. A slight modification of this 

OR 

28r- 

Figure 34. The self-assembly in organic solvents by a 
threading procedure of a [alrotaxane incorporating a lipo- 
philic cyclodextrin.154 
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original system (replacing an ester spacer in the 
dumbbell with an ether linkage) enabled the Mainz 
group (now in Karlsruhe) to  prepare a [21r0taxanel~~ 
in 36% yield in acetonitrile-chloroform (3:l). The 
efficiencies of rotaxane formation were found to be 
highly solvent dependent, the yields in chloroform or 
DMSO-chloroform (3:l) being much lower than those 
in acetonitrile-chloroform (3: 1). Similarly, the ring 
size of the cyclodextrin is crucial to  the efficiency of 
the reaction. No rotaxane was isolated with the 
smaller a-cyclodextrin derivative, while the yield 
with the larger y-cyclodextrin derivative is only 15%, 
possibly on account of its poorer preorganization. 

When the bis(hydrochl0ride) of 4,4'-diaminostilbene 
and an excess of P-cyclodextrin were dissolved in 
aqueous sodium bicarbonate, a complex is formed 
which can be capped156 with a trisulfonic acid- 
substituted trichloro-s-triazine at  25 "C (Figure 35). 
Reaction of the remaining chloro functions on the 
triazine nuclei with aniline at  elevated temperatures 
yielded a [2lrotaxane in 28% yield. The temperature- 
dependent reactivity of the three chloride groups of 
2,4,6-trichloro-s-triazine allowed this control in the 
synthesis. The constitution of the rotaxane was 
confirmed by the perturbation of the n-n? absorption 
band of the stilbene chromophore by the threaded 
cyclodextrin. 

Pseudopolyrotaxanes and polyrotaxanes, in which 
cyclodextrins are incorporated as the ring component, 
were associated with a surge of interest15' in 1992. 
Both poly(iminoundecamethy1ene) and poly(imino- 
trimethylene-iminodecamethylene) accommodate a- 
cyclodextrin and heptakis(2,6-di-O-methyl)-/?-cyclo- 
dextrin.158 The threading of a-cyclodextrin onto poly- 

(iminoundecamethylene) takes place at a rate which 
is slow on the lH NMR time scale in heavy water at 
pH < 6. It has been proposed that the cationic 
groups present a barrier to the motion of the bead 
along the chain. The 'H NMR spectrum of this 
mixture was stable after 1.5 h, while equilibration 
required 170 h when poly(iminotrimethy1ene-imino- 
decamethylene) was used as the polymeric thread. 
Following the equilibration by viscosity measure- 
ments gave very similar times for the steady states 
to  be reached. Mixing either of the polymers with 
the larger substituted cyclodextrin, Le. heptakis(2,6- 
di-0-methyl)-P-cyclodextrin, resulted in virtually 
instantaneous equilibration upon mixing the compo- 
nents. The long reaction times for the a-cyclodex- 
trins were attributed to the difficulty of threading the 
cyclodextrins all the way on to the middle of the 
polymeric chain once they had found their way on to 
the ends of the polymer. The equilibration hypoth- 
esis was confirmed by removal of cyclodextrin from 
the fully threaded polymer by dialysis. To unthread 
the a-cyclodextrin from poly(iminoundecamethy1ene) 
took 15 h, while removal of the rings from poly- 
(iminotrimethylene-idecamethylene) was not com- 
plete after 2 weeks! Conclusive proof of the threading 
of a-cyclodextrin on to poly(iminotrimethy1ene-imi- 
nodecamethylene) was achieved by the arbitrary 
stoppering of the polymeric backbone of the 
pseudopolyrotaxane with the hydrochloride salt of 
nicotinoyl chloride, to form a polyrotaxane. Dialysis 
of the reaction products released only the cyclodex- 
trins not positioned between two stoppers. The 
amount of unthreading upon dialysis decreased with 
the amount of reacted stopper group. A polyrotaxane 

Na03S 
___) 

NaHCO, 
90OC. 10 h 

Figure 35. The self-assembly of a [2]rotaxane incorporating 8-cyclodextrin by a threading p r 0 ~ e d u r e . l ~ ~  
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molecular weight 2000. Fractionation of the product 
allowed identification of “polyrotaxanes” with differ- 
ent numbers of a-cyclodextrins per molecule. Up to  
37 molecules of a-cyclodextrin were accommodated 
on to one poly(ethy1ene glycol) thread! The products 
were clearly polydisperse. The X-ray powder pat- 
terns of the poly(ethy1ene glycol) (molecular weight 
= 3350) bisamine-derived rotaxane showed the mate- 
rial to  be crystalline, with a pattern similar to  those 
observed for complexes of cyclodextrins with extended 
column structures, confirming the rotaxane topog- 
raphy. When the 28-mer of poly(ethy1ene glycol) 
bisamine (molecular weight = 1248) was used as the 
thread,161 only 16% crude yield of the “polyrotaxane” 
was isolated, in which 12 cyclodextrins were threaded 
on to the linear component, indicating that the 
structure has the cyclodextrin beads relatively close 
packed. The reasons for the discrepancies in the 
occupancy of the poly(ethy1ene glycol) dumbbells by 
the cyclodextrins is partially a result of the fact that 
glycols between 600 and 2000 molecular weight are 
complexed most efficiently. 

The polyrotaxane synthesized from poly(ethy1ene 
glycol) (mass 1450) has been used162 as a template 
for the construction of a tubular polymer (Figure 37). 
The hydroxyl groups of the threaded a-cyclodextrins 
were reacted with epichlorohydrin to  “link up the 
lampshades”. The stopper groups of the resulting 
“jumbo”-sized [2lrotaxane (since the beads are joined!) 
were cleaved with strong base. The molecular tube, 
which had an average molecular weight of 20 000 as 
determined by size exclusion chromatography, was 
isolated in 92% yield. The signals in the IH NMR 
spectrum of the molecular tube were broad, presum- 
ably owing to the random substitution of the cyclo- 
dextrin. W-visible spectroscopic experiments, in- 
volving mixing KI-I2 with either randomly cross- 
linked a-cyclodextrin or the molecular tube, indicated 
that 13- ions were oriented in the molecular tube. 
Thus, the polyrotaxane has been used as a scaffold 
for a nanometer-scale structure which would other- 
wise have been inaccessible. Most recently, the same 

have claimed the double-stranded inclusion 

Figure 36. The self-assembly of a polyrotaxane with poly- 
(ethylene glycol) bisamine as the thread and a-cyclodextrin 
as the ring by a threading procedure.159 The cyclodextrin 
rings are believed to be threaded in a head-to-headhail- 
to-tail fashion. 

was isolated with a degree of polymerization of 55 f 
5 with 37 threaded cyclodextrins, and an average 
molecular weight of 55 000 f 5000 g mol-l, as 
determined by low-angle laser light scattering. 

In a similar vein, the pseudopolyrotaxane formed 
in water between poly(ethy1ene glycol) bisamine 
(mass 3350) and a vast excess of a-cyclodextrin was 
isolated and then stoppered in DMF, this time 
selectively at  the termini of the polymeric thread, 
with 2,4-dinitrofluorobenzene (Figure 36). 159 Purifi- 
cation by washing and chromatography yielded a 
product with dramatically different solubility char- 
acteristics to  either of the two components. The 
polyrotaxane, which the authors refer to  as a molec- 
ular necklace, was isolated in a crude 60% yield and 
was characterized by elemental analysis, lH and 13C 

NMR spectroscopies, and gel chromatography. It has 
an average molecular mass of approximately 25 000 
and carries in the region of 20-23 threaded cyclo- 
dextrins. The fact that the polyrotaxane is insoluble 
in water, yet soluble in 0.1 N sodium hydroxide 
suggested the presence of strong hydrogen bonds 
between the cyclodextrins, leading to the claim that 
an alternate orientation of the rings on the thread 
was present (Figure 36). 

Later, Harada reported160 the same reaction car- 
ried out starting with poly(ethy1ene glycol) of average 

$‘.I NaOH (10%) 

Figure 37. The synthesis162 of a tubular polymer of linked a-cyclodextrin units from the polyrotaxane described in Figure 
36. 
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Figure 38. The self-assembly of two [2]catenanes and two isomeric [3lcatenanes, involving heptakis(2,6-di-O-methyl)-P- 
cyclodextrin as one or two of the rings, in aqueous solution under Schotten-Baumann c ~ n d i t i o n s . l ~ ~ - ~ ~ ~  

of poly(ethy1ene glycol) chains, derivatized with 
aromatic residues at the termini, within the cavities 
of y-cyclodextrin hosts. The proposed inclusion of two 
guest strands within two cyclodextrins was supported 
by emission spectra, which showed excimer bands not 
present in the guest alone. Folding back of one 
strand within the cavities of the cyclodextrins was 
ruled out by monosubstitution of the poly(ethy1ene 
glycol) chain. The excimer band for the dimer 
remained, proving that two of the aromatic probes 
from different molecules were in close proximity. It 
has been proposed that such complexes, which were 
compared t o  the inclusion of DNAs double helix by 
DNA polymerases, may be used for the construction 
of polycatenanes. 

The first catenated cyc10dextr ins~~~J~~ were re- 
ported 35 years after the team headed by Liittring- 
haus had attempted to reach this goal. Heptakis(2,g- 
di-0-methyl)-P-cyclodextrin was chosen as the 
preformed ring, owing to its rigid and extended torus- 
shaped cavity (compared with the native P-cyclodex- 
trin) and good solubility in a variety of solvents 
including water. The strong binding of extended 
bitolyl units within the cavity of the modified cyclo- 
dextrin suggested using this aromatic unit as a 
building block for the other macrocycle. A bitolyl 
unit, extended by tetraethylene glycol chains and 
terminated with amino groups, was reacted (Figure 
38) under Schotten-Baumann conditions with tereph- 
thaloyl chloride (0.01 N sodium hydroxide solution) 
in the presence of heptakis(2,6-di-O-methyl)-P-cyclo- 
dextrin. The highest yielding products were the 1: 1 
and 2:2 macrocyclic amides formed between the two 
acyclic reagents. The [2lcatenanes related to  the 1:l 
and 2:2 macrocycles were formed in 3.0 and 0.8% 
yields, respectively. In addition, two isomeric [3]- 
catenanes were obtained as an equimolar mixture in 
1.1% yield. They were separated1@ using reverse- 

phase HPLC and assigned to the head-to-head and 
head-to-tail isomers on the basis of their I3C NMR 
spectra. The relative yields of the macrocycles and 
catenanes strongly suggest that the presence of the 
bound cyclodextrin around the macrocycle precursor 
inhibits the latter's ring closure. None of the dy- 
namic processes taking place in these catenanes 
could be slowed down on the 'H NMR time scale. An 
X-ray crystal structure (two views are shown in 
Figure 39) was obtained for the [2lcatenane incor- 
porating one modified cyclodextrin and one 1:l mac- 
rocycle. The structure reveals that the bitolyl residue 
of the macrocycle which is formed during the Schot- 
ten-Baumann reaction occupies the cavity of the 
heptakis(2,6-di-O-methyl)-~-cyclodextrin, while the 
bislactam component nestles alongside the cyclic 
oligosaccharide. Somewhat surprisingly, no hydrogen- 
bonding interactions between the two macrocycles 
could be observed in the solid-state structure. How- 
ever, the molecules pack in a pseudo cone-in-cone 
arrangement such that the lower polyether strand 
of one [2lcatenane is inserted partially into the upper 
orifice of another K2lcatenane molecule. This packing 
arrangement extends throughout the crystal. 

When a constitutionally asymmetric diamine was 
employed166 as the substrate during the catenation, 
orientational isomers of a [2lcatenane were formed 
and isolated without being identified one from the 
other unambiguously. In general, the catenated 
cyclodextrin derivatives shown in Figures 38 and 39 
are soluble in halogenated and aromatic hydrocar- 
bons as well as in hydroxylic solvents. The existence 
at long last of these intriguing new compounds gives 
us potentially a unique insight into the nature of the 
noncovalent bonding interactions that cyclodextrins 
employ in binding substrate molecules. 
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Figure 39. A side-on view and a plane view of the X-ray 
crystal structure of the smaller [Zlcatenane illustrated in 
Figure 38.166 

V. Synthetic Double and Triple Helices 
The synthetic chemical mimicry of the double-helix 

structural motif has been an area of intense research 
activity in recent years. The occurrence of single 
helicesl6? is not uncommon in the realm of synthetic 
organic chemistry, where it endows stereochemis- 
try,168 for instance, with propellers169 and heli~enes. '~~ 
However, examples of double and triple helices are 
extremely rare in this area of chemistry. In order to 
generate double- and triple-helical structures, control 
over the directionality of noncovalent bonding and 
the conformations of the components is essential. For 
this reason, the creation of entirely synthetic double- 
and triple-helical structures has been dominated by 
examples which are templated by transition metal 
ions,15 since they have well-defined and varied coor- 
dination geometries while a wide range of ligands are 
accessible to the chemist. Mononuclear transition 
metal complexes by themselves are the beginnings 
of helices, as demonstrated by their existence as 
antip~des.'~' Indeed, the resolution of the antipodes 
of mononuclear transition metal complexes was first 
achieved172 in the early part of this century. More- 
over, it is highly probable that multinuclear double 
helices were formed by multidentate ligands long 
before they were recognized. 

The ligand bis(2-thiobenzaldimino)-2,6-diacetylpy- 
ridine forms a single helix around ~ inc ( I I ) . ' ~~  Using 

Chemical Reviews, 1995, VoI. 95, No. 8 2745 

a similar ligand (32 in Figure 40), Webster and 
P a l e ~ ~ i k ' ~ ~  reported the preparation and crystal struc- 
ture of a dimeric zinc complex by deprotonation of 
the pentagonal-bipyramidal (single-helical) complex 
Zn(Hzdapp)(HzO)lClz (dapp = 2,6-diacetylpyridine 
bis-2-pyridylhydrazone). The structure of the result- 
ing deprotonated complex, [Znz(dapp)~lzCHCb*H~O, 
has a geometry (Figure 40) where the two dianionic 
dapp2- ligands wind round both zinc ions which have 
distorted octahedral coordination geometries with the 
central pyridine atom of each ligand coordinating to 
both metal centers.175 Several years later, a deriva- 
tive (33) of this ligand was shown to form complexes 
with a wide variety of transition metal ions'76 and, 
in particular, to form a double-helical complex with 
silver(1). The two 2,6-diacetylpyridine bis(6-chloro- 
2-pyridylhydrazone) ligands surround the two silver 
ions such that the coordination around the metal ion 
is a distorted tetrahedron, with one of the terminal 
pyridyl rings of each ligand being uncoordinated 
(Figure 40). The ligand geometry is stabilized by 
n-n stacking interactions between the uncoordinated 
terminal pyridyl rings of one ligand and the central 
yridine ring of the other.177 The silver ions are 3.14 !i apart. 
In 1976, Fuhrhop and co-worker~'~~ showed that 

dehydrated zinc octaethyl formyl biliverdinate forms 
a do,uble-helical dimer (Figure 41). The monomeric 
zinc octaethyl formyl biliverdinate forms brown 
crystals, which were separated manually from those 
of the green dehydrated dimeric complex that coc- 
rystallizes in acidic media. Each zinc ion has a 
distorted tetrahedral coordination involving two ni- 
trogen atoms from each li and The distance be- 
tween the zinc ions is 3.37 i, while the total length 
of the helix is 5.2 A. Similar tetrapyrrolic metal ion 
complexes have been studied because of their simi- 
larity to bilirubin, the naturally occurring bile pig- 
ment, as well as on account of their intermediacy in 
the synthesis of corrinoid and porphyrinoid macro- 
cycles. The X-ray crystal structure of the zinc(I1) 

P X 

Figure. 40. The double-helical complexes formed when two 
dianionic dappz- ligands [dapp = 2,6-diacetylpyridine bis- 
(2-pyridylhydrazone)] wrap themselves around zinc(I1) and 
silver(1) 
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metal centers was suggested on the basis of NMR 
spectroscopic evidence. The intramolecular and in- 
termolecular exchange processes between complexes 
were slow on the 'H NMR time scale. Indeed, when 
an ethyl spacer was used instead of the cyclohexyl 
spacer in 36, the resulting complex was dynamic on 
the 'H NMR time scale, even at 213 K. 

+,--T$,. -NH HN \ 

\ \ - -  

34 

q p  

q P  
-8- 35 

-"ti- 36 

The first triple-stranded helix incorporating two 
metal ion centers (Figure 42) was reported by the 
group of S h a n ~ e r ' ~ ~  in 1987. Circular dichroism 
showed that the chiral ligand 37 forms a right- 
handed triple-helical structure when two iron(II1) 
ions are bound to the host. The complex is stabilized 
by interstrand hydrogen bonds between the periph- 
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Figure 41. The formation of a double-helical dimer by 
dehydrated zinc octaethylformyl biliverdinate.':x 

complex of decamethylbiladiene (34) reveals179 a 
similar double-helical arrangement of the dimeric 
complex to that described by Fuhrhop. The zinc ions 
are coordinated as a distorted tetrahedron. No 
solution state studies werc reported. The nickel(I1) 
complex ofa bilindione derivative, on the other hand, 
forms a 1:l complex'*" in which the ligand is forced 
to adopt a single-helical arrangement around the 
central metal ion, as is the case for related ligands 
in this serics.I2' 

The quatridentate ligands 35, where the cyclohexyl 
ring has the (RSi configuration, were shown by van 
Koten and co-workersl'L to react with L M I O X F ~ ~ I  
[M = Ag 1, or CU(IL] to form dimeric double-helical 
complexes in both the solid and solution states. The 
dimeric complexes are preferred over the monomeric 
ones, partially because of the preferences of the two 
metal ions for nonplanar coordination geometries, 
and also because of the strain that would be placed 
on the ligand if it was forced into a 1:l complex. The 
solid-state structural analysis ofthe complex formed 
by 35 and silver(1) rcvcaled its double helical geom- 
etry, where the metal ion centers are 3.25 A apart 
and coordinated by two donor atoms from each 
ligand. The structure was denoted endo-i)SR-RSo. 
Support for the existence of a similar structure in 
solution was forthcoming from a comprehensive 
multinuclear (I": ''Iq&, 'H, 'jN, 13C, NMR spectro- 
scopic investigation, though clearly, the enantiomer 
endo-LRS-SRL may also be present in solution."' The 
dissociation and recoordination of the complexes are 
slow on the 'H NMR time scale from 210 to 310 K. 
As a result o f  efforts to obtain solution-state struc- 
tural and dynamic information, concerning the pyr- 
role-containing complexes described earlier, the same 
group18.' prepared the ligand 36-once again as the 
IRSJ isomcr, and then reacted it with ZnS04 in the 
presence of KOH to afford neutral dinuclear com- 
plexes. The stoichiometries of the complexes were 
confirmed using field-desorption mass spectrometry, 
and a helical arrangement ofthe ligands around the 

I 

37 

Figure 42. Two tethered triple-stranded helices incorpo- 
rating two iron(II1) ions.'85 
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era1 amide functions in the ligand, which, together 
with the three chiral centers, help to  determine the 
handedness of the complex. The reduced Cotton 
effects in polar solvents support this conclusion. The 
formation of a left-handed helix was achieved by 
replacing the noncovalently active amide bonds in 37 
with ester bonds, thus producing ligand 38, in which 
the remaining amide bonds determine the handed- 
ness of the complex. This research demonstrates the 
tremendous selectivity that relatively weak hydrogen 
bonds can afford in the construction of helical ar- 
rangements. 

The research groups of Constable and Potts have 
approached the formation of helicates, helices incor- 
porating metal ions, by exploiting the limited rota- 
tions that occur about intraannular C-C bonds 
between aromatic rings in order to control the twisted 
conformations of their ligands.15 The observationls6 
that oligopyridine ligands187 are forced to be nonpla- 
nar when some of the rings are coordinated and 
others are not, has led these two research groups to  
the realization of several helicates incorporating 
these ligands and a variety of metal ions. 

The simplest member of the family of oligopy- 
ridines that has only recently been shown to form 
helicates is terpyridine. Realizing that JC-JC stacking 
interactions are very important in the formation of 
helicates by this family of ligands, Potts and co- 
w o r k e r P  designed the ligand 39-6,6'-disubstituted 
with phenyl rings-which, upon mixing with tetrakis- 
(acetonitrile)copper(I) forms an orange solution, from 
which dark red crystals of the 2:2 complex crystallize 
out. The X-ray crystal structure of the complex, 
shown schematically in Figure 43, illustrates how the 
ligand strands wrap around one another and the two 
copper ions, which occupy, respectively, distorted 
tetrahedral coordination and linear coordination 
geometries. This example was the first reported 
complex with two copper(1) centers having different 
coordination numbers. The helix has a pitch of only 
8 A, with the copper-copper distance being only 2.63 A. Four sets of aromatic stacks are formed by JC-JC 
stacking interactions, two between the middle pyri- 
dine ring of one ligand and the two phenyl ring 

0 39 Q 
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Figure 43. The formation of a double helicate around two 
copper(1) ions of two substituted terpyridine ligands.laa 
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Figure 44. The formation of dinuclear double helicates 
around two copper(1) ions by two quaterpyridine 
ligands. lgo, lg4 

termini of the crystallographically equivalent second 
ligand, and the other two between the remaining 
pyridine rings in each ligand. The dinuclear double 
helical complex was also stable in solution wherein 
it adopts an averaged geometry in contrast with the 
ligand in which the phenyl substituents are not 
present which does not form a stable complex. 
Constable189 has, more recently, described a similar 
structure, where the methylthio groups present in 39 
are absent, in which the metal-metal distance is 2.57 
A. In this structure, the copper(1) center, which is 
two-coordinate, exhibits long-range interactions with 
the central pyridine nitrogen atom of the ligand. 

One of the earliest approaches that was devised to 
create double helicates around templating metal ions 
involved the exploitation of a quaterpyridine deriva- 
tive. Lehn and c o - w o r k e r ~ ~ ~ ~  introduced methyl 
groups onto two of the pyridine rings of such a 
derivative, generating the ligand 40 (Figure 44) so 
that the methyl groups can act as a conformational 
lock in between the two 2,2'-bipyridine units. When 
this ligand was combined with copper(I), a dinuclear 
double helicate was formed, a fact confirmed by the 
X-ray crystal structure of the complex in which the 
two copper(1) centers are held apart by 3.90 A. The 
methyl groups do provide the steric barrier to prevent 
planarity of the ligand, an observation that is dem- 
~ n s t r a t e d ~ ~ l  by the mononuclear cupric complex, in 
which the twist angle of 26" between the two inner 
pyridine rings is found to be greater than the other 
twist angles present in the ligand. Reduction of the 
cupric complex was achieved readily and the species 
which was formed was the dimeric helicate structure. 
The copper(1) ion in this double helicate is stabi- 
lizedIg2 to oxidation by 1 V when compared with the 
[Cu(2,2'-bipyridine)2lf cation. However, it transpired 
that the presence of the methyl substituents proved 
to be unnecessary for double helicate formation,lg3 
since the unsubstituted 2,2':6',2":6",2"'-quaterpyri- 
dine (41 in Figure 44) crystallizes with both copper- 
(I) and silver(I1 ions to  form binuclear double heli- 
cates. The pitch of the cuprous helicate formed with 
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Figure 45. The formation of a double helicate with two 
nonequivalent copper ions-a six-coordinate copper(I1) 
center and a four-coordinate copper(1) center-and two 
quinquepyridine ligands. lg8 

41 is substantially shorter-copper-copper distance 
of 3.17 A-than that of the double helicate formed 
with 40. It appears, therefore, that the methyl 
substituents control the pitches of the helices. The 
distance between the same metal ions in a double 
helicatelg4 incorporating two 4,4”-meth lthio-substi- 
tuted quaterpyridine ligands is 3.32 i. In all the 
crystalline helicate complexes, both right-handed and 
left-handed double helicates are formed. 

When 2,2’:6”~’’:6,2”’:6”’,2’”’-quinquepyridine (42 
in Figure 45) is combinedlg5 with a range of transition 
metal ion [Cu(II), Co(II), Zn(II), Ni(1I)I acetates in 
boiling methanol, complexes are formed whose sto- 
ichiometries were proved by mass spectrometry to  be 
2:2. In the case of the copper(I1) complex, crystals 
were obtained in which the complex was shown to 
exist as a double helix with the two nonequivalent 
copper ions separated by 4.50 A. The ligand is 
terdentate, assuming a very distorted octahedral 
geometry with respect to  one copper(I1) ion and is 
bidentate in relation to the other one. The coordina- 
tion sphere of the latter copper(I1) ion is satisfied by 
an acetate counterion, leading to a distorted trigonal- 
bipyramidal arrangement around the metal. The 
ligand twists about the C-C bond which links its 
terdentate and bidentate sections. The bidentate 
section of one ligand x--n stacks with the terdentate 
section of another ligand with an interplanar separa- 
tion of approximately 3.3 A. Both enantiomers of the 
double helix are present in its crystals. A very 
similar solid-state structure was identifiedlg6 for the 
corresponding nickel(I1) complex, the principal dif- 
ference from the copper(I1) complex being that the 
coordinated acetate ion is bidentate. Similar struc- 
tures to  these ones were obtained for substituted 
quinquepyridines in the solid state.lg4Jg7 When [Cu- 
(MeCN)41[PFsl is combined with 42, the double helix 
which forms is very similar to that of the exclusively 
copper(I1) complex, except that the absence of the 
acetate ion leads (Figure 45) to one six-coordinate 
copper(I1) center and one four-coordinate copper(1) 

center in the helix.lg8 By contrast, when silver(1) ions 
are crystallized with the same ligand, a near-planar 
ligand geometry is observed in the 1:l c0mp1ex.l~~ 
Whereas quaterpyridine forms a 1:l complex with 
palladium(II), wherein the metal ion has a distorted 
square-planar coordination, a binuclear double helix 
is formed200 between palladium(I1) and quinquepy- 
ridine. This latter complex has an X-ray crystal 
structure in which each metal center displays an 
irregular five-coordinate geometry, with four close 
contacts to  ligating nitrogen atoms. The pronounced 
twisting ( ~ 7 0 ” )  between the bi- and tridentate parts 
of each ligand results in a large intermetal distance 
of 4.96 A. The double helicate structure is stabilized 
to a large extent by n--n stacking interactions 
between the ligands (interplanar separations of ap- 
proximately 3.4 A). Ferrocenyl groups have also been 
incorporated at the 4‘ and 4”’ positions of 42 and it 
has been shown that this modification does not 
hinder the formation of either mononuclear helical 
or binuclear double-helical complexes.201 It has also 
been demonstrated that charge proximity to  the 
ligand alone does not cause helication,202 since the 
ligand adopts a planar ~is,trans,trans,cis arrange- 
ment in its protonated form. 

The complexes formed by derivatives of 42 emerge 
as either 1:l or 2:2 complexes with cobalt(I1) in the 
solid state.203 In the 1:l c o m p l e x e ~ , ~ ~ ~ , ~ ~ ~  which 
dominate in solution, the ligand is monohelical and 
the cation is seven coordinate. However, crystals 
have also been obtained of a binuclear double helix, 
corresponding to the complex [Co2(42)2(0Ac)l3- in 
which both metal ion centers are six coordinate, yet 
nonequivalent.206 As in the nickel(I1) complex, the 
acetate group is coordinated in a bidentate fashion 
to one metal ion, the distance between the metals 
being 4.46 A. 

When silver(1) or copper(1) salts are added to  
methanolic or ethanolic solutions of the 1:l complex 
of quinquepyridine and cobalt(II), heterobinuclear 
double-helical complexes (Figure 46) are formed.207 

anion 

r A A 1 3 +  

Figure 46. The formation of heterobinuclear double- 
helical complexes from the 1:l complex of quinquepyridine 
and cobalt(I1) when silver(1) or copper(1) salts are added.207 
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The self-assembly of these mixed-metal complexes is 
driven by the cobalt(I1) ion achieving a pseudoocta- 
hedral coordination, while the other component metal 
ion occupies a pseudotetrahedral geometry. Mixing 
the monohelical silver(1) and cobalt(I1) complexes of 
42 also resulted in the formation of the corresponding 
heterobinuclear double-helical complex in near quan- 
titative yield. The observation of a Co"'/Co" couple 
a t  0.40 V in the bimetallic complex contrasts with 
the mononuclear monohelical complex of the cobalt- 
(11) with the same ligand, strongly suggesting a six- 
coordinate site for the cobalt(I1) in the former. 
Indeed, this structural feature was confirmed when 
the crystal structure of [CoAg(42)~1(C104)3.2H~O was 

The cobalt ion resides in the terpyridyl 
section of the ligand, while the silver ion is sur- 
rounded by the bipyridyl section. The intermetal 
distance in the two independent double helicates 
present in the crystal are 4.17 and 4.22 A, respec- 
tively. Once again, n-n stacking interactions occur 
between pyridine rings in each section of the two 
ligands-and, in addition, between pyridine rings in 
different complexes, so that a head-to-head dimer is 
formed in the crystal with a silver(1) to  silver(1) 
distance of 3.82 A. Thus, n-n stacking exists along 
the whole length of the dimeric helicate. 

The next higher homolog of oligopyridine, namely 
2 , 2 6 ' , 2 " : 6 " , 2 6 , 2 6 , 2 - ~ e x i p y r i d i n e  (43 in 
Figure 471, also displays a rich coordination chem- 
istry, as well as an ability to form mononucleaPo9 and 
dinuclear210 single helicates and binuclear double 
helicates. Specifically, the binuclear double helical 
cadmium(I1) complex (Figure 471, where each metal 
center is six coordinate, has been crystallizedz1' as 
its tetrakis(hexafluorophosphate) salt. Once again, 
n-n stacking interactions are considered to be very 
important in the formation of the complex between 
the two ligands and help to ensure that the metal 
ions are held 4.17 A apart in the helix. The copper- 
(11) dinuclear double helix with 4,4"-bis(methylthio)- 
sexipyridine showslg7 very similar features, but with 
a metal-metal distance of 4.89 A. Solutions of 
copper(1) and derivatives of sexipyridine ligands 

I 

Figure 47. The formation of a binuclear double-helical 
cadmium(I1) complex with sexipyridine as the two ligands.211 
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Figure 48. (Top) The formation of a binuclear double 
helicate around copper(1) ions by two of the tridentate 
ligands 4 4 2 1 5  (bottom) the formation of a double helicate 
around copper(1) ions by two of the ligands 45, and a view 
of the infinite double-helical array they form in the 
crystal.2'7 

contain trinuclear double helices ofthe type [Cw(43)21- 
[PF&, in which the proposed geometry for each metal 
ion center is a distorted tetrahedron. An 'H NMR 
spectrum of the cuprous complex with 43 revealed 
10 well-resolved resonances, in accord with an aver- 
aged Dz solution state Furthermore, 
it was found to  be possible to  oxidize electrochemi- 
cally the dark brown trinuclear copper(1) species to 
the green dinuclear copper(I1) species with the ejec- 
tion of a copper ion. Potts and c o - w ~ r k e r s ~ ~ ~  have 
noted similar phenomena in substituted sexipyridine 
complexes, while Constable and C h ~ t a l i a ~ ~ ~  have 
used the templating effect, which results in the 
formation of helicates, for the preparation of the 
ligands themselves. The formation of a dinuclear 
nickel(I1) double helicate, by dimerization of a terpy- 
ridine ligand substituted a t  its 6-position with a 
bromine atom with a suspension of [Ni(PPhs),l (n = 
3, 4) in dimethylformamide, proceeds in an overall 
yield of 50% after isolation of the tetrakidhexafluo- 
rophosphate) salt. The reaction was reported to 
constitute a facile synthesis for the even-ring oli- 
gopyridines, which are obtained subsequently in 
quantitative yield by demetalation of the helicate 
following treatment with KCN. 

The combination of pyridine and benzimidazole 
moieties into ligands has proved to be a very fruitful 
area for the creation of double and triple helicates 
by Piguet, Bernardinelli, and W i l l i a m ~ . 2 ~ ~ - ~ ~ ~  In 
their first report,215 the tridentate ligand 2,6-bis(l- 
methylbenzimidazol-2-yllpyridine (44 in Figure 48) 
was crystallized with copper(1) to form a binuclear 
double helicate in which each metal ion is coordinated 
almost linearly by a benzimidazole moiety from each 
strand. The pyridine moiety is coordinated weakly 
to the two metal ions, which are separated by an 
extremely short distance of 2.62 A. The benzimida- 
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zole rings of a given strand are n-n stacked with the 
same moieties in the other strand (interplanar sepa- 
ration of 3.4 A). This helicate is remarkable on 
account of its low number of binding sites per ligand 
for each metal ion and for the fact that it is stable in 
polar aprotic solvents. When the pyridine ring is 
replaced by a benzene ring substituted in the same 
manner, a nonhelical structure is formed in which, 
once again, the copper ion is coordinated linearly by 
the nitrogen atoms of each benzimidazole gr0up.2~~ 
One way to extend the helix formed by these com- 
plexes is to increase the number of binding sites in 
the ligand. Another way is to  generate an infinite 
one-dimensional helix by the formation of a monomer 
unit and then to achieve subsequent association of 
these units into a linear aggregate. The latter 
approach has been demonstrated2l7 using the ligand 
45 (Figure 48), which was designed to test the 
importance of n-n stacking to  this type of helicate 
structure. The helix that forms upon reacting 45 and 
copper(1) has a solid-state structure in which each 
metal ion is ligated linearly by a nitrogen atom from 
each imidazole group of 45, with any interaction from 
the bridging pyridine nitrogen atom being very weak. 
The distances between the copper ions in the two 
distinct complexes present in the crystal were both 
approximately 2.82 A. The packing of the helices in 
the crystal is such that an infinite double-helical 
array is generated (Figure 48). Although no stacking 
within each single dimer is present, the imidazole 
planes of adjacent complexes do overla (interplanar 
separation of approximately 3.4-3.5 1). The inter- 
complex copper-copper distances are 3.29 and 3.43 A. The binuclear double helicates mesh together to 
form the infinite double helicate array, each parallel 
stack having a different helicity to  the next. Al- 
though this aggregate is not maintained in solution, 
monomeric double helicates are present. 

The same research group went onz1* to use the 
bisbidentate ligand (46A in Figure 49) for the forma- 
tion of a dinuclear triple helix, something which 
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happens when it complexes with cobalt(I1). The rigid 
spacer in 46 prevents folding back of the coordination 
sites, while steric repulsion between the benzimida- 
zole units disfavors a planar structure, rendering the 
ligand well-suited to act in a bisbidentate mode. 
When the ligand 46B was mixed in a 3:2 (ligand/ 
metal ion) stoichiometrically with cobalt(I1) perchlo- 
rate, red-orange crystals were formed. X-ray crys- 
tallography shows that each cobalt ion has a flattened 
octahedral Coordination with the ligand exhibiting a 
wide range of torsion angles, suggesting that it is 
fairly flexible. The n-n stacking interactions noted 
in other complexes were not observed in this complex. 
The same ligand also forms a binuclear double 
helicate when combined with copper(1) in polar 
aprotic s0lvents.2~~ The double-helical nature of the 
complex was confirmed by 'H NMR spectroscopy, as 
well as by analysis of metal-to-ligand charge transfer 
bands in the visible spectrum, indicating a pseudo- 
tetrahedral geometry around the metal ions. Titra- 
tion experiments indicated that the cuprous helicate 
was not the only complex present in solution and that 
there were significant amounts of the mononuclear 
complex involving two ligands. Zinc(I1) forms a 
mixture of helicates in solution with 46A, including 
binuclear double and triple helicates, on account of 
its ability to adopt both pseudotetrahedral and pseu- 
dooctahedral coordination geometries. In the case of 
46A, the outcome regarding the particular type of 
helix formation is therefore determined by the coor- 
dination geometries that are preferred by the metal 
ions. 

A consequence of using the strict self-assembly 
strategy, which entails the system reaching a ther- 
modynamic minimum by trial and error, for the 
preparation of helicates is that the ligand-metal 
complex should be relatively kinetically labile, a 
property which prevents the straightforward resolu- 
tion of the complexes into enantiomeric forms. One 
way to address resolving enantiomers is to render the 
complex kinetically inert, something which should be 
possible with the cobalt(I1) complex of 46A by oxidiz- 
ing it. Unfortunately, this complex did not oxidize, 
but a related cobalt(I1) complex with the ligand 46B 
could be oxidized with bromine to  the cobalt(II1) 
complex in 67% The crystal structure of the 
cobalt(II1) complex reveals an octahedral coordination 
to  the metal ion, which is approximately 0.2 A closer 
to the ligating nitrogen atoms than is the metal ion 
in the analogous cobalt(I1) complex. The 'H NMR 
spectrum of the complex confirmed its helical nature 
in DzO solution, since addition of the chiral salt, Naz- 
S~Z[(-)-C~O~HZ]~.~HZO, caused clear splitting of ap- 
propriate signals arising from the enantiomers of the 
complex. They were separated successfully by elu- 
tion of the racemic modification from a Sephadex SP- 
C25 column with aqueous N~zS~Z[(-)-C~O~HZIZ~H~~. 
The successful resolution of the enantiomeric com- 
plexes was confirmed by circular dichroism per- 
formed on the two complexes. 

The bisterdentate ligand (47 in Figure 50) was 
synthesizedzz1 in the hope that it would form triple- 
helical structures with metal ions of coordination 
number nine. This design feature was successful in 
so far as the ligand self-assembled around two 
europium(II1) ions to form the first dinuclear triple- 
helical lanthanide complex. The complex, which was 

Dinuclear 
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Figure 49. (Left) The formation of binuclear double 
helicates with copper(1) ions and dinuclear triple helicates 
with cobalt(I1) ions when the bisdentate ligands 46 are 
present; (right) the solid-state structure of the dinuclear 
triple helicate of 46B with ~ o b a l t ( I I ) . ~ ~ * ~ ~ ~ ~  
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transfer processes in these supramolecular systems 
with the aim, ultimately, of creating light-conversion 
devices. 

The group from Geneva have most recently pre- 
paredzz5 the segmental ligands 48 and 49 with 
bidentate and tridentate ligating sections. The ligand 
48 forms 2:l ligandlmetal ion complexes with iron- 
(111, zinc(II), and cobalt(II), with its terdentate sec- 
tions surrounding the cations in a pseudo-octahedral 
geometry. It is also capable of forminFZ6 a 2:2 
double-helical complex with zinc(I1). Meanwhile, the 
iron(I1) mononuclear complex of 48, when treated 
with silver(1) ions forms a heterodinuclear double 
helicate, albeit of very low stability-only 27% of the 
complex was formed at  1:l compledsilver(1) stoichi- 
ometry. However, a heterodinuclear triple helix 
forms in solution when 48 is combined with zinc(I1) 
and either lanthanum(II1) or europium(III), as indi- 
cated by 'H NMR spectroscopy.2z5 The trileptic 
ligand 49 forms a trinuclear complex with a 2:2:1 
ligandlsilver(I)/iron(II) stoichiometry, with the iron- 
(11) ion occupying the central position of the ligand. 

Figure 50. The formation of a binuclear triple helicate 
with europium(II1) ions in the presence of the histerdentate 
ligand 47.22'-223 

isolated in 80% yield from europium(II1) perchlorate 
and 47, was characterized in the first instance by 
fast-atom bombardment (FBI mass spectrometry. 
Later, electrospray mass spectrometry (ESMS) was 
also used to  characterize similar complexes,2z2 since 
the results could be obtained more easily than by 
using FAl3 mass spectrometry. ESMS also gives a 
qualitative feel for the species present in solution. 
The crystal structure of the triple helicate reveals the 
close to D3 symmetry of the helix, which is ap- 
proximately 15 A long with a pitch of 12 A. The 
metal ions are coordinated in distorted tricapped 
trigonal prisms, with three pyridine nitrogen atoms 
occupying the capping points leaving the benzimida- 
zole nitrogen atoms at  the vertices. There are n-n 
stacking interactions observed between the benzimi- 
dazole moieties of the ligands, albeit they are rela- 
tively weak ones. The authors'" proposed that the 
driving force for helix formation is the coordination 
geometry of the metal ions. In addition, 'H NMR 
spectroscopic experiments reveal that the triple- 
helical structure also exists in solution, and that this 
structure is the only complex formed, indicating a 
cooperative mechanism in the self-assembly process. 
The triple helicate also forms with other lan- 
thanide~:'~ although those with the heavier lan- 
thanides, namely Tb and Lu, are less stable, a t  least 
as determined by competition experiments between 
these ions and europium(II1) ions. The larger the size 
of the lanthanide, the greater is the interference 
within the complex from solvent molecules as a result 
of the less compact nature, and thus poorer n-n 
stacking, of the ligand. This effect has also been 
observedzz4 in mononuclear triple-helical structures 
of a similar type. It was anticipated that the heli- 
cates might operate as light-conversion devices.zz3 
Efficient intramolecular energy transfer does take 
place between the ligand's 3nn* excited state and the 
excited levels of both europium(II1) and terbium(II1) 
templates at low temperatures. At room tempera- 
ture, however, the luminescence undergoes signifi- 
cant quenching, as a result of the flexibility of the 
ligand. The heterodinuclear complex, formed by 47 
and terbium(II1) and europium(III), was used to 
study metal-to-metal energy transfers, because the 
ions are well protected from the environment, thus 
ensuring that the processes are intramolecular. The 
observed yield for the energy transfer supports a 
dipole-dipole mechanism for this process. It is hoped 
that additional modifications of the ligand will lead 
to further investigations of intramolecular energy 

L N  dN6 \ / 48 

\ 
OMe 
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An investigation of the complex using 'H NMR 
spectroscopy indicated the presence either of a double- 
helical complex or of a catenated structure (Figure 
51): they have the same point group. Solid-state 
structures of the two crystalline forms of the complex 
showed that they were the chiral and mesa forms of 
the catenated The two chiral 
forms rapidly interconvert with the mesa form of the 
catenate in solution, as witnessed by 'H NMR 
spectroscopy. Generally, these ligands are relatively 
poor in terms of their selectivity and it is proposed 
to modify the ligating atoms and the chelate bite 
angle to circumvent this problem. 

Several research groups have explored the pos- 
sibilities of using bipyridine ligating groups, sepa- 
rated by a relatively rigid spacer, for the formation 
of double and triple helicates. However, in some 
instances, folding back of the ligand to generatezz7 a 
mononuclear complex has been observed. In the 
course of their studies on oligopyridines, Constable 



2752 Chemical Reviews, 1995, Vol. 95, No. 8 

and co-workersZz8 have described the synthesis and 
helicate formation involving a ligand (50) in which 
two 2,2‘-bipyridine residues are separated by a 1,3- 
disubstituted benzene ring, a structure related to 
quinquepyridine, where the central ligating nitrogen 
atom is not present. An X-ray crystal structure229 
revealed that a binuclear double helicate does form 
between a bismethylthio derivative of the ligand with 
nickel(I1) ions as the template and where the octa- 
hedral coordination of the metal ion is satisfied by 
two bidentate acetate ions at each end of the helix 
axis. There is no n-z stacking in this structure and 
consequently the metal ions are a long 5.87 A apart. 
Dinuclear double helices are also formed229 by the 
ligand 50, particularly with distorted tetrahedrally 
coordinated copper(1) and silver(1) ions as indicated 
by mass spectrometry and lH NMR spectroscopy. 

Amabilino and Stoddart 

Chiral Meso 

Helical Catenate 

Key: 0 Tridentate binding unit 

0 Bidentate binding unit 

Figure 51. The double-helical complex and catenated 
compounds formed when two trileptic ligands 49 complex 
with one iron(I1) ion in the “middle” and two silver(1) ions 
on the  utsi si de''.^^^^^^^ 

The linking of two 6-methyl-2,2’-bipyridine resi- 
dues at the 6’-positions with an ethylene unit yielded 
the ligand 51 which does form a helicate with copper- 
(I) ions.230 An X-ray crystal structure of the complex 
reveals that the copper ions are coordinated in a 
distorted tetrahedral geometry, the distance between 
them being 5.93 A. This structure is maintained in 
solution, as witnessed by lH NMR spectroscopy. 
When the same ligand is combined with cobalt(II1, a 
folded back ligand coordinates a single metal ion. In 
contrast, when two 4-methyl-2,2’-bipyridine residues 
are linked by an ethylene unit at  the ligand’s 4‘- 
positions, a face-to-face complex is formed with iron- 
(11) in which three ligands are coordinated t o  two 
pseudo-octahedral metal centers.231 

The Lehn group in Strasbourg has exploited the 
self-assembly of extended ligands around several 
metal ions to  form extended double helicates which 
display “intelligent” self-assembly. The ligand strands 

52n=O 
53 n =  1 
5 4 n = 2  
5 5 n = 3  

Figure 52. The self-assembly of a homologous series of 
double helicates around two to five copper(1) ions by ligands 
52-55, which contain two to five 6,6‘-dimethyl-2,2‘-bipy- 
ridine  ligand^.^^^,^^^ 

52-55 (Figure 521, containing between two and five 
6,6’-dimethyl-2,2’-bipyridine moieties, when com- 
bined with copper(I), form double-stranded helicates 
with between and five233 metal ion centers. The 
double helicates were prepared (Figure 52) quanti- 
tatively either (i) by combinations of solutions/ 
suspensions of the ligands in chloroform with aceto- 
nitrile solutions of the ‘copper(1) salts (perchlorate, 
trifluoroacetate, or trifluoromethanesulphonate), or 
(ii) by reduction of a mixture of aqueous copper(I1) 
salt solutions and acetonitrile suspensions of the 
ligand. The dramatic changes in the lH NMR spectra 
of the ligands, upon complexing with the metal ions, 
bear witness to  double-helicate formation. The sin- 
glets for the CHzOCHz protons in the free ligands are 
shifted downfield by 1 ppm and are separated into 
AB systems in the double helicates as a result of the 
protons lying in the deshielding zone of the aromatic 
units of the intertwined ligands. The bipyridine 
unit’s ability to  bind copper(1) in a distorted tetra- 
hedral geometry was confirmed232 by the crystal 
structure of the double helicate, incorporating two 53 
ligands wrapped around three copper(1) ions, two 
views of which are illustrated in Figure 53. The 
length of the double helicate is between 16.5 and 17 
A, with one and a half turns of each ligand strand 
over this distance. The double helix is bent in the 
solid state, a feature which implies that a dynamic 
process in which the double helicate bends and twists 
takes place in solution. The presence of enantiomeric 
double helicates, formed by 54 and 55 in solution, 
was confirmed by the addition of (Eu(tfc)3 [tfc = 
[ (trifluoromethyl)hydroxymethylenel-(+)-camphora- 
to] in an experiment which led to the splitting of 
appropriate proton resonances in their IH NMR 
spectra. The tetra- and pentanuclear double-stranded 
helicates were estimated to contain two and two and 
a half turns, and to be 22 and 27 A in length, 
respectively. Although silver(1) is less strongly and 
less selectively bound by bipyridine, similar double 
helicates are obtained234 by using this metal ion as 
the template for the same series of ligands. The 
cooperativity leading to the formation of double 
helicates was suggested on the basis of titration 
experiments of the silver salts into ligand solutions 
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of double-helix formation from an optically pure 
tetra(tertiary phosphine) ligand and silver(1). A left- 
handed double helix, as well as a side-by-side helix 
conformer, were characterized. 

Substitution237 at the 4- and 4'-positions of the 
ligand strands of 53 has led to  the self-assembly of 
what has been describedz3* as deoxyribonucleo heli- 
cates (DNH). The double helicate 56 and the ho- 
molog containing five metal ion centers, which were 
prepared in an analogous way to  those described 
previously, were characterized by fast-atom bom- 
bardment mass spectrometry as well as by NMR 
spectroscopy. In complete contrast to DNA, the 
structures have a coating of 6'-amino-3'-deoxythymi- 
dine residues protruding from the central positively 
charged nucleus of the double-helicate strands. It 
was proposed that the self-assembled double helicates 
may be able to recognize other structures via their 
thymidine residues, one possible target being the 
major groove of DNA itself. In fact, subsequently, it 
was proven that the helicates derived from 52-55 
without these substituents interact with the DNA 
double helix.239 Although the presence of the chiral 
nucleosides could theoretically have induced handed- 
ness in the double-helical complex 56, this control has 
not been shown to  occur. 

HN 

HN 

HN 
0 

56 R = 'BuMe,Si 

Induction of helicity in the complexes formed 
between optically pure bipyridine-containing ligands 
and copper(1) or silver(1) ions has been achieved by 
using simpler asymmetric The methylene 
units attached to the central bipyridine units were 
substituted in CZ symmetric fashion with methyl 
groups in the simple three and five unit ligands to  
give the optically pure 57 and 58, which both have 
the (SS) configuration. The 'H NMR spectra of the 
resulting complexes (Figure 55) strongly suggested 
double-helicate formation, as the chemical shift 
changes were similar to those for the previously self- 
assembled double helicates. An extremely large and 
positive Cotton effect exhibited by the double heli- 
cates indicates the presence of only a single diaste- 
reoisomer. The helicity induction was extremely 
high, i.e. >95%. Although no direct experimental 
evidence has been obtained, molecular modeling 

Figure 53. Two views of the hall-and-stick representation 
of the X-ray crystal structure of the trinuclear double 
helicate formed when two ligands 53 self-assemhle with 
three copper(1) ions.232 

where the double helicates are formed uniquely. An 
X-ray crystal structure (Figure 54) of the trinuclear 
silver(1) complex shows that this double helicate is 
also bent in the solid state. It is 9.8 8, in width and 
20 8, in length. The positive cooperativity leading to 
the double helicates-Le. binding, followed by en- 
hanced rate of growth through sequential binding- 
was confirmed234 by Scatchard and Hill plots, ob- 
tained from treatment of the data collected from 
spectrophotometric titrations. Subsequently, Newko- 
me and c o - w o r k e r ~ ~ ~ ~  have reported the utilization 
of the helicate ligands developed by Lehn et al. for 
the preparation of a macromolecular helical complex. 
We also note with interest the very recent report236 

Figure 54. A space-filling representation of the X-ray 
crystal structure of the trinuclear double helicate formed 
when two ligands 53 self-assemhle with three silver(1) 
ions.23' 
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(11) ions display a remarkable property-each set of 
components recognizes i t ~ e l f . 2 ~ ~  To illustrate what 
Lehn has called “the instructed mixture paradigm”, 
derivatives of the ligands 52-55 (Figure 52) were 
combined in acetonitrile in the presence of an excess 
of copper(1). A short time after mixing the compo- 
nents together, the ‘H NMR spectrum of the solution 
was complicated, since a myriad of structures are 
presumably formed under kinetic control. However, 
after several days the spectrum showed predomi- 
nantly the presence of resonances arising from the 
binuclear double helicate of 52, the trinuclear double 
helicate of 53, the tetranuclear double helicate of 54, 
and the pentanuclear double helicate of 55. Thus, 
the ligands display selflnon-self recognition, as the 
mixture is allowed to reach a thermodynamically 
stable state under conditions of strict self-assembly. 
Furthermore, when the preferentially tetrahedrally 
coordinating 53 and the preferentially octahedrally 
coordinating 59 were combined in solution with 
copper(1) and nickel(I1) ions, the trinuclear double 
helicate incorporating copper(1) ions and the tri- 
nuclear triple helicate incorporating nickel(I1) ions 
were formed (Figure 57) exclusively and quantita- 
tively. Therefore, the mixture is preprogrammed, to  
the extent that its fate is preordained by the chemical 
code within the components. Recently, Lehn et al. 
have used this preprogramming approach for the 
multicomponent self-assemblyz43 of (i) a cylindrical 
complex incorporating five ligands and six metal ions, 
(ii) a grid comprised of six bidentate ligands and nine 
silver(1) ions, and (iii) a trinuclear rack-type complex. 

In 1992, Crane and Sauvage reported244 the syn- 
thesis (Figure 58) of a dinuclear double helix from a 
bis-terpyridine ligand system and using both iron- 
(11) and ruthenium(I1) ions as the templates. The 

58 

Figure 55. Chiral bispyridine-containing ligands 57 and 
56 with the (SS)-configuration and the self-assembly of a 
trinuclear double helicate of ligand 57 with three copper- 
(I) ions.24Q 

strongly suggests the formation of right-handed 
double helicates. 

The coordination number of copper(1) is not suib 
able for triple helicate formation, and neither are the 
6,6‘-disubstituents patterns on the 2,2’-bipyridine 
units, since they offer a steric barrier to  entwining. 
By modifying the coordination “algorithm”, Lehn and 
co-workers have preparedz4I a triple helicate around 
nickel(I1) ions incorporating three 5,5’-disubstituted- 
2,Y-bipyridine-containing ligands 59 (Figure 56). 
Mixing the ligand and NiS04 in aqueous ethanol, to 
which a drop of had been added, gave a pink 
complex, which was characterized as the triple he- 
licate by FAB mass spectrometry. Its ‘H NMR 
spectrum was broad, with resonances between 5 and 
160 ppm, indicating that a complex is formed. An 
X-ray crystal structure (Figure 56) revealed the true 
beauty of the trinuclear triple-helical complex. The 
helix has a diameter of 5.3 A and a shallow twist, 
six of the octahedral metal centers would be required 
in order to complete a full helical turn (30-35 A in 
length) of the strands. There are essentially no n-n 
stacking interactions holding the ligands together. 
The triple helicates align in the crystal and, remark- 
ably, undergo partial spontaneous resolution, z.e. any 
single crystal contains only one enantiomer of the 
triple helicate. This phenomenon was demonstrated 
by performing circular dichroism measurements on 
selected single crystals. The loss of optical actiGity 
in solution amounted to  only 23% in 24 h at  room 
temperature, showing that the triple helicates are 
remarkably stable. It was proposed that the crystals 
containing both enantiomers are comprised of do- 
mains of triple helicates with opposite helicities. 

The double helicates containing tetrahedral copper- 
(I) ions and the triple helicates incorporating nickel- 

Ni (11) 
I 

0 - 

59 

X-Ray 
Crystal 

Structure 
of the 

Triple Helix 
formed by 

59 and Ni(ll) 

Figure 56. The self-assembly of a triple helicate by three 
5,5’-disubstituted 2,Y-bipyridine-containing ligands 59 
around three nickel(I1) ions (left) and a ball-and-stick 
representation of the X-ray crystal structure of the same 
triple helicate (right).241 
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Figure 57. A demonstration of the "instructed mixture 

latter complex was studied by a variety of techniques, 
including X-ray crystallography. Although a very 
well-refined structure was not obtained, the double- 
helical nature of the complex was confirmed. The 
iron(I1) complex was proposed to have a similar 
structure by analogy. 

M =  
Fe(ll) 

or 
Ru(ll) 

Me0 

Me0 

Figure 58. The self-assembly of binuclear double helicates 
around either iron(I1) or ruthenium(I1) by a bis-terpyridine 
ligand.244 

The bischelate ligand 60, derived from 5-carboxy- 
2,2'-bipyridine, forms245 a 3:2 complex with iron(I1) 
in DzO. An 'H NMR spectroscopic study indicated 
that the binuclear complex is not only triply helical 
but is also a racemic modification of the AA an AA 
forms. Molecular modeling helped to support this 
assertion. It also showed the presence of a cavity 
between the two iron(I1) centers in which it is hoped 
that guest molecules might be bound. 

H H 

60 

Recently, Enemark and Stack reported246 the ste- 
reospecific synthesis of a dinuclear gallium triple 
helix. Biscatecholamide ligands-in which either 
(RR) or (SS) enantiomerically pure spacers were 
incorporated-were combined with Ga3+ and a base. 
The assembly of the 3:2 liganametal complex was 
apparently cooperative, since only this compound and 
the free ligand could be detected in solution. The 
solid-state structure of the complexes confirmed the 
stereospecific formation of the triple helix. Further 

6r 

experiments in DzO revealed that the complexes 
equilibrate with heterochiral isomers, confirming 
that the assembly of the system is ruled by thermo- 
dynamics. 

The torands and heterohelicenes are a group of 
ligands247 which are related structurally to  the cy- 
cloarenes and helicenes, where the CH groups of the 
latter are replaced with heteroatoms, endowing the 
former with the ability to recognize metal cations. 
The research group led by Bell has described24s 
recently the self-assembly of a binuclear double- 
helical complex of sodium ions (Figure 59). The 
geometrical requirements of the alkali metal ion are 
not strict since it is weakly bound and the heterohe- 
licene ligand 61 is rigidly helical, with twists between 
the adjacent pyridine rings induced by the preference 
of the bismethylene unit for a staggered conforma- 
tion. It follows that this system is quite unlike any 
of the systems so far discussed in this review. When 
61 was boiled in methanol containing NaOTf, a 
complex was isolated which, although it was found 
to have a 1:l ratio of liganametal ion, mass spec- 
trometry showed it to be a 2:2 complex. With the 

(Solubilizing groups omitted) 

Figure 59. The self-assembly of a binuclear double helix 
by two heterohelicene ligands (61) and two sodium ions.248 
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greatly increased multiplicities for the resonances 
arising from the ligand (cf the free ligand), the 'H 
NMR spectrum of the complex confirmed its helical 
structure. In particular, the benzylidene groups of 
one ligand were located in the shielding zone of the 
other ligand's pyridine rings. Through-space interac- 
tions between protons from each ligand were also 
evident from a ROESY NMR experiment. A mono- 
sodium ion double helix was also observed by mass 
spectrometry. It is a proposed intermediate in the 
formation of the double helix, although the detailed 
mechanism for complex formation has not yet been 
discussed. This remarkable result, given the rela- 
tively weak interactions of the sodium ion with 
pseudo-cyclic ligands, is the first in which a double 
helix has been formed around an alkali metal. 

A number of cyclic structures with double-helical 
characterz4$ has also been synthesized recently em- 
ploying transition metal ions as the templates. The 
self-assemblyz50 of a tetranuclear complex (Figure 60) 
from the ligand 62, which incorporates a macrocyclic 
core with two 2,2'-bipyridine units and carries two 
pendant 1,lO-phenanthroline residues, with copper- 
(I) or silver(1) ions, has been achieved. The tetra- 
nuclear cuprous complex of 62 was characterized by 
mass spectrometry, 'H NMR spectroscopy, and by 
X-ray crystallography, all of which revealed the 
coplanar copper@) ions to be complexed with distorted 
tetrahedral coordination geometries in each case. The 
structure was described as a double-stranded heli- 
cate. Cram and c o - w o r k e r ~ ~ ~ ~  have recently prepared 
the helically chiral ligand 63, incorporating two 1,- 
10-phenanthroline ligating groups linked by a bi- 
naphthyl hinge, in 41% yield as its racemic modifi- 
cation. Binding studies on the ligand toward alkali 
metal ions showed poor discrimination with very 
strong binding associated with -AG" values of up to 
15.5 kcal mol-' in CDCl3. In a recent 
double-helical macrocyclic complexes were formed by 
a Schiff base macrocycle 64, in which two pyridine- 
2,6-diiyldiimine moieties converge (Figure 61) on the 
templating divalent metal ions [Co(II), Ni(II), Zn(1I)I. 

Amabilino and Sloddart 

Figure 60. The self-assembly250 of a tetranuclear complex 
by two of the ligands 62, containing a macrocyclic core 
incorporating two 2,2'-bipyridine units and carrying two 
pendant 1,lO-phenanthroline residues, around four copper- 
(I) ions. 

0 = Co (II), Ni (II), Zn (11) 

Figure 61. Double-helical macrocyclic complexes formed 
by the Schiff base macrocycle 64 around divalent metal 
ions.252 

The X-ray crystal structures of the complexes reveal 
that the orientations of the two ligating groups 
induce helicity within the macrocycle in a novel six- 
coordinate nucleus. The three nitrogen donors of 
each ligand section are nearly planar, and enter into 
n-n stacking interactions with two of the iminophe- 
noxy rings in the rigid macrocycle. In total, there 
are five pairs of aromatic rings in relative positions 
which could be considered to be interacting with one 
another. Evidence was obtained by 'H NMR spec- 
troscopy for the existence of the helical structure in 
solution for the zinc(I1) complex, although dynamic 
processes were also evidently taking place. 

A 

63 

64 65 

A double-helical tryptophan-derived azamacrocycle 
(65) has recently been described253 in which the 
macrocycle is constrained to  adopt a particular 
conformation on account of hydrogen bonding for the 
most part. An X-ray crystal structure shows that the 
left-handed double helix is held in position by strong 
transannular hydrogen bonds and cannot switch its 
sense without incurring steric blocking of the ester 
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MU2. The combinations (LPZ + LU~),  (DP2 + LU~) ,  and 
(MP2 + MU2) form liquid crystals with a thermotropic 
mesophase from room temperature to  over 200 "C. 
Inspection of X-ray patterns from the viscous materi- 
als showed the widths of the columns in the phase 
to be approximately 37 A. For the mixture of L P ~  and 
L U ~ ,  the column axis had a period of 3.45 A, corre- 
sponding to the ideal distance for a stacking interac- 
tion between pairs of heterocyclic groups, implying 
that they are oriented perpendicular to the direction 
of the column. Evidence was also presented for a 
helicoidal arrangement of the strands, with a pitch 
of approximately 12.8 A and a mean diameter of 14.7 A. This model is consistent with three strands 
arranged in a triple-helix superstructure (Figure 64). 
Furthermore, electron micrographs of very thin lay- 
ers of the superstructures revealed256 helical strings 
and fibers as a result of association of the triple- 
helical strands (Figure 65). The fibers and strands 
were not only helical, but they were also right 
handed. Therefore, the chirality of the tartaric acid 
building block was transferred to the strands and 
beyond and to even larger supramolecular entities. 
When the two D-iSOmerS were combined, similar 
structures had a left-handed helical twist. In each 
strand, there were four residues per turn (120" for a 
triple helix), whereas in the mixture of the L-isomers 
there were 3.71 residues per turn. No helicity was 
observed in a mixture of the two meso compounds. 
When components of different chirality were com- 
bined, the helical twist of the supramolecular as- 
semblies that were formed was determined by the 
uracil component, such that (DP2 + L U ~ )  gave right- 
handed helices and ( L P ~  + Dud gave left-handed 
ones. Furthermore, upon mixing the four chiral 
components D U ~ ,  DP2, L P ~ ,  and L U ~ ,  the racemic 
modification forms helices of opposite twist within 
the same sample, illustrating that the system dis- 
plays chiral selection from the molecular, up to the 
microscopic level, as a result of programming molec- 
ular information into the complementary compo- 
n e n t ~ . ~ ~ ~  

The principles of self-~rganization~~~ have also been 
exploited for the creation of micellar and 

oAo, 6 6 R = H  67 R = Me ow \ I  

(Substituents 
omitted for clarity) 

Figure 62. The dimeric helical structure adopted by the 
methyl ester 67 of the chlorophyll a pigment 66 in the solid 
state.254 Note the six R2C=O.*.HNR'2 hydrogen bonds. 

functions by the neighboring indole ring. A similar 
conformation is present in solution, and was not 
dynamic on the 'H NMR time scale within the 
experimental limits, i .e.  up to +125 "C. 

The recent crystal structure254 of a chlorophyll a 
catabolite, isolated from cultured cells, reveals that 
the molecule dimerizes to  form a double-helical 
structure. The pigment 66 was first converted to its 
methyl ester 67, before it was obtained crystalline. 
In the solid state, the molecule adopts a distorted left- 
handed helix (Figure 62) and forms dimers which are 
stabilized by six intermolecular hydrogen bonds 
between the hydrogen atoms attached to the pyrrolic 
residues and the carbonyl oxygen atoms in their 
different constitutional environments. 

Lehn255 has argued that imprinting molecular 
information at the molecular level could lead to  
macroscopic structures in which the molecular coding 
is relayed. This situation was indeed demonstrated 
when his group in Paris reported the self-assembly 
of chiral "copolymers" into triple-helical fibers from 
simple chiral components which rely upon hydrogen 
bonds for their association (Figure 63). The building 
blocks for the assembly were derivatives of 2,6- 
diamidopyridine (PI and uracil (U). The chiral build- 
ing block tartaric acid [L (+), D (-), and meso (M)] 
was used to link the P and U fragments, giving the 
"intelligent" components LP2,  Lu2 ,  DPz, D u 2 ,  MP2, and 

0 

HN\ OR 0 U 

I 

(TU2TU2)" 

A0 
Figure 63. The first step in the self-assembly of chiral hydrogen-bonded copolymers from the simple chiral building 
blocks containing 2,6-diamidopyridine (P) and uracil (U) residues.255 The L, D, and M acronyms refer to  the components 
derived from L(+), D(-) and meso tartaric acid. 
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:-37-38 A * 
Figure 64. The triple-helical superstructure adopted by 
the (LPz, LUZ)” copolymer portrayed in Figure 63.255 Each 
dot represents a base pair. 

Amabilino and Stoddart 

vealed that the double helices were irregular with 
bulges and crossing points. The width of the crossing 
points, where the helical strands were in close 
contact, was equivalent to  the lengths of four mol- 
ecules of the amphiphiles, which were arranged tail- 
to-tail. The stacking of the amphiphiles in the 
cylindrical micelles are twisted by the presence of the 
chiral centers, with the cylinders having a pitch of 
238 A. The n-octyl-D-gluconamide forms right- 
handed double helices, and the L-enantiomer, left- 
handed ones. The racemic modification did not form 
fibers. Similar double helices were also observedz6” 
in micellar n-octadecylmannonamides. Further in- 
vestigationZ6l of micrographs, obtained from the 
amphiphilic gluconamides used for the creation of 
double helices, revealed additional electron density 
in the “bulges” of the double helix, and even, with 
the assistance of image processing, the structure of 
these complicated fibers could not be deduced. Mod- 
eling and geometrical analysis resulted in the pro- 
posal that the fibers were actually quadruple helices, 
in which four strands of the micelles twist around 
one another, while interpenetrating at  the tight 
twisting points. It was also implied that the qua- 
druple helix might contain amphiphiles oriented in 
a head-to-tail fashion, as they are in their crystalline 
sheets. Rearrangement of the quadruple helices 
afforded single helices. 

(y: + (,-J+;-(ynYo~ 
NH2 HO‘ 

(SSJ or (RRJ (SS) (SS/.SS) (Homochiral) 
(RR/SSJ (Heterochiral) 70 71 

Figure 66. The cocrystallizationZB2 of trans-l,2-diami- 
nocyclohexane [(SS) or (RR)I with (SS)-trans-cyclohexane- 
1,2-diol leading to homochiral and heterochiral complexes 
with triple-helical superstructures as a result of hydrogen 
bonding. 

A remarkable triple helix, completely free of metal 
ions, is obtained262 in the solid upon cocrystallization 
(Figure 66) of the diamines 70 and the diol 71. The 
hydrogen-bonded superstructure has four vertical 
“columns”, resulting from packing of the cyclohexyl 
rings on top of one another. Each hydrogen-bonded 
unit, of which there are eight members, is square 
olanar and includes fullv coordinated heteroatoms. 

Figure 65. The electron micrographs256 of (A) Lpz + LU~, 
(B) DPZ + DUZ, and (C) M P ~  +  MU^, showing the two 
differently handed helical fibers in the two former mix- 
tures, and the absence of these features in the latter. 
(Reprinted from ref 256a. Copyright 1993 National Acad- 
emy of Sciences.) 

bne atom from each mAecule is used for this pur- 
pose, while the others link up so that the heteroatoms 
are three-coordinated. The homochiral ( S S / S S )  and 
heterochiral (RRISS) complexes both have &ira1 
superstructures, the former being left-handed and 
the other being right-handed. It has been suggested 
that 70 is potentially a very versatile “assembler” 
unit for analogous comp~exes, multihelical superstructures incorporating chiral am- 

phiphiles. The research mouu led bv Fuhrhou has 
I _  

&Geved the spontaneous aggregation of octyf- and 
dodecyl-D- and L-gluconamides ( ~ - 6 8 / ~ 6 8  and ~-69/  
L-69) in water in experiments that resulted in the 
formation of double-helical fibers which were several 
micrometers in le11gth.2~~ Electron micrographs re- 

D-68 n= 3 
D-69 n = 5  

6H 6H 
L-68 n = 3 
L-69 n = 5  

VI. Catenanes, Rotaxanes, and Knots 
Incorporating Metal Ions 

In a manner conceptually similar to  that of the 
“directed” approach of Schill and Luttringhaus,4* 
coordinating templates can be used to encourage the 
syntheses of interlocked structures. The use of the 
templating effect resulting from the coordinative 
bonding associated with metal ions has been used 
widely for the synthesis of synthetic macrocycles in 
which the cations generally reside in the center of 
the ring that is formed. Perhaps the most utilized 
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Figure 67. The complex270 formed between two 2,9- 
diansyl-1,lO-phenanthroline (72) ligands and copper(1) 
ions. 

templates are the transition metals,264 which assist 
in the formation of a rich variety of macropolycyclic 
hosts. Pedersen's discoveryz65 that alkali metal ions 
template the formation of the crown ethers has led 
to  the synthesis of a plethora of macrocycles266 and 
macrobicycles, Le. crypt and^.^^^ Metal ions can also 
be used to bring together two ligating moieties such 
that connection of their termini can afford catenanes. 
Alternatively, longer thread-like organic ligands can 
be assembled into the acyclic, yet well-defined, ge- 
ometries of double and triple which 
are actually the precursors to a family of knots and 
catenanes.13 

Sauvage and his co-workers26,268 have pioneered, 
and continue to lead the field in, the creation of 
interlocked molecules in which a transition metal 
ion-generally copper(1)-is used as the template. 
Indeed, this research actually preceded the major 
efforts that have been focused upon generating he- 
licates (see section V). Sauvage's approach relies 
upon the tetrahedral coordination geometry of cop- 
per(1) ions, usually by two 2,9-disubstituted 1 , l O -  
phenanthroline units.269 The complex270 (Figure 671, 
formed between 2,9-dianisyl-l,lO-phenanthroline 72 
and copper(I), reveals the ideal geometry from which 
to start the construction of a catenane. The methoxyl 
groups associated with the two perpendicular coor- 
dinating strands are directed away from each other, 
so that the connection of pairs of termini should lead 
preferentially to a catenate. The term catenatez6 is 
used since the interlocked rings surround a com- 
plexed metal ion. In fact, Sauvage and Dietrich- 
B u ~ h e c k e r ~ ~ l  tried the "less risky route'' first of all 
by preparing (Figure 68) the macrocycle 73, which 

E O H  ' /  

OH 

I 

+ 
Cu(MeCN), 
P 

incorporates one bidentate coordination site. Treat- 
ment of this macrocycle with Cu(MeCN)d+.BF4- and 
then with the diphenolic phenanthroline ligand 74 
afforded the pseudorotaxane-like complex 75. Reac- 
tion of this complex with the diiodide derived from 
pentaethylene glycol, in the presence of cesium 
carbonate acting as the base, afforded272 the 121- 
catenate 76 in a remarkable 42% yield, based on the 
starting macrocycle. The more direct approach, 
involving the reaction of the copper(1) complex of the 
diphenol74 with the same diiodide and under similar 
conditions to  those used previously gave the 121- 
catenate in 27% yield, a side product of the reaction 
being the macrocycle 73 in 20% yield.273 None of the 
macrocyclic complex 77 was detected, demonstrating 
just how well the functional groups are oriented in 
favor of catenation. The corresponding catenand 
78-the free catenated ligand-was obtained (Figure 
69) by decomplexation of 76, using tetraalkylammo- 
nium cyanide or potassium cyanide.274 Evidence 
from both lH NMR spectroscopy and X-ray crystal- 
lography reveals275 that the conformation of the 
ligand is completely different in the catenand, when 
compared with that present in the distorted tetra- 
hedrally coordinated catenate, i.e. the free ligand is 
not preorganized to form a [2lcatenate. 

The catenates and catenands have many interest- 
ing properties, which arise as a result of the topog- 
raphy associated with their complexation and the 
topology of the ligand. The air stable copper(1) [21- 
catenate 76 could not be demetalated electrochemi- 
cally (Hg cathode, -1.8 V us SCE), whereas more 
open complexes (e.g. the acyclic complex in Figure 
67) are readily decomplexed under similar conditions 
(Hg cathode, -1.7 V vs SCE).273 The formally copper- 
(0) complex is in fact perfectly stable in an inert 
atmosphere. The catenates are also remarkably 
stable to  decomplexation with CN- ion, when com- 
pared to complexes in which more simple ligands are 
coordinated to the metal The remarkable 
kinetic stabilities of the complexes have led to  the 
coining of the term, catenand effect. It results from 
the difficulty encountered by the two ligating moi- 
eties in decomplexing from the metal ion while 
remaining topologically confined within a catenand 
structure. In the reverse direction, the complexes of 

CS2COJ 

b 0 3  
L0Q 

Not 
Isolated 

Figure 68. The different synthetic appro ache^^^^-^^^ to  the self-assembly of the [2lcatenate 76. 
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CN- 1 Demetallation 

76 

Figure 69. The demetalat i~n~~~ of the [alcatenate 76 to 
give the [2]catenand 78, which can be used to form a wide 
range of [alcatenates incorporating different metal ions276 
(Mnf) as well as protons.278 

the catenand 78 with copper(1) or silver(1) ions have 
been to form according to a classical second- 
order rate law, as do the model systems 74 and 72. 
The formation of the bischelate from the monoch- 
elated complex is rate limiting. In contrast, com- 
plexation of Li+, Cd2+, Zn2+, and Co 2+-all with 
coordination numbers greater than four-by the ca- 
tenand takes place in two discrete stages, i .e.  the 
binding of a cation to one ligating unit is second order 
and is followed by the coordination of the second 
ligating unit. Since the first stage only partially 
desolvates the ions, the importance of solvation of the 
nontetrahedrally coordinated ions was suspected to 
be more significant than for the tetrahedrally coor- 
dinated copper(1) or silver(1) ions. The energy re- 
quired to desolvate Li+, Cd2+, Zn2+, and Co2+ is 
greater than that for copper(1) or silver(I), necessitat- 
ing what has been shown to be a slow conformational 
rearrangement of the ligand in these cases. Further 
studies that the rate constant for the 
second step decreases as the temperature is in- 
creased, the first bimolecular step being a normal 
one. The temperature dependence of the second step 
implies two processes: (a) a preequilibrium one, 
leading to a transient intermediate, which (b) rear- 
ranges, according to first order kinetics, to  give the 
catenate. This rearrangement provides a rare ex- 
ample of a process with a negative enthalpy of 
activation. 

The ion which lies at the center of the catenate in 
Figure 69 can also be a proton.278 The ligand system 
78 is several orders of magnitude more basic than 
open-chain analogs, and when a proton is bound by 
the chelator, the conformation of the host is very 
much like that present in the catenate 76. This 

assertion has been proven by both solution-state 
studies and by X-ray crystallography. Acceptor- 
donor stacking interactions are present between the 
phenyl and phenanthroline rings in the proton cat- 
enate. The proton is located at a single nitrogen 
atom in the solid state but equilibrates rapidly 
between the four nitrogen atoms in solution. In 
contrast to  the facile addition of a single proton to 
78, addition of a second proton is much harder, but 
even after this addition, the catenate geometry is 
retained, possibly because of stronger donor-acceptor 
interpctions. These unique properties are a result 
of the topology of the ligand. 

The catenand 78, despite its preference for pseudot- 
etrahedral coordination, is able to  form, albeit slowly, 
a [2lcatenaCe with nickel(I1) (which prefers a square- 
planar geometry), while the use of 72 did not give a 
complex which could be isolated.279 This result 
demonstrates the importance of the catenand effect. 
When the nickel(I1) catenate is reduced quantita- 
tively to  the nickel(1) catenate by electrolysis, the 
resulting complex has an amazing inertness to  re- 
oxidation. Indeed, it takes days in oxygen-saturated 
dichloromethane to reoxidize the metal ion, while its 
complex with 72 is oxidized by air in minutes. The 
similar topographies of the nickel(1) complex with 73 
and the corresponding [2]catenate allow a direct 
comparison of the catenand effect, that is, oxidation 
of the d9 metal ion is lo5 times slower in the catenate 
than it is with the acyclic analog, a direct result of 
the topological properties of the ligand. The contrast 
in the binding between nickel(1) and nickel(I1) ions 
by the catenand has been emphasized by the recent 
publication280 of the crystal structures of the cat- 
enates. In the nickel(1) catenate, the X-ray crystal 
structure (Figure 70) shows that the geometry of the 
complex is governed by the metal ion, which has very 
close to tetrahedral coordination . The nickel(I1) 
complex, on the other hand, contains favorable 
geometries for both the metal center and the ligand. 
The metal coordination is a highly distorted metal 
polyhedron, while the ligand is stabilized by intrac- 
omponent stacking interactions between the phenan- 
throline rings and the phenyl rings. 

Treatment of the [2lcatenand 78 with Pd(OAc)2 
under reflux in dichloromethane yielded a coordi- 
nated monocationic catenate in which ortho-metala- 
tion of one of the phenanthroline units had also taken 
place.281 The two ligating nitrogen atoms of the 
metalated unit and one nitrogen atom from the other 

W 

Figure 70. A space-filling representation of the X-ray 
crystal structure280 of the nickel(1) [2]catenate formed by 
metal ion complexation with 78. 



Interlocked and Intertwined Structures and Superstructures Chemical Reviews, 1995, Vol. 95, No. 8 2761 

residue spacer, is much less efficient than that of the 
catenate constructed from the larger macrocy~ les .~~~  
The [2lcatenate was synthesized by employing 
the macrocycle 80, which was combined with 
Cu(MeCN)d+*BF4- and the diphenolic phenanthroline 
ligand 74 before the resulting complex was cyclized 
employing the same method as that used for the 
preparation of the catenate 76. The major product 
of the reaction was the macrocycle 80, with only 3.3% 
of the [2lcatenate 81 being isolated. The effect in 81 
of reducing the dimensions of the component macro- 
cycles is to  increase dramatically the rigidity of the 
system compared with that of 76. Indeed, the [2]- 
catenate was found to be chiral, on account of the 
restricted motions of the rings relative to one another. 
It was proposed that one of the glycol chains of one 
ring is trapped on one side of the 1,lO-phenanthroline 
unit of the other ring. There is no equilibration 
between the enantiomers, even at  160 “C. 

79 B 
U 
A 

a 
A, 

G O -  

Figure 71. Two translational isomers (A and B) of a [21- 
catenate with hindered rotation.282 

macrocycle were coordinated to the palladium(I1) 
atom, which had a distorted square-planar coordina- 
tion geometry. This unusual structure results from 
the preferences for (i) the metal ion to  adopt a square 
planar coordination geometry and (ii) the ligand to  
prefer tetrahedral binding geometry. 

The catenand 78 exists in rapid equilibration 
between different geometrical forms in the solution 
state, since there are essentially no noncovalent 
interactions to  restrain the relative motions of the 
two components. Sauvage’s group have introduced 
bulky substituents into the 4- and 7-positions of the 
1,lO-phenanthroline residue in one of the macrocycles 
in order to  endow the catenand with some rotaxane- 
like character.282 As depicted in Figure 71, two 
translational isomers (A and B) of 79 can exist. The 
templated formation of the copper(1) catenate fol- 
lowed a route similar to that depicted in Figure 68, 
except that the preformed ring was substituted with 
phenyl groups at the 4- and 7-positions of the ligating 
moiety. The yield of the corresponding [2lcatenate 
was only 7%, with one of the other products being 
the [2lcatenate 76 in 4% yield. Fortunately, the use 
of selective decomplexation of the catenates with 
KCN could be used to separate the two compounds. 
The separation relies on the fact that the sterically 
encumbered catenate is substantially more difficult 
to demetalate.283 It has been suggested that the 
difficulty associated with demetalation of the cat- 
enate precursor to  79 arises from the lack of confor- 
mational mobility in the ligand. Indeed, a compari- 
son of the IH NMR spectra for the [2lcatenate and 
the [2]catenand reveals that the free ligand has 
restricted motion, and that only isomer A, in which 
the unsubstituted ring passes between the phenyl 
substituents of the other macrocyclic component, is 
present in the solution. 

The macrocycle 73 constitutes a 30-membered ring. 
This size is adequate to allow the comfortable thread- 
ing through it of a second ligating phenanthroline 
unit prior to coordination of the templating metal ion. 
The template-directed synthesis of the [2lcatenate, 
in which both macrocycles have 27-membered rings, 
on account of incorporating a tetraethylene glycol 

V N  
0’ 
\ 

81 

The first synthesis of a topologically chiral [21- 
catenand was reported in 1988 by Sauvage and 
Mitchell.2s5 In order to build topological chirality into 
a catenane, the rings must be given direction. This 
directionality was conferred upon a 1,lO-phenanthro- 
line unit in a macrocyclic polyether by incorporating 
one phenyl substituent at  the 4-position of the 
ligating unit. The established template-directed 
synthesis procedure was used to prepare the racemic 
[2lcatenate 82. The addition of Pirkle’s reagent to  a 
solution of the [Zlcatenate caused “splittings” of 
nearly all the resonances in the IH NMR spectrum 
of this compound, indicating the presence of stable 
diastereoisomeric complexes on the IH NMR time 
scale. Removal of the templating metal afforded the 
racemic mixture of [2lcatenands, whose resonances 
in the lH NMR spectrum were no longer separated 
on addition of the chiral shift reagent. Interestingly, 
the topologically achiral 83, which has only one 
oriented ring, has many of its resonances in its IH 
NMR spectrum “split” in a chiral medium, as a result 
of the internal enantiotopicities of certain probe 
protons being rendered diastereotopic in the presence 
of the chiral complexant. It was pointed outzs6 that 
a very careful consideration of the topicities of probe 
protons is necessary in order to  distinguish chiral 
molecules from achiral ones. The resolution of the 
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optically active [2]catenates has been achieved287 
recently using HPLC on silica gel-coated with amy- 
lose tris[(3,5-dimethylphenyl)carbamatel. The CD 
spectra of the separated catenates proved their 
optical activity, the first-eluted catenate having a 
positive Cotton effect centered on 320 nm. 

Amabilino and Stoddart 

The same metal ion-templated synthesis has been 
used by the Strasbourg group for the construction of 
[3]catenates and [ 3 I c a t e n a n d ~ . ~ ~ ~  In their first in- 
vestigations, the complex 75 was reacted in N,N- 
dimethylformamide in the presence of cesium car- 
bonate with the dibromides of either triethylene 
glycol or tetraethylene glycol linking units, which are 
too short to  allow efficient cyclizations to  afford 121- 
catenates (Figure 72). The [3lcatenates 84 and 85 

86 n = 
87n= 

were isolated in 6% and 2% yields, respectively, the 
reason for the low yields being related to the fact that 
the corresponding free macrocycles are also formed. 
In addition, the L2lcatenates 86 and 87 were isolated 
in 5% and 1.2% yields, respectively. Demetalation 
of the 13lcatenates afforded the corresponding [31- 
catenands. In common with the [2lcatenates, the 
more rigid 84 is more difficult to  demetalate than the 
more flexible 85. The solid-state structure289 of the 
[3]catenand 88 revealed an arrangement of the two 
peripheral macrocycles such that the 1,lO-phenan- 
throline residues within them stack parallel to one 
another, with an intramolecular interplanar separa- 
tion of 3.34 A. In addition, the 1,lO-phenanthroline 
residues in the central macrocycle are stacked with 
the corresponding residues within another molecule 
of the [3]catenand in the crystal. Solution-state 
studies of the [3lcatenand 88, using IH NMR spec- 
troscopy, revealed that its gross conformation is very 
different from that of the L21catenand 89. Significant 
high-field shifts of the resonances associated with the 
1,lO-phenanthroline residues of the two peripheral 
macrocycles indicate that an ordered structure may 
exist in solution which is similar to  that characterized 
in the solid state. 

A 

Figure 72. The template-directed synthesiszB8 of [31- 
catenates, such as 84 and 85, with the [2]catenates 86 and 
87 being produced in the synthesis as well. 

A more efficient synthesis290 of 13lcatenates was 
achieved subsequently by the Glaser coupling of the 
complexes such as 90 and 91, which afford (Figure 
73) the 13lcatenates 92 and 93 in 68% and 58% yields, 
respectively.291 The greater efficiency of this syn- 
thesis results in part from the fact that it requires 
the oxidative coupling together of only four reactive 
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91 n = l  
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Figure 73. A more efficient template-directed 
of [3]catenates 92 and 93 using the Glaser 

coupling procedure. 

groups, while the previously described synthesis 
(Figure 72) requires substitutions involving eight 
reactive termini. In addition, the L41catenates 94 and 
95 were isolated in 14% and 22% yields, respectively, 
from these reactions, bringing the total yields of 
catenated compounds up to  approximately 80%. In a 
later report,292 the identity of some [51-, [61-, and [71- 

0- 

9 4 n = O  
95 n =  1 

Figure 74. A ball-and-stick representation of the X-ray 
crystal structurezg4 of the [3]catenate 95. 

catenates, in which four, five, and six macrocycles 
80 were threaded on to  one large macrocycle, was 
confirmed by electrospray mass spectrometry. The 
largest structure has a mass of approximately 7.8 
kDa, as determined by electrospray mass spectrom- 
etry.293 The X-ray crystal structure294 of the [31- 
catenate 93 reveals (Figure 74) a highly ordered 
structure in which the phenyl and phenanthroline 
units of the component macrocycles stack as a result 
of stabilizing n-n interactions. The globular shape 
of the [3lcatenate is built around the central ring 
which adopts a boatlike conformation with the cop- 
per(1) centers located 8.5 apart.291 From an lH 
NMR spectroscopic study, this conformation of the 
central ring is also adopted in the solution state. 

Removal of the templating ionszg1 from 92 and 93 
affords the corresponding [3lcatenands, which have 
been remetalated with a range of metal ions (Ag+, 
Zn2+, Co2+, Ni2+) in order to  study the communication 
between the cationic centers by electrochemical and 
photochemical means. The [3lcatenates incorporat- 
ing two Ag+ ions and two Zn2+ ions have collapsed 
conformations in the solution state similar to  those 
of the Cu+ analogs. The metal ions in these [3]- 
catenates are more easily reduced in the first reduc- 
tion wave than are the metal ions in analogous 
[2lcatenates derived from 78. The reason for this 
extraordinary shift in potential may be a result of 
an electrostatic interaction with the second metal ion 
via the n-stacked aromatic units of the ligand. This 
hypothesis is supported by the fact that the [31- 
catenates, in which a more extended conformation 
is evident from 'H NMR spectroscopic studies, show 
no such lowering in the magnitude of the first 
reduction potential. In particular, lH NMR spectros- 
copy indicates that the [3lcatenates incorporating 
Zn2+ have extended conformations in solution, a 
feature which has been confirmed by electrochemical 
experiments (Figure 75). In addition to the remeta- 
lation of the [3lcatenands to  afford homonuclear 
[3lcatenates, selective stepwise demetalation of 
[3]catenates such as 93, followed by remetalation, 
affords heteronuclear [ 3 l c a t e n a t e ~ . ~ ~ ~  S t ~ d i e s ~ ~ ~ z ~ ~ ~  
of 96 reveal that strong fluorescence and phospho- 
rescence bands are completely quenched in the cor- 
responding catenate 93, with emission being observed 
as a result of metal-to-ligand charge transfer. The 
system 97, which incorporates both catenate and 
caten and-type substructures, has strongly quenched 
fluorescence of the free section as a result of the 
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Figure 76. The demetalation of the [3]catenate 93 to give 
the [3]catenand 96 and also the preparation of heterodi- 
nuclear [3]catenates via the partially demetalated inter- 
mediate 97.291295-297 

presence of the remote copper(1) ion. In a heterodi- 
metallic [3lcatenate incorporating a copper(1) and a 
cobalt(I1) center, the metal-to-ligand charge transfer 
of the former is quenched by the presence of the 
latter. These and other results have demonstrated 
that the L31catenates are excellent vehicles for study- 
ing the electronic interactions between metal centers 
in relatively well-defined molecular assemblies. Fur- 
thermore, the catenand 96 is believed to form "proton 
catenates" in the presence of acid,298 a property 
resulting from the cooperative movement of pairs of 
the ligands so as to encapsulate the protons. 

More recently, the complexation of copper(1) ions 
by the 1,lO-phenanthroline residue has also been 
utilized for the preparation of rotaxanes. In 1991, 
Gibson and c o - w o r k e r ~ ~ ~ ~  reported the template- 
directed synthesis (Figure 76)  of a [2lrotaxane, start- 
ing from the known complex 75 by simply capping 
its terminal phenolic functions with the alkyl iodide 
98 carrying bulky triarylmethyl groups. Removal of 
the complexed copper(1) ion was achieved by passing 
the rotaxane through Amberlite-CN resin. The free 
[2lrotaxane 99 was isolated in 42% yield. The 
unthreaded dumbbell compound was also obtained 

Figure 76. 
derivatives. 

The 

in 9% yield. An lH NMR spectroscopic study showed 
that the bulky stopper groups in 99 lie predominantly 
in the shielding zones of the phenanthroline residue 
present in the macrocycle, while the two phenathro- 
line groups reside in each other's deshielding zone. 
These observations are consistent with a [2lrotaxane 
structure, which was confirmed subsequently by 
mass spectrometry. 

Before this "first" [2lrotaxane was reported in the 
literature, the Strasbourg group had already de- 
scribed300 the synthesis of oblique bisporphyrin dumb- 
bell-shaped compounds incorporating a 1,lO-phenan- 
throline residue as part of an investigation301 of 
intramolecular energy-transfer processes. Subse- 
quently, in 1992 they reported302 the preparation of 
a porphyrin-stoppered [2lrotaxane. The synthesis 
was achieved by, first of all, preparing 100 with a 
relatively inert gold(II1) porphyrin stopper in place. 
This compound was then added to the macrocycle 73 
in the presence of copper(I1, affording (Figure 77)  the 
intermediate complex 101. This complex, or "pre- 
rotaxane", was reacted with 3,5-di-tert-butylbenzal- 
dehyde and bis(3-ethyl-4-methyl-2-pyrryl)methane in 
the presence of trifluoroacetic acid, after which 
chloranil was added to  oxidize the intermediate 
porphyrinogen. The whole procedure gave303 the [21- 
rotaxane 102 and the [3lrotaxane 103 in 25% and 
32% yields, respectively, after chromatography. The 
free base etioporphyrins were converted into their 
zinc porphyrin analogs 104 and 105 by treatment 
with Zn(OAc)2*2H20. Demetalation of the ligated 
templating copper(1) ion was achieved in the case of 
this [2lrotaxane by treatment of it with KCN. The 
fact that the bisporphyrin dumbbell and the macro- 
cyclic ring remain as one molecular species estab- 
lished the new compound as a true [2lrotaxane. The 
free phenanthroline ligands in 102 have subsequently 
been metalated with zinc(I1). 

The purpose behind constructing these interlocked 
molecular structures incorporating two different por- 
phyrins was to  study their photochemical properties. 
The Strasbourg group3O4 has set itself the objective 
in recent years to  mimic the array of tetrapyrrolic 
chromophores at the heart of bacterial photosynthetic 
reaction centers. Comparison of the rates of electron 
transfer upon excitation of the zinc porphyrin in the 
rotaxanes depicted in Figure 78 with the free bispor- 
phyrin dumbbell reveals a significantly higher rate 
of electron transfer from the excited state of the zinc 
porphyrin to the gold(II1) porphyrin for the mechani- 
cally interlocked structures.305 It is proposed that the 
extremely rapid rate of electron transfer for 104 is a 
result of the mediation of the electron transfer by the 
copper(1) center. Also, the energies of the orbitals 
in the spacer units are modified according to the 
nature of the coordinated metal ion. The relatively 

1. 

2. 

75 99 
HO 

template-directed synthesiszg9 of a [2lrotaxane using chelation of copper(1) ions 

HO. 

template-directed synthesi! by 1,lO-phenanthroline 
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104 M = Zn2+ 
Figure 77. The template-directed s y n t h e s i ~ ~ ~ ~ ~ ~ ~ ~  of porphyrin-stoppered [2]- and [3]rotaxanes. 

slow back-electron-transfer reaction is not mediated 
in this way, nor is it affected by the presence of the 
coordinated metal ion. This observation supports the 
proposed superexchange mechanism. 

The Strasbourg group, in collaboration with Dieder- 
ich in Zurich, has recently reported306 the synthesis 
of a rotaxane in which the blocking groups are 
fullerenes. The oxidation of the copper(1) template 

106 

I_ 1 

55 ps 

M = CU' (104) 1 PS 

M not present 34 ps 
M = z ~ ~ +  22ps 

Figure 78. A comparison of the rate of electron transfer 
from a zinc(I1) porphyrin to  a gold(II1) porphyrin within a 
dumbbell compound 106 with the rates for the correspond- 
ing metalated [2]rotaxanes with copper(1) and zinc(I1) as 
well as in the free [2]r0taxane.~O~ 

in the rotaxane was considerably more anodic (+OB65 
V) than for other similar complexes. It was proposed 
that the electron-withdrawing effect of the fullerenes 
destabilizes the copper(I1) state. 

In a set of studies aimed at  determining the 
viability of making extended rotaxanes using the 1,- 
10-phenanthroline/copper(I) coordination 
molecular thread-like molecules incorporating two 
(107) and three (108) 1,lO-phenanthroline residues 
were combined (Figure 79) with the templating ion 

Figure 79. (Top) The template-directed synthesis of a 
metalated [3]pseudorotaxane; (bottom) the attempt at  
using the same conditions to prepare a [4]p~eudorotaxane.~~~ 
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80. The template-directed synthesis30s of a [2]catenate 11 1 comprising an “interlocked basket handle porphyrin”. 

DMF / THF 

in the presence of the macrocycle 73. The thread- 
like molecule incorporating two phenanthroline resi- 
dues forms a 1:2:2 complex (threaametal iodmac- 
rocycle) with Cu(1) and 73, in a [3lpseudorotaxane- 
type assembly. The thread 108 containing three 
phenanthroline units forms a 1:2:1 complex (thread 
metal iodmacrocycle), in which two phenanthroline 
units of the thread surround one and the same Cu(1) 
ion, and not the desired 1:3:3 complex! The flexibility 
of the spacer in the thread is presumably responsible 
for this phenomenon, which is important when 
considering the synthesis of more complex materials. 

The same templating concept developed by the 
Strasbourg group has been used by Momenteau and 
c o - w o r k e r ~ ~ ~ ~  for the construction of catenates incor- 
porating two porphyrin centers-the so-called “inter- 
locked basket handle porphyrins”. The synthesis of 
these compounds has been achieved (Figure 80) by 
preparation of a macrocycle 109, incorporating one 
porphyrin and one 1,lO-phenanthroline residue, fol- 
lowed by complexation of copper(1) by the macrocycle 
and 74, to  form the precatenate 110. Cyclization of 
this diphenol with a symmetrically disubstituted 
porphyrin dibromide afforded the [2lcatenate 11 1 in 
31% yield. An lH NMR spectroscopic study showed 
the resonances for the phenanthroline unit in the [21- 
catenate 111 were shifted dramatically to  high field 
compared with the resonances for the phenanthroline 
unit of the macrocycle 109. These observations 
indicate that the closest distance of the porphyrin to  
the phenanthroline residue is approximately 4.5 A. 
No electron-transfer studies have yet been reported. 

Another report concerning the incorporation of 
electrochemically addressable components into cat- 
enated structures has been published309 recently. A 
macrocycle containing a substituted tetrathiaful- 
valene unit (TTF) was prepared by firstly cyclizing 
a functionalized TTF derivative with 74 in the usual 
manner. Catenation was achieved by forming the 
copper(1) complex and cyclizing once again, using 
established methodology. The resulting [2lcatenate 
112 can exist as two diastereoisomeric species, be- 
cause the two stereogenic carbon atoms in the 
molecule may have either syn or anti relative con- 
figurations. The diastereoisomer which is the pre- 
dominant one (77%) in the catenated product, is 
expected to be composed of the TTF-containing mac- 
rocycle with the syn-configuration. The Strasbourgl 
Odense team hope to incorporate an electron acceptor 

111 
itenate 11 1 comprising an “interlocked basket handle porphyrin”. 

into the other macrocycle as the next step toward 
forming a donor-acceptor triad. 

112 

The electrochemical “switching” of a [2lcatenate 
has recently been achieved by the Strasbourg group. 
It is triggered by the oxidation of a metal ion which 
causes a rearrangement in the ligands of one mac- 
rocyclic component.310 Following the successful uti- 
lization of terpyridine for the construction311 of the 
[2]catenate 113, templated around an octahedrally 

113 

coordinated ruthenium(I1) ion, the macrocycle 114 
was designed and constructed so that it contains one 
bidentate phenanthroline and one terdentate terpy- 
ridine ligating moieties. The Cu(1) catenate 115 was 
prepared310 by treating (Figure 81) 114 with Cu- 
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compounds has been the synthesis of a trefoil knot. 
This milestone was reached in 1989 by Dietrich- 
Buchecker and S a ~ v a g e . ~ ' ~  The formation of the 
trefoil knot is dependent upon the formation of a 
double-helical complex, which has to  be stable under 
the reaction conditions for the cyclization of appropri- 
ate termini. After many efforts, involving the incor- 
poration of various different linkers between the 
phenanthroline residues, the compound 116 was 
mixed with copper(1) ions and the resulting binuclear 
complex was cyclized with the diiodide of hexaeth- 
ylene glycol in the presence of Cs2CO3 to afford 
(Figure 82) the biscopper(1) complex of the knotted 
system 117 in 3% yield. The major product of the 
reaction (Figure 83) in 24% yield was characterized 
as the face-to-face complex 120. Addition of Pirkle's 
reagent to  a solution of the complexed chiral knot 117 
resulted in definite splitting of a number of the 
resonances in the lH NMR spectrum of the com- 
pound. Demetalation of the complex 117 with KCN 
afforded a glass which was characterized as the free 
knotted ligand 118. In addition, the dimeric macro- 
cycle 122 was also isolated in 0.5% yield. Although 
the mass spectra of the topological stereoisomers 118 
and 122 were very similar, the NMR spectra of the 
compounds were very different. Indeed, the 'H NMR 
spectrum of the knot displayed extremely broad lines. 
Complexation of potassium ions by the free knot 
resulted in a sharpening up of the peaks in the 
spectrum. Addition of Pirkle's reagent to  the potas- 
sium ion complex of 118 once again caused significant 
splittings of resonances in the spectrum, confirming 
that the ligating chiral knot was present. Similar 
experiments, where potassium ions had been added 
to 121 and 122, resulted in no splittings of the 
resonances in the 'H NMR spectra upon the addition 
of the chiral shift reagent. 

The reason for the poor yield of the knot and for 
the creation of so many side products is that the 

114 

Cu(ll) 
5 Co-ordinate 

115 

Cu(l! 
4 Co-ordinate 

Figure 81. The template-directed synthesis310 of a [21- 
catenate that can be switched electrochemically on account 
of the requirements for copper(1) and copper(I1) to  be four- 
and five-coordinate, respectively. 

(MeCNh+ and 74, followed by macrocyclization of the 
second ring in the usual manner to  give in 10% yield 
the [2lcatenate, in which two phenanthrolic moieties 
are coordinated to the metal ion. Chemical (Br2) or 
electrochemical oxidation of the metal ion results in 
a tetrahedrally coordinated copper(I1) catenate, which 
rearranges slowly to a five-coordinate structure in 
which one phenanthroline and one terpyridine moiety 
bind the metal ion. Reduction of the copper(I1) 
catenate regenerates the copper(1) complex and the 
[2lcatenate rearranges rapidly so that the two phenan- 
throline ligands surround the metal ion once again. 

One of the major challenges, which has faced 
chemists interested in making interlocked molecular 

A A 

118 117 
Figure 82. The elegant construction by Dietrich-Buchecker and Sauvage3I2 of a molecular knot, both metalated and 
"free". 
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OH 

‘ I  
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120 
Figure 83. The major face-to-face complex (120), result- 
in$13 from the chemistry described in Figure 82. 

double-helical complex formed by 116 and copper(1) 
ions is in equilibrium with other structures in solu- 
tion (Figure 83). The face-to-face complex 119 is the 
main structure in solution,313 the ratio of this undes- 
ired complex to  the double helical one being 8:l. 
Cyclization of the reactive termini of the face-to-face 
complex 119 should lead inter alia t o  the complex 120 
and, after demetalation of the binuclear copper(1) 
complex, to 2 molar equiv of the macrocycles 121. 

The undisputed beauty of the complexed kno t  was 
revealed (Figure 84) in the form of a crystal struc- 
t ~ r e , ~ l ~  which showed the single 86-membered ring 
with its phenanthroline units spiralling around the 
two copper(1) ions in a helical fashion, with the 
termini connected in an end-to-end fashion to  form 
the knot. The two copper ions, which are coordinated 
in the geometry of a distorted tetrahedron, are 
located in similar environments, 6.3 A apart. The 
presence of folding in the central part of the poly- 
ethylene glycol spacer indicates that this link is 
slightly too long, a design fault which has subse- 
quently been addressed. There are essentially no 
parallel n-n interactions in the complex in the 
crystal. Perhaps one of the most appealing aspects 
of any single crystal of the chiral knot is that it 
contains only one enantiomer, i.e. the compound 
undergoes spontaneous resolution on crystallization. 
The Strasbourg group hope, by growing sufficiently 
large crystals, that they will be able to separate the 
right- and left-handed knots! It should be added that 
they have also managed to  crystallize the face-to-face 

complex 120, which is comprised of two unconnected 
and unlinked 43-membered macro cycle^.^^^ The cen- 
tral part of the structure, which also contains a center 
of symmetry, is quite compact as a result of the two 
rings being hooked over one another around the two 
copper(1) ions, which are 7.94 A apart and have 
similar coordination geometries t o  those present in 
the complexed knot. 

The ‘H NMR spectrum of the demetalated knot 
118, while exhibiting broad signals at room temper- 
ature, sharpens up considerably upon warming a 
solution containing the compound.313 Coalescence of 
resonances arising from protons attached to the 
phenyl spacers in the knot gave a AG2 value of 17.8 
kcal mol-l at 366 K. The wormlike motion of the 
macrocycle through itself has been described as 
“molecular reptation”. It is estimated that it takes 
about 2 s for one full reptation to take place in the 
knot in solution at  298 K. 

In an effort to  improve the efficiency of the knot 
formation, the size of the complete ring in the knot 
has been varied from 80 to 90 atoms.315 This range 
was achieved by altering the length of the alkyl 
spacer between the two phenanthroline units and the 
number of bismethyleneoxy units in the linking 
polyethylene glycol chain (Figure 85).  The formation 
of a double-helical complex is essential for knot 
formation. No such complex formation was observed 
when -(CH2)3- or -p-CsH4-O-p-CsH4- spacers were 
incorporated between the phenanthroline units. When 
even numbers of methylene groups link the ligating 
groups, helices are observed, e.g. up t o  50% of the 
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84-Membered Knot 86-Membered Knot 
Figure 84. The space-filling representations of the X-ray crystal structures of the knots based on 84- and 86-membered 
rings as their copper(1) c ~ m p l e x e s . ~ ~ ~ , ~ ~ ~  

total number of complexes for -(CH2)6- spacers. 
Cyclization of the complexes under the conditions 
described previously afforded the dicoRper(1) knots, 
the best yield being 8% for the material with -(CH&- 
spacers and a pentaethylene glycol linkage, giving 
an 84-membered knotted ring. Indeed, this modifka- 
tion proved to be the only successful one. All the 
others resulted in lower yields of the knots, the major 
products being the isomeric face-to-face complexes. 
An X-ray crystal structure of the 84-membered knot 
complex316 reveals (Figure 84) it has a more twisted 
arrangement compared with the 86-membered knot 
complex. In addition, the distance between the 
copper(1) ions in the 84-membered knot complex is 
7.03 A, cf. 6.30 A in the case of the 86-membered knot 
c o m p 1 ex . 

Kinetic studies revea1316 that the knotted com- 
plexes are more difficult to demetalate than the 
corresponding face-to-face complexes. The knotted 
structures, it has been suggested, must undergo 
greater conformational change upon removal of the 
metal ion. As a result of the greater twisting of the 
phenanthroline groups around the templating ions 
afforded when there is a -(CH2)6- spacer between 

n =  2 ,4 ,  or 6 ; m = 0 or 1 
Figure 85. A range of metalated molecular knots that 
have been isolated and characterized.315 

the pairs of ligating groups, the knots containing 84- 
and 90-membered rings are harder to  demetalate 
than the 86-membered ring knot complex. The 84- 
membered knot complex is the most kinetically 
stable. The copper(1) complexes of the trefoil knots 
also have electrochemical properties that are depend- 
ent upon their with the CulI/Cul couples 
having redox potentials ranging from 0.5-0.75 V. 
The most stable copper(1) complex is the 84-mem- 
bered knot which is formed most efficiently. This 
observation is in line with the kinetic data for 
decomplexation of this complex. The lengths of the 
oligomethylene spacers and the polyethylene glycol 
linkers between the phenanthroline units in the 
knots also have an influence on the photochemical 
properties of the copper(1) complexes. These proper- 
ties are determined largely by the geometrical ar- 
rangements of the ligands around the metal ions. 

Very recently, the synthesis of a trefoil kno t  has 
been achieved in a remarkable 30% yield.318 The 
ligand 123, in which the spacer between the two 
phenanthroline units is a m-phenylene, forms (Figure 
86) a double helicate quantitatively when mixed in 
a 1:l  stoichiometry with copper(1). The crystal 
structure of the double helix showed that it is 
perfectly arranged to form the knot 124, which it does 
extremely well when combined with the diiodide of 
hexaethylene glycol. The double helix and the knot 
are extremely stable to demetalation. 

The “correct” cyclization of helices in which an odd 
number (n) of coordination sites are present provides 
a route to  (n + 1)-crossing [2lcatenanes. Sauvage’s 
group has recently extended their system based on 
copper(1) coordination by 1,lO-phenanthroline resi- 
dues toward this particular objective, and have 
prepared the first doubly interlocked [2I~atenane.~l~ 
The macrocycle 126 was prepared (Figure 87) in the 
usual manner from 125 and the diiodide of hepta- 
ethylene glycol. The addition of 125 to 126 in the 
presence of 3 equiv of copper(1) ion afforded a mixture 
of complexes, including the desired 127, which was 
then reacted subsequently with the diiodide of hep- 
taethylene glycol to  give a mixture of products 
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Figure 86. A highly efficient template-directed synthesis (30%!) of a trefoil knot complexed with copper(1) ions.318 

including 128. Demetalation of this mixture was 
necessary before performing column chromatography 
(Figure 88). Following the isolation of “large quanti- 
ties” of the macrocycle 126, the [2lcatenanes 129 and 
130 were obtained in quite meager 2% and 1% yields, 
respectively. The electrospray mass spectra of the 
singly (130) and doubly (129) interlocked [2lcat- 
enanes were very similar. Interestingly, by increas- 
ing the extraction cone voltage of the spectrometer, 
the peak corresponding to  (126*H)+, observed as a 
result of the cleavage of one of the rings in the 
catenane, is more pronounced320 in the case of 129. 
The lH NMR spectra of the two [2lcatenanes are very 
different indeed: that of 130 is quite well-resolved 
and similar to  that of 126. The lH NMR spectrum 
of the doubly interlocked [2lcatenane 129 contains 
broad peaks at room temperature and undergoes 
reversible sharpening of the peaks as the tempera- 
ture of the solution containing the compound is 
raised. This effect is a result of the “molecular 

125 

- 
DMF 

CszCO3 

reptation” observed in the trefoil knots. Although no 
experiments relating to its chiroptical properties have 
been reported at  the time of writing this review, 129 
is a topologically chiral catenane composed of non- 
oriented rings. The catenanes 129 and 130 are 
topological diastereoisomers. 

The synthesis of a topologically chiral cyclized hook 
and ladder has been achieved by Walba et aZ.321 They 
combined the copper(1)-templated catenane synthesis 
pioneered by Sauvage and their own THYME poly- 
ether strategy for making Mobius strips. The mac- 
rocycle 131 was synthesized from the standard 
diphenolic derivative 74 of 1,lO-phenanthroline and 
appropriate “ladder” derivatives (Figure 89). Cat- 
enation using the Sauvage methodology afforded 132, 
which was demetalated before the ladder was ex- 
tended to  give 133, which contains the hook (the 
catenane) and ladder (alkene rungs in the THYME 
moiety) functions. Cyclization under high dilution 
conditions afforded the two homologous hook and 

1 
125 

C U ( M ~ C N ) ~ +  

128 127 
Figure 87. The template-directed synthesis319 of a doubly interlocked [2]catenate 128. 
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130 

Figure 88. Demetalation3I9 of the doubly interlocked [2lcatenate 128 to  afford the topologically diastereisomeric doubly 
(129) and singly (130) interlocked r2lcatenands. 

ladder compounds 134 and 135 in about 60% yields 
in the final step. The products each contain a one 
quarter twist, although the possibility of knotted 
structures was not ruled out. The structures as 
drawn in Figure 89, have a 2-fold axis of symmetry, 
a fact which is apparent in their lH NMR spectra. 
When solutions of the cyclized hooks and ladders 
were warmed up, the two resonances arising from 
the aromatic residues at room temperature coalesced. 
From the temperature-dependent spectra, a free 
energy of activation of approximately 20 kcal mol-l 
was calculated for both compounds. This energy 
barrier is associated with the conformational change 
in the structure which exchanges the protons inside 

74 

131 
n = 2  o r n = l  

the hook and ladder with those on the outside. The 
ultimate goal of this project was the synthesis of a 
figure-eight knot, a shape which is predicted to be 
the simplest topological rubber glove.322 

In a collaborative effort to  extend the synthesis of 
catenanes to  multiring systems, the groups of Sau- 
vage and Vogtle used (Figure 90) the macrobicyclic 
core 136, incorporating three 1,lO-phenanthroline 
residues, for the template-directed cyclization of three 
macrocy~les ,~~~ to form the tris[2lcatenate 137 in only 
0.5% yield. However, the catenates 138 and 139 
were also produced in 8% and 4% yields, respectively. 
The low yield of the trisr2lcatenate is explained 
partially by the observation that, when three mac- 

,OTHP - 
, O M P  - THPO 

n 
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n =  2; R = OH or 
n = 1 ; R = (CH2)20(CH2)20H 
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Figure 89. The template-directed synthesis321 of two homologous hook and ladder compounds 134 and 135. 
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Figure 90. The template-directed synthesis323 of a tris[2]catenate 137 along with the related bis- and mono[2]catenates 
138 and 139. 

rocycles are linked through the macrobicyclic core, 
the phenanthroline units, which are forced by their 
coordination geometry to  reside between the two 
1,3,5-substituted benzene rings of the core, must 
stack in order to  be accommodated. It is sterically 
very difficult to  template the formation of three 
macrocycles around all three 42-membered rings in 
the macrobicyclic core. The steric crowding, together 
with the loss of the usual geometries found in the 
simple [2]catenates, was evidenced by the dramatic 
differences in the lH NMR spectra of the three 
catenated products. 

The templating ion for the formation of catenanes 
and rotaxanes discussed thus far has been copper- 
(I): other metal ions have been incorporated into the 
structures subsequently. The periodic table is rich 
with other elements that might be used as templates. 
Indeed, there are many examples324 of structures in 
which metal-containing species are threaded through 
crown ethers. 

Beer and R ~ t h i n ~ ~ ~  have combined the strong 
coordination of copper(1) ions by 2,2’-bipyridine de- 
rivatives and the relatively weak “sandwiching” of 
potassium ions by crown ethers for the preparation 
of the “catenand” 142 (Figure 91) which was formed 
by, firstly, treating the ligand 140 with 0.5 molar 
equiv of Cu(MeCNkPF6, and then adding an excess 
of KPF6 to  the resulting air stable complex, giving 
the “catenate” 141 in unspecified yield. The “cat- 
enand”, which was obtained in the manner previously 
reported by Sauvage and co-workers, was character- 
ized by FAB mass spectrometry and lH NMR spec- 
troscopy. Presumably, because the alkali metal 
cation to crown ether noncovalent bonds are weak, 
the “catenand, better described as a pseudocatenand, 
could equilibrate with its pseudocyclic components. 
No observations on this entropically favorable process 

were made. The possibility that a noncatenated 
dimer of 140 binding two potassium ions had been 
formed was not ruled out either by the authors. 

Studies on the interaction of diarylmagnesium 
compounds with crown ethers led Richey and Kush- 
lan326 to suggest a threaded orientation for the 
products. Consideration of the lH NMR spectra 
obtained for Tol2Mg(l8-crown-6) and TolzMg(15- 
crown-5) (To1 = p-methylphenyl) support the pro- 
posed geometry. The exchange between free and 
complexed crown ether was slow on the time scale of 
the experiment. The lack of reactivity of the complex 
also supported the proposed structure. While the 
molecular complex present in crystals of MezMg(l5- 
crown-5) did not possess a pseudorotaxane-like stru- 
cure,327 when EtzMg was added to a solution of 18- 
crown-6, the crystals that were obtained did reveal 
a molecular complex with a pseudorotaxane geom- 

The magnesium atom was located at  the 
center of the crown ether, and the Mg...O distances 
were quite long, leading the authors to  suggest that 
the complex might be regarded as a clathrate. In the 
same communication, the pseudorotaxane-like com- 
plexation of Et2Zn with 18-crown-6 in which the 
metal-oxygen distances were even longer was also 
described in the solid state. 

The formation of an “organometallic rotaxane”, 
based on an organomagnesium compound, has also 
been described by Bickelhaupt et U Z . , ~ ~ ~  who are 
interested in the activation of phenylmagnesium 
compounds by crown ethers.330 Solid 1,3-xylyl-18- 
crown-5 143 was added (Figure 92) to  a diethyl ether 
solution of diphenylmagnesium. The precipitate that 
formed was crystallized and found to have a rotax- 
ane-like structure in which the magnesium atom was 
located in the mean plane of the crown ether, making 
close contacts with two of the ethereal oxygen atoms. 
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plexation of the PhMg+ cation by the crown ether, 
followed by recombination of the complex with the 
phenyl anion from the opposite face, creating the 
threaded structure 144. This mechanism was pro- 
posed by the authors since they claim very reasonably 
that the phenyl rings of the magnesium compound 
are too large to pass through the center of the crown 
ether. In toluene solution, two different complexes 
were clearly distinguishable in a 3:1 ratio, while both 
free starting materials were absent. The major 
complex was the [2lrotaxane 144, while the other one 
was believed to be an external complex331 of the 
diphenylmagnesium with the crown In THF 
solution, the complexes dissociate into their compo- 
nents. 

Support for the mechanism proposed in Figure 92 
has been obtained by the Dutch group, which has also 
gone on to synthesize “the first organometallic cat- 
enane”?32 The interlocked rings were prepared 
(Figure 93) in a similar manner to  the rotaxane by 
mixing the same crown ether (143) with the cyclic 
organomagnesium compound 145. The ‘H NMR 
spectrum of this combination revealed the presence 
of two complexes in solution. Once again, these 
complexes were the threaded one, but this time the 
catenated compound 146, as well as the side-on 
complex 147, was identified. In the equilibrated 
mixture in deuterated toluene, the side-on complex 
is favored over the catenated compound, the two 
species being present in solution in a ratio of 2:l. In 
common with the rotaxane, the equilibrium between 
the two complexes is temperature dependent, with 
the catenane being the more favored structure a t  
lower temperatures. 

The self-assembly of a [2lcatenane has been 
achieved333 quantitatively from two preformed rings 
incorporating palladium(I1) metal ion centers. The 
preformed rings were prepared (Figure 94) by the 
reaction of (en)Pd(NOdz with 1 molar equiv of 1,4- 
bis[(4-pyridyl)methyllbenzene (148). Inspection of 
the ‘H NMR spectrum of the product indicated the 
presence of one component. By analogy with a 
similar compound,334 this product was assigned to the 
macrocycle. However, a t  concentrations greater than 
50 mM, another product was formed in very high 
yields. It was identified as the [2]catenane 149. A 

+ I 2’ KPF6 

1. Cu(MeCN), 

Figure 91. The self-as~embly32~ of a pseudoOlcatenand 
142 from the novel ligand 140. 

143 (f “3 + 2Ph2Mg 

O V 0  

PhMe 1 
A 

r O  0- 

PhMe 1 
Ph Ph 

144 

Figure 92. The spontaneous formation329 of an organo- 
metallic [Zlrotaxane 144. 

The two phenyl groups are located on opposite sides 
of the crown ether ring. The rotaxane’s formation 
was proposed to proceed (Figure 92) by dissociation 
of a phenyl ring from the diphenylmagnesium, eom- 

147 qJ 
Figure 93. The synthesis33* of the first organometallic [ZI- 
catenate 146. 
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A The many impressive examples of interlocked 
chemical compounds that have been created using 
the strong coordination of metal ions to  ligating 
groups bear witness to the utility of this approach 
in their synthesis. The transition metal ions’ binding 
geometry directs the formation of connecting groups 
such that syntheses become predictably efficient. The 
use of weaker noncovalent bonding interactions, such 
as n-n stacking and hydrogen bonding, as the forces 
which enable a template to function for the creation 
of interlocked structures was not achieved until six 
years after the first catenate synthesis by Sauvage 
and Dietrich-Buchecker. 

A 

149 . . N 3 H Z  

Figure 94. The self-assembly333 of a metalloorganic [21- 
catenane 149 under conditions of equilibrium control. 
combination of lH NMR spectroscopy, which revealed 
resonances for nonequivalent PyCHzCsH4CHaPy 
groups and a C6H4 group shifted markedly t o  high 
field, and electrospray mass spectrometry, which 
revealed peaks characteristic of the proposed [21- 
catenane, established its identity. The catenane is 
formed in a manner “reminiscent of the trick of 
interlinking ‘magic rings”’, in which ligating groups 
are separated from the coordinated metal ion, before 
being threaded through a preformed macrocycle, and 
then recoordinated. This mechanism was confirmed 
by treating the same ligand with (en)Pt(NO&. The 
platinum(I1) complexes are more kinetically stable 
than the palladium(I1) ones. The analogous reaction 
leads to  the formation of the [2]catenane and the 
macrocycle in a ratio of 1:4 in 60% yield overall. The 
platinum(I1)-containing L21catenane was prepared in 
30% yield when the reaction was performed in a more 
polar medium (5 M NaN03 in HzO), the ratio of the 
catenane-to-macrocycle being 9: 1. The formation of 
the [2]catenane is believed to be promoted by “double 
differential complexation”, where the components of 
the rings are bound in each other’s cavity. The more 
polar the medium, the greater the hydrophobic effect, 
and so the higher the yield of the catenane. 

A recent report335 has described the catenane 
incorporating platinum as a “molecular lock. The 
“lock is released by heating in the presence of a salt. 
An X-ray crystal structure confirmed the topology of 
the catenane incorporating platinum in each of its 
two rings. Edge-to-face aromatic interactions ob- 
served in the crystal are likely to  be the driving force 
for the formation of the catenane in the first place. 
The group has proposed336 a mechanism whereby two 
molecular rings undergo sequential ligand exchanges, 
such that the intermediate t o  the [2lcatenane is a 
Mobius strip! The slipping of ligands which was 
implied from a detailed NMR study, is very much like 
the initially proposed slipping of magic rings! 

VI/, Catenanes and Rotaxanes Based on 
n-Electron Acceptors and n-Electron Donors 

In order to  form interlocked molecules without the 
aid of a coordinating metal ion source, alternate 
means of template direction are required; otherwise, 
one is at the mercy of statistics. The components of 
the potentially interlocked structures must exhibit 
some mutual attraction or, in other words, display 
molecular recognition for each other. The catenanes 
and rotaxanes described in this section began life in 
an area of host-guest chemistry337 that was specif- 
ically concerned with the search for synthetic recep- 
tors for the n-electron deficient herbicides diquat and 
paraquat.338 

A. Mutual Molecular Recognition between 
n-Electron Acceptors and n-Electron Donors 

The design strategy which was employed for the 
creation of diquat and paraquat receptors was the 
incorporation of n-electron-rich aromatic 
such as those derived from dioxybenzene~~~~ and 
di~xynaphthalenes,~~~ into macrocyclic polyethers. 
Many different receptors were prepared342 and one 
of the best turned out to  be bis-p-phenylene-34- 
crown-10 which forms quite a strong complex 
(Figure 95) with the bis(hexafluoroph0sphate) salt of 
paraquat in acetone and acetonitrile solutions.344 The 
X-ray crystal structure of the 1:l complex reveals 
(Figure 95) a pseudorotaxane-like incorporation of 
the guest dication, which is sandwiched in between 
the parallelly aligned hydroquinone rings of the 
receptor.345 In addition to z-z stacking interactions, 
the complex is stabilized further by hydrogen bonding 
between the a-CH hydrogen atoms on the bipyri- 
dinium units of the paraquat dication and the oxygen 
atoms in the macrocycle, and by electrostatic interac- 
tions involving the hydroquinone ring oxygen atoms. 
In addition, the macrocycle is highly p r e ~ r g a n i z e d , ~ ~ ~  
as its conformations in the free and complexed states 
are remarkably similar. Since these early begin- 
nings, a large number of derivatized 4,4’-bipyri- 
dinium dications have been synthesized and have 
been found to form similar complexes with pseudoro- 
taxane geometries in the solid state.347.348 

Similar complexes were formed349 both in the 
solution and in the solid states by a combination of 
n-electron-deficient guests with the macrocyclic poly- 
ether, 1,5-dinaphtho-38-crown-10 (151). However, 
when the constitution of the macrocycle was enlarged 
to 1,5-dinaphtho-44-crown-l2 (1521, a rather different 
crystalline complex was formed350 which actually 
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distance (ca. 7 A) between the methyl groups of the 
two crystallographically independent paraquat dica- 
tions was just perfect for their connection to  be 
enhanced by p-phenylene moieties. The resulting 
cyclophane that is formed by linking the two pairs 
of methyl groups is cyclobis(paraquat-p-phenylene) 
(153). 

Paraquat 2 P F i  
t 

>o 150 0; 

2PFt  

Figure 95. (Top) The formation of the 1:l complex 
between bis-p-phenylene-34-crown-10 (BPP34C10, 150) 
and paraquat bis(hexafluorophosphate); (bottom) a ball- 
and-stick representation of the X-ray crystal structure of 
the same 1:l complex.344 

proved to be the inspiration for making the first 
catenane in the series. The 2:l complex, which exists 
as a continuous donor-acceptor stack in the solid 
state (Figure 961, has one paraquat dication sand- 
wiched between the n-electron-rich aromatic units of 
one host molecule, while a second paraquat dication 
is clathrated between adjacent 1:l complexes. The 

*....-. 

i 
t . .... .... -.. ...... -i .... 1 ’....., 

U.... 

Figure 96. The continuous donor-acceptor stack formed3s0 
in the solid state by paraquat bis(hexafluorophosphate) and 
1,5-dinaphtho-44-crow- 12 (152). 

151 n =  1 
152n-2  153 

The receptor cyclobis(paraquatppheny1ene) (153) 
was reported351 in 1988, and has proved, along with 
related tetracationic c y c l o p h a n e ~ , ~ ~ ~  to be an ideal 
receptor for a wide range353 of aromatic n-electron- 
rich substrates. The isomeric dimethoxybenzenes are 
bound within the cavity of 153 in both the solution 
and solid states. A crystal structure354 (Figure 97) 
of the 1:l complex formed between 1,4-dimethoxy- 
benzene and 153 reveals that it has the geometry of 
a [2lpseudorotaxane. This structure shows n-n 
stacking (interplanar separation of approximately 3.5 
Hi> between the n-electron-deficient and the n-electron- 
rich aromatic rings, as well as T-type interactions 
between the hydrogen atoms attached to the aromatic 
guest and the p-xylyl spacers of the host, whose 
geometry is virtually unchanged upon complexation, 
i.e. it is ideally preorganized. The methoxy groups 
of the guest protrude above and below the upper and 
lower rims of the tetracationic cyclophane, emphasiz- 
ing the fact that the guest is threaded through the 
host. In addition, as the substituents attached to the 
n-electron-rich 1,4-dioxybenzene ring are increased 
in length with ethylene glycol repeating units, the 
free energies of binding for the range of guests in 153 
increases355 from approximately 1.7 kcal mol-l for 
1,4-dimethoxybenzene to approximately 4.6 kcal mol-l 
for 154. The oxygen atoms in the polyether “tails” 
of these thread-like molecules, incorporating a 1,4- 
dioxybenzene (hydroquinone) ring have approxi- 

n 

Figure 97. A ball-and-stick representation of the X-ray 
crystal structure354 of the 1:l complex formed between 
cyclobis(paraquat-p-phenylene) (153) and 1,4-dimethoxy- 
benzene. 
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mately equal separations from the nitrogen atoms in 
153, formally carrying the positive charges. 

nn 

6 O  0-0-OH OH 

154 

B. Catenanes 
In 1989, the interlocking of the n-electron-deficient 

cyclobis(paraquatppheny1ene) tetracationic cyclo- 
phane 153 with the n-electron-rich crown ether bis- 
p-phenylene-34-crown-10 (1501, was achieved.356 The 
dicationic compound 155, which is prepared (Figure 
98) from p-xylylene dibromide (156) and an excess 
of 4,4‘-bipyridine, was stirred in acetonitrile with 156 
in the presence of a several-fold molar excess of the 
macrocyclic polyether 150 for 2 days. Following a 
simple isolation procedure, including counterion ex- 
change to the tetrakishexafluorophosphate salt, the 
12lcatenane 157 was isolated in a remarkable 70% 
yield. 

Amabilino and Stoddart 

L 

i 57 

Figure 98. The highly efficient (70%) self-assembly356 of 
the [2]catenane 157. 

The mass spectrum of the 12lcatenane 157, which 
is typical of the spectra obtained for this family of 
interlocked molecules, gave peaks for singly posi- 
tively charged ions, corresponding to  the loss of one, 
then two, and then three, and so on, hexafluorophos- 
phate counterions from the molecular ion. In the 
lower mass region, no peaks were observed until one 
for the ion corresponding to the loss of two hexafluo- 
rophosphate counterions from the 153 component, 
indicating that the polyether ring of the catenane had 
been broken apart in the spectrometer. The X-ray 
crystal (Figure 99) structure of the compound shows 
beautifully the mutual interlocking of the component 
macrocycles. The relative positions and geometries 
of the various recognition sites within the compo- 
nents of the [2lcatenane are just as they might have 
been anticipated from the range of crystal structures 
of complexes formed by the mutually compatible 
components. One hydroquinone ring resides in the 
center of the tetracationic cyclophane and shows the 
same n-n stacking and T-type hydrogen-bonding 
interactions that were observed in the complexes of 
cyclobis(paraquatppheny1ene) (153). Also, hydrogen- 
bonding [H..*Ol distances of 2.60 and 2.64 were 

Figure 99. A ball-and-stick representation of the X-ray 
crystal structure356 of the [2]catenane 157. 

observed between the diametrically opposite oxygen 
atoms at  the centers of the tetraethylene glycol 
spacers in the neutral crown ether component and 
a-hydrogen atoms attached to  the bipyridinium resi- 
dues of the tetracationic cyclophane that is sand- 
wiched between the parallelly aligned hydroquinone 
rings of the crown ether. Thus, each of the compo- 
nents of the [2lcatenane have an “inside” and an 
“alongside” environment for their hydroquinone rings 
and bipyridinium units. In addition, the separation, 
approximately 3.5 A, between the planes of these 
aromatic units is approximately the same, not only 
within the molecule, but also supramolecularly 
throughout the polar stacks, i.e. they contain one 
enantiomer, that the [2]catenane molecules form in 
the solid state, resulting in a n-electron donorh- 
electron acceptor stack all the way along one of the 
crystallographic directions. 

The order that characterizes the [2lcatenane in- 
tramolecularly in the solid state “lives on” in the 
molecule in solution. The low-temperature lH NMR 
spectrum of the compound at -65°C indicates the 
presence of an “inside” and “alongside” bipyridinium 
unit in relation to the cavity of the crown ether. As 
the temperature of the solution is raised, the reso- 
nances arising from the bipyridinium units of the 
tetracationic cyclophane indicate that this charged 
component is spinning around the O-CsH4-O axis 
of the included hydroquinone ring of the crown ether, 
such that it passes through the center of this neutral 
macrocycle. This motion, which corresponds to the 
degenerate process I in Figure 100 and requires the 
rapid exchange at room temperature of A and B, has 
a free energy of activation associated with it of 12.2 
kcal mol-l. Further warming of the sample resulted 
in rapid equilibration of the hydroquinone rings of 
the crown ether within the cavity of the tetracation. 
This spinning of the neutral component corresponds 
to the degenerate exchange of C and D according t o  
process I1 in Figure 100 and has associated with it a 
free energy of activation of 15.6 kcal mol-l. 

Cyclic voltammetry also confirmed the strong 
interactions that exist between the aromatic residues 
of the two components of the [2lcatenane. Whereas 
the tetracationic cyclophane 153 has two double 
electron reduction waves (Figure 101) in the [21- 
catenane 157, the first of these waves is split into 
two single electron reduction waves, and there is 
considerable broadening of the wave corresponding 
to the second two-electron reduction of the charged 
component. The splitting of the first wave is thought 
to  result from the topographical differences between 
the “inside” and “alongside” bipyridinium units of the 
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Figure 100. Two of the degenerate dynamic processes (I 
and 11) that take place in solution within the 12lcatenane 
157 as indicated by IH NMR spectroscopy.355 

cyclophane, the “inside” unit being stabilized and 
protected by two adjacent hydroquinone rings. The 
second two-electron reduction is not split to the same 
extent, presumably because of the diminished rec- 
ognition between the two components following par- 
tial reduction of the tetracationic cyclophane. Simi- 
larly, the oxidation of the hydroquinone rings was 
split into two waves at  very high potential when 
compared with the results obtained with the free 
macrocyclic polyether. These results also show that 
there are appreciable electrochemical gradients within 
the t2lcatenane molecule. The compound is bright 
red in color, exhibiting a charge-transfer band cen- 
tered on 478 nm with an E value of 700. In addition, 
the luminescence of the hydroquinone rings in the 
neutral component 150 are completely quenched in 
the L2lcatenane. 

The mechanism for the formation (Figure 98) of the 
12lcatenane 157 has been investigated357 by ‘H NMR 
spectroscopy. Using this technique, the intermediate 
trication 158 could not be observed. The fact that 
this material was not observed in the ‘H NMR 
spectrum implies a fast ring closure to form the [21- 
catenane. It should also be pointed out that the 
starting material 155 is not bound appreciably by the 
macrocyclic polyether, while the trication 158 would 
be expected to be hound strongly, as a result of the 
increased molecular recognition afforded by the pres- 
ence of the dicationic 4,4‘-bipyridinium unit in this 
intermediate. And so, it is proposed that the first 
alkylation of 155 “turns on” a recognition site in the 
charged component, which is complexed by the 
neutral macrocyclic polyether that can then template 
the ring closure to form the catenated tetracationic 
cyclophane. The 12lcatenane 157 can also be pre- 
pared358 with reasonable efficiency in a single step 
(Figure 102) by reacting 4,4‘-bipyridine and p-xy- 

153 

157 

-0.6 0.0 
E (V vs SSCE) 

Figure 101. The cyclic voltammograms recorded in 0.1 
M tetrabutylammonium hexafluorophosphatehfeCN for 
(top) cyclobis(paraquatppheny1ene) (153) and (bottom) the 
[2lcatenane 157 which incorporates 153 as one of its 
component rings.355 

lylene dibromide in the presence of an excess of the 
macrocyclic polyether 150. Under high-pressure 
conditions (12 kbars), which are known to accelerate 
the Menschutkin reacti0n,3~~ the C21catenane 157 was 
isolated in 42% yield, while, a t  ambient pressure, the 
same reaction afforded only 18% of the L2lcatenane. 

n m r - n  1. “eBr 150 
DMF 

24 Hours 
12 kbarsI15”C 

2. 
- 
NH4PFdH20 

Br *~r 42% 
157 

Figure 102. The one-step self-as~embly3~~ of the [21- 
catenane 157 from bipyridine andp-xylylene dibromide in 
the presence of bis-p-phenylene-34-crown-10 (BPP34C10, 
150) at ultrahigh pressure. 

A wide range of macrocyclic polyethers have so far 
acted successfully as templates for 153 to form 121- 
catenanes. An isomer of 150, bis-m-phenylene-32- 
crown-10 (1591, incorporating two resorcinol rings 
linked by tetraethylene glycol residues, templates the 
formation of the tetracationic cyclophane to  form the 
[2lcatenane 160 in 17% yield.36o The diminished 

A/-.AA 

159 
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ability of 159 t o  act as a template for the tetracationic 
cyclophane, compared with 150, is reflected in the 
dynamic nature of the compound in CD3COCD3 
solution. In particular, the spinning process of the 
neutral component through the tetracationic cyclo- 
phane component (process I1 in Figure 100) is as- 
sociated with a free energy of activation of 13.6 kcal 
mol-l, i.e. approximately 2 kcal mol-’ lower in energy 
than in the case of the isomeric catenane incorporat- 
ing 150. An additional dynamic process (111 in Figure 
103) was also observed in this compound. It corre- 
sponds to  the dislocation of the n-electron rich residue 
from the cavity of the tetracationic cyclophane, fol- 
lowed by reorientation of the resorcinol ring, and its 
return t o  the thermodynamic energy well associated 
with its location inside the charged component. The 
free energy of activation of 12.1 kcal mol-l governing 
this process is slightly lower than that required for 
a complete exchange of two resorcinol rings in the 
cavity of 153. 

Figure 103. An additional degenerate dynamic process- 
(111) that can be observed360 in the variable-temperature 
lH NMR spectra of the [alcatenane 160. 

In contrast to  the relatively poor intercomponent 
recognition in 160, the [2lcatenane 161, self-as- 
sembled using 1,5-dinaphtho-38-crown-l0 (151) as 
the template for the formation of the tetracationic 
cyclophane is very highly ordered in both the solution 
and solid states.361 The X-ray crystal structure of this 
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[2lcatenane 161 reveals a similar disposition of the 
n-electron-rich and n-electron-deficient residues to  
that observed in the solid-state structure and super- 
structure of 157. All four aromatic units are almost 
parallel with approximately the same intramolecular 
interplanar separations within the molecule as ob- 
served in 157. However, beyond the molecule, in the 
polar stacks that this compound also forms in the 
crystal, the separation between the “alongside” 1,5- 
dioxynaphthalene residue and the “alongside” bip - 
ridinium residue of adjacent molecules is only 3.3 1 . 
The T-type interactions involving the H-4 and H-8 
hydrogen atoms of the included 1,5-dioxynaphthalene 
residue with the p-xylyl spacers in the tetracation 
are very pronounced in this structure (centroid- 
centroid separations of only 4.7 and 4.8 A, respec- 

tively). This catenane is highly ordered in solution 
also. At -60 “C, the observable dynamic processes 
between the components are all slow on the lH NMR 
time scale. In particular, the H-4 and H-8 hydrogen 
atoms of the included 1,5-dioxynaphthalene residue 
which are directed toward the p-xylyl residues are 
highly shielded and give rise to  a resonance at 6 2.4 
ppm. The three dynamic processes that have been 
described (vide supra) are also observed in 161. The 
spinning (process I) of the tetracationic component 
through the neutral component is associated with a 
free energy of activation of approximately 12.7 kcal 
mol-l, while the free energies of activations for 
processes I1 and I11 are 17.2 and 15.8 kcal mol-l, 
respectively. The higher energies of activation re- 
quired for the latter two processes are a reflection of 
the better intercomponent recognition displayed in 
161 in comparison with 160 and 157. 

The presence of two different n-electron-rich aro- 
matic residues within the same macrocyclic polyether 
component of a [2lcatenane incorporating 153 leads 
to  structures which can exist as two translational 
isomers.63 In principle, the control of this important 
phenomenon can also be achieved through the intro- 
duction of steric or electronic differences into the two 
n-electron-rich aromatic residues. The macrocyclic 
polyether 1,5-naphtho-p-phenylene-36-crown-10 (1621, 
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which incorporates one hydroquinone ring and one 
1,5-dioxynaphthalene residue, has been employed362 
successfully as a template for the formation of the 
tetracationic cyclophane, thus allowing the self- 
assembly of the [alcatenane 163. In solution, 163 can 
exist (Figure 104) as the translational isomer A, in 
which the 1,5-dioxynaphthalene residue occupies the 
cavity of the tetracationic cyclophane component, or 
as the translational isomer B, where the hydro- 
quinone ring resides between the two 4,4’-bipyri- 
dinium units in the tetracationic cyclophane. The 
two translational isomers are interconverted by cir- 
cumrotation of the neutral component through the 
charged component. In deuterated acetone at  -40 
“C, the ratio of the isomers A/B was 3565. This 
result was surprising, given that, when the tetraca- 
tionic cyclophane 153 was combined with two acyclic 
thread-like molecules, one incorporating a 1,5-diox- 
ynaphthalene residue and the other a hydroquinone 
ring, then, in the same solvent at  the same temper- 
ature, the ratio of naphthalenehenzene derivatives 

- 
c- 

163 
A B 

Figure 104. The equilibration between the two transla- 
tional isomers (A and B) of the [2]catenane 163.362 
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included in the cavity of the tetracation was 65:35. 
The implication from these obsevations is that the 
relative magnitudes of the binding constants of the 
two subunits does not determine directly the ratio of 
translational isomers at least in catenanes of this 
type. In a search for an explanation of this apparent 
discrepancy, the translational isomerism observed in 
the [2]catenane 163 was investigated in a range of 
solvents. It transpired that the solvent dielectric 
constant and the ratios of the translational isomers 
exhibit a sigmoidal relationship for the tetrakis- 
(hexafluorophosphate) salt of this [2lcatenane 163. 
The translational isomerism is a balance between 
n-n stacking interactions and solvation. The posi- 
tively charged cyclophane favors a shielded situation 
in relatively nonpolar solvents, such as acetone (CD3- 
COCD3). The larger n-electron-donating surface area 
associated with the 1,5-dioxynaphthalene residue is 
therefore preferably residing on the outside of the 
tetracationic cyclophane, favoring isomer B. In more 
polar solvents, such as dimethyl sulfoxide (CD3- 
SOCDs), shielding from the solvent is less important, 
and the tetracationic cyclophane accepts into its 
cavity the n-electron-rich unit which is the more 
strongly bound in its own right. 

The macrocyclic polyether p-phenylene-m-phe- 
nylene-33-crown-10 (164) contains two n-electron-rich 
residues of approximately the same dimensions and, 
as such, provides a test of the steric and electronic 
preferences for the n-electron-rich residues in the 
cavity of a tetracationic cyclophane when it is cat- 
enated. The catenation363 of 164 with the components 
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of the tetracationic cyclophane resulted in the self- 
assembly of the [2lcatenane 165 in 17% yield. The 
low yield in this template-directed synthesis may be 
a result of a mismatch between the structure of the 
macrocyclic polyether and the molecular recognition 
requirements of the tetracationic cyclophane. In this 
catenane, the translational isomerism is extremely 
selective. In acetone at 0 “C, approximately 98% of 
the equilibrium mixture has the translational isomer 
with the hydroquinone ring included inside the cavity 
(Figure 105). No solvent dependence of this ratio was 
observed. Also, the same translational isomer exists 
exclusively in the solid state. A n  X-ray crystal 
structure of the [2lcatenane 165 showed that the 
hydroquinone ring of the macrocyclic polyether re- 
sides within the cavity of the tetracationic compo- 
nent, despite the observation that the “alongside” 
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Figure 105. The equilibration between the two transla- 
tional isomers of the [2]catenane 165.363 
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1 1 3lcrown-9 10 
2 1 34-crown-10 70 
3 1 37-crown-11 55 
3 2 40-crown-12 54 
4 2 43-crown-13 40 
4 3 46-crown-14 49 
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Figure 106. The efficiency of the self-assembly of a range 
of [alcatenanes as a function of the size of the bis-p- 
phenylene macrocyclic polyether component templating the 
formation of the interlocked cyclobis(paraquatppheny1ene) 
(153) component.364 

resorcinol ring does not occupy an optimal position 
for n-n stacking with the “inside” bipyridinium unit. 
This geometry is compensated for in the polar stacks 
formed by 165. In them, the “alongside” resorcinol 
ring n--x stacks with the “alongside” bipyridinium 
unit of the next molecule in the 

The significance of the constitution of the spacer 
unit between the two n-electron-rich residues in the 
neutral component of these catenanes has also been 
investigated.364 A range of bis-p-phenylene crown 
ethers from 31-crown-9 to 46-crown-14 (Figure 106) 
were employed as templates for the components of 
the tetracationic cyclophane 153 in the self-assembly 
of a range of L2lcatenanes. The highest yield achieved 
(70%) was with the 34-crown-10 homolog. At the 
smaller ring size, the 31-crown-9, the cavity is a trifle 
tight for comfortable inclusion of the paraquat- 
containing precursor to the [2]catenane, and conse- 
quently it was formed in only 10% yield. For the 
macrocyclic polyethers larger than the bis-p-phe- 
nylene-34-crown-10 template, the formation of the 
tetracationic cyclophane occurs with progressively 
decreasing efficiency as the dimensions of the crown 
ether component are increased: the yield of the [21- 
catenanes levels off at approximately 40%. These 
findings pertain despite the observation that the 
same macrocyclic polyethers show a dramatic vari- 
ance in their binding constants with the paraquat 
dication. The free energies of activation, associated 
with the dynamic processes taking place in this 
homologous series of L2lcatenanes in solution, reflect 
the extent of noncovalent bonding interactions be- 
tween the components. In particular, the AG* values 
for process I1 (Figure 100) are highest for the [2]- 
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Figure 107. The self-assembly of the [Zlcatenanes 167 and 
168 with the macrocyclic polyether derivatives 165 and 166 
incorporating furan-2,5-dimethylenedioxy and pyridineS,6- 
dimethylenedioxy residues, r e ~ p e c t i v e l y . ~ ~ ~ , ~ ~ ~  
catenanes incorporating the 31-crown-9 and 34- 
crown-10 derivatives. When the larger crown ethers 
are components of the [2]catenanes, the free energies 
of activation for this process are lower by approxi- 
mately 2.5 kcal mol-’. Electrochemical studies were 
also employed to provide useful information concern- 
ing the intercomponent recognition in the range of 
L2lcatenanes. The reduction potentials of the bipy- 
ridinium units in the tetracationic cyclophane (153) 
components were affected most dramatically upon 
catenation when the smaller macrocyclic polyethers 
were implicated. It is believed that poorer intercom- 
ponent recognition characterizes the L2lcatenanes 
incorporating the larger macrocyclic polyethers as a 
result of their inherently greater flexibility and the 
consequential reduction in the “alongside” interac- 
tions of the “outside” hydroquinone rings with the 
“inside” bipyridinium units. 

In order to assess the significance of the central 
oxygen atom as a hydrogen-bond acceptor in the 
polyether spacers present in the crown ether compo- 
nent of these [2lcatenanes, the central CH2CH20CH2- 
CH2 unit has been replaced with furan-2,Ei-diyldim- 
ethy1enedioxy3‘j5 and pyridine-2,6-diyldimethyl- 
e n e d i ~ x y ~ ~ ~  residues. As well as modifying the hy- 
drogen-bond donating ability of the heteroatom in the 
center of the spacer, these moieties also help to 
rigidify the chain. Incorporation of the two furan- 
containing residues reduces the extent of intercom- 
ponent recognition, as measured by a binding study, 
yet the macrocyclic polyether 165 acts as a template 
(Figure 107) for the formation of the tetracationic 
cyclophane 153, t o  give the 12lcatenane 167 in 40% 
yield, at  least when an excess of the components of 
153 are used in the reaction. Although the pyridine- 
containing macrocyclic polyether 166 has a free 
energy of binding for paraquat slightly lower than 

that of bis-p-phenylene-34-crown-10 (150), it still 
serves as a good template for the formation of the 
tetracationic cyclophane 153: the 12lcatenane 168 is 
formed in 31% yield by reaction of 1.1 molar equiv of 
166 with 1 molar equiv of the components of 153. The 
circumrotation of the neutral component through the 
charged one (process 11) in 168 is associated with a 
free energy of activation of 13.8 kcal mol-’, a AG* 
value significantly lower than that associated with 
the same process in the [2lcatenane 157. Process I 
in 168 occurs with a free energy of activation of 11.3 
kcal mol-’. The reason for the lower energy barriers 
for the dynamic processes present in 168, compared 
with those present in 157, is still unclear. 

Translational isomerism can also be induced by the 
introduction of constitutional asymmetry into the 
tetraethylene glycol chain linking the two n-electron- 
rich aromatic residues present in the crown ether 
component. The [2]catenane 169, which was self- 
assembled in 16% yield, incorporates a macrocyclic 
polyether in which catechol rings have been intro- 
duced asymmetrically into the spacer of the neutral 
component.367 Two translational isomers (Figure 
108) are possible in the [2]catenane, one (A) in which 
the catechol rings are closer to the “inside” hydro- 
quinone ring, and the other (B) in which they are 
nearer to  the “alongside” hydroquinone ring. Al- 
though the catechol residues are n-electron rich, they 
are not located inside the tetracationic cyclophane in 
this [2lcatenane for steric reasons. The IH NMR 
spectrum of the [2lcatenane indicated that the trans- 
lational isomer A is slightly favored over isomer B 
in solution, the ratio of the isomers being approxi- 
mately 64:36 (AB) in CD3CN solution. 

Gunter and co-worker~~~* have utilized the binding 
of paraquat to  macrocyclic polyethers incorporating 
a porphyrin unit and Jc-electron-rich aromatic resi- 
dues as a basis, using an approach identical to  that 
described for the template-directed synthesis of the 
L2lcatenanes in this section, for the self-assembly of 
porphyrin-containing [2]catenanes. The macrocycles 
170 and 171 were employed369 successfully as tem- 
plates for the formation of the tetracationic cyclo- 
phane 153 t o  yield (Figure 109) the 12lcatenanes 172 
and 173 in 20% and 28% yields, respectively.370 
These catenanes can be regarded formally as trans- 
lationally isomeric, although occupation of the por- 
phyrin residue by the tetracation can clearly be ruled 
out on steric grounds. Both [2lcatenanes, in their 
zinc porphyrin forms, have highly ordered solution- 
state structures with the free energies of activation 
associated with process I in 172 and 173 being 14.4 
and 12.9 kcal mol-l, respectively. The higher energy 
required for circumrotation within the catenane with 
the more tightly strapped porphyrin was ascribed to 
the steric constraint present in this system. Proto- 
nation371 of the free base porphyrin analogs of 172 
and 173 required much stronger acid than is usually 
required in the case of unhindered porphyrin analogs, 
presumably as a result of electrostatic repulsions 
caused by the proximity of the porphyrin ring to  the 
tetracationic cyclophane in the catenanes. This pr- 
onation induces considerable changes in the struc- 
tures of these E2lcatenanes in solution. It was 
proposed that, on the basis of lH NMR spectroscopic 
experiments, the protonated 12lcatenane 175, incor- 
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Figure 108. The translational isomerism exhibited367 by the [2]catenane 169 that incorporates a macrocyclic polyether 
component into which catechol (1,a-dio~benzene) rings have been introduced into the spacers between the two hydroquinone 
( 1,41dioxybenzene) rings. 
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Figure 109. The self-assembly of the two metalated 
porphyrin-containing [2lcatenanes 172 and 173, and the 
corresponding free base porphyrin compounds derived from 
them.370 

porating the looser strap across the porphyrin, reor- 
ganizes itself such that the unit incorporated between 
the porphyrin ring and the n-electron-rich residue is 
a p-xylyl spacer rather than a bipyridinium unit in 
the tetracationic cyclophane. The circumrotation 
rate associated with process I1 was not changed 
significantly upon protonation. In contrast to the free 
base analog, the protonated form 174 of the 121- 
catenane, did not undergo reorientation, but the free 
energy of activation to process I was significantly 
decreased from 14.2 kcal mol-l, for the free base 
porphyrin, to  12.9 kcal mol-l for the protonated form. 
The [2]catenane incorporating a 1,5-dioxynaphtha- 
lene residue in the porphyrin strap was also prepared 
in its zinc (45% yield), free base, and protonated 
forms. The energy barriers associated with processes 
I1 and I11 in this [2lcatenane were similar to  those 
observed361 in the [2lcatenane 161, in which the 
neutral component incorporates two 1,5-dioxynaph- 
thalene residues. 

The tetracationic cyclophane 153 has also been 
utilized, along with the ability of thiols to  become 
attached to  gold surfaces, for the self-assembly of a 
surface-attached [ 2 l ~ a t e n a n e . ~ ~ ~  The thread-like mol- 
ecule 176, when combined with 153 in acetonitrile, 
forms a complex (K,  = 253 M-l). Exposure of this 
complex to gold bead electrodes resulted in the 
attachment of the thiol groups to  the gold, thus 
mechanically trapping the tetracationic cyclophane 
(Figure 110). The entrapment of the cyclophane by 
the n-electron-rich "staple" onto the gold surface was 
confirmed by cyclic voltammetry. A stable and 

reversible reduction wave for the bipyridinium units 
was observed in contrast with a series of control 
experiments, including the attempted formation of 
a pseudorotaxane at the gold surface, where they 
were not observed. The surface coverage for the 
complex was estimated to be 8% of the maximum 
possible value. Although the low coverage was 
explained by the complexity of the attachment pro- 
cess, the relatively low binding constant of the thread 
with the tetracationic cyclophane was undoubtedly 
partially responsible. 

By increasing the ring size of the crown ether and 
the number of n-electron-rich aromatic residues in 
the macrocyclic polyether, it is possible to  create 
higher catenanes. Thus, when tetrakis-p-phenylene- 
68-crown-20 (177) is as a template for the 
formation of the tetracationic cyclophane, one can 
imagine the variety of interlocked structures that 
could result. In fact, at atmospheric pressure, the 
only catenated product to  be formed in this reaction 

0 0 
L p x N ?  

153 

or'% 
+ 

K, = 253 M-' 25°C in MeCN 

I Gold electrode I 

Figure 110. The self-assembly of a [2]catenane attached 
to a gold surface.372 
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Figure 111. The self-assembly of a [2lcatenane 178 at room pressure and a [3]catenane 179 at ultrahigh pressure using 
tetrakis-p-phenylene-68-crown-20 (177) as the templating.macrocyc1ic p ~ l y e t h e r . ~ ~ ~  

is the [2]catenane 178 in 12% yield (Figure 111). The 
variable-temperature lH NMR spectrum of this com- 
pound, which has been referred to  as a “molecular 
train”, revealed a dynamic process in which the 
tetracationic component moves from one n-electron- 
rich “station” to another along the polyether “track. 
The energy of activation required for this process of 
moving the tetracationic “train” around the polyether 
“track” from “station” to “station” is 14.1 kcal mol-’. 
Repetition of the template-directed reaction that 
produced 178, this time at  10 kbars, resulted in the 
formation of the [3lcatenane 179 in 11% yield. This 
compound gave a fast-atom bombardment mass 
spectrum in which peaks were observed correspond- 
ing to  the singly positively charged ions resulting 
from the molecular ion minus one through to five 
hexafluorophosphate counterions. In addition, peaks 
corresponding to the [2lcatenane 178 were observed, 
indicating that it is formed in the spectrometer by 
the fracture and loss of one of the tetracationic 
cyclophanes. The free energy of activation required 
to move (Figure 112) the two “trains”, which prefer 
to  reside on diametrically opposite “stations” at low 
temperature, around the four “stations”, is approxi- 
mately 13.6 kcal mol-l for each journey between 
stations. Part of the reason for the lower yields in 
the self-assembly of 178 and 179 is the low solubility 
of the macrocycle 177, as well as its higher flexibility 
and poorer preorganization when compared with 150. 
This reduction in intercomponent recognition is 
reflected in the lower energies of activation associated 
with the dynamic processes that take place in these 
catenanes. 

All the catenanes so far discussed in this section 
have incorporated the tetracationic cyclophane 153. 
Increasing or decreasing the dimensions of this 
cyclophane, as well as building functional groups into 
it, gives us another way to  assess the efficiency and 
generality of the self-assembly processes operating 
during the formation of the catenanes, as well as a 
means of heading toward systems that are address- 
able in an electrochemical or photochemical manner. 

In an effort374 to gain insight into the effects upon 
the efficiency of the self-assembly process of consti- 
tutional change in the tetracationic cyclophane com- 
ponent, the L21catenanes 180 and 181, where one 

then both of the p-xylyl spacers were replaced with 
m-xylyl spacers, were self-assembled. The [2lcat- 
enane 180 was obtained using two routes (Figure 
1131, the first in which the dication 155, incorporat- 
ing a p-xylyl spacer, was reacted with m-xylylene 
dibromide. This route led to  the [2lcatenane in 18% 
yield, while reversal of the substitution patterns in 
the dication and the dibromide afforded 180 in 40% 
yield. The results of this experiment show that in 
the self-assembly process it is better to  ring close the 
para-substituted end of the tricationic intermediate 

Y o -  o--pocol, 

C O  0 3  

co 7 

179 
Figure 112. The degenerate shuttling process that takes 
place in the [3]catenane 179 in solution, as indicated by 
dynamic IH NMR spectroscopy.373 
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Figure 113. The self-assembly by two different routes of 
a [Zlcatenane 180 in which the tetracationic cyclophane 
component contains one p-xylyl spacer and one m-xylyl 
spacer.374 The efficiency of the self-assembly reaction is 
dependent upon the constitution of the starting materials. 

on the way to  the [2lcatenane 180. When the 
dimensions of the tetracationic cyclophane compo- 
nent were reduced still further, so that it contains 
two m-xylyl spacers, the 12lcatenane 181 could not 
be prepared at ambient pressure. Indeed, the tetra- 
cationic cyclophane 182 does not bind n-electron-rich 
aromatic units within its tight cavity at  ambient 
conditions. Yet, when the catenation of the template 
150 with the components of 182 was carried out at  
10 kbars (Figure 1141, a 28% yield of the [2lcatenane 
181 was achieved. The changes in the constitution 

A 
8 2  +NyN+ 

182 

of the tetracationic cyclophane, in addition to affect- 
ing the efficiency of the self-assembly process, also 
alter the solution- and solid-state properties of the 
resulting L2lcatenanes. As the dimensions of the 
cyclophane are reduced, the free energy of activation 
AG* t o  circumrotation of the neutral comDonent 
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Figure 114. The self-assembly under ultrahigh pressure 
conditions of the [Zlcatenane 181 in which the tetracationic 
cyclophane component contains two bipyridinium units 
bridged by two m-xylyl spacers.374 

157, to  16.3 kcal mol-l in 180, and to  17.6 kcal mol-l 
in 181. In addition, the mechanism (process IV in 
Figure 115) by which the hydroquinone ring “rocks” 
inside the cavity of the tetracationic cyclophane at  
low temperatures is hindered increasingly as the 
cavity dimensions of the tetracationic cyclophane 
component in the [2lcatenane is reduced. 

The ge0metry3~~ of the [2lcatenane 180 in the solid 
state is very similar to  that of the isomer 157. A 
T-type interaction is observed between a hydrogen 
atom attached to the included hydroquinone ring and 
the n-face of the p-xylyl spacer in the tetracationic 
cyclophane. An analysis of the packing diagrams 

7- XYIYI Spacer - 7 
‘Rocking’ 

‘ 0  
I 

0’ 
Process IV 
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Figure 115. The rocking process (IV) which can be 
observed by dynamic lH NMR spectroscopy in solution at 
low temperatures for the hydroquinone ring located inside 
the tetracationic cvclophane components of the [Zlcat- through the cavity of the charged component (process . .  

11, Figure 100) is increased from 15.6 kcal mo1-l in enanes 157, 180, and f81. 
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Figure 116. The stacking of enantiomeric pairs of [ZI- 
catenane molecules along one of the crystallographfc axes 
in crystals of the [2]catenane 181 as revealed by X-ray 
crystallography. 374 

reveals that the polar stacks of the molecules in the 
crystals of 180 are also very similar to those of 157. 
However, in the crystals of the [2lcatenane 181, the 
stacking arrangement of the molecules is very dif- 
ferent. A continuous stack of alternating donors and 
acceptors is not observed, possibly as a result of the 
substantial bowing of the bipyridinium units in the 
catenane. Rather, two “alongside” hydroquinone 
rings from an enantiomeric pair of catenane mol- 
ecules stack (interplanar separation of 3.62 & with 
respect to  one another in the crystal (Figure 116). 

Very recent research which has also been involved 
with the variation of the constitution of the spacers 
between the bipyridinium moieties in the tetraca- 

tionic cyclophane components of [2lcatenanes of this 
type has drawn further attention to the effect of 
constitution upon the efficiency of the self-assembly 
process, as well as of the dynamic properties of the 
component with respect to  each other.375 One and 
two thiophene-2,5-diyldimethylenedioxy residues were 
used in place of the p-xylyl spacers in the tetraca- 
tionic cyclophane component of 157 in the self- 
assembly of the [2]catenanes 183 and 184, which 
were obtained in 59 and 36% yields, respectively, at 
ambient temperature and pressure. The free ener- 
gies of activation for processes I and I1 are ap- 
proximately the same as those in 157, but the barrier 
to the “rocking” (process IV) of the hydroquinone ring 
inside the cyclophane is increased significantly. An 
X-ray crystal structure of 184 provides a possible 
explanation for this observation. There is a signifi- 
cant [S*..Ol interaction between the sulfur atom in 
the spacer group of the tetracationic cyclophane 
component and the oxygen atoms of the included 
hydroquinone ring in the neutral component. 

nnnn 
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Vogtle and c o - w o r k e r ~ ~ ~ ~  have incorporated photo- 
chemically active azobenzene units into [2lcatenanes. 
The two [2lcatenanes 185 and 186 were prepared 
(Figure 1171, in 34% and 16% yields, respectively, 
along with their component tetracationic cyclo- 
phanes. The azobenzene units in these structures 
were isomerized from the (Ehconfiguration to  the (2)- 
configuration by irradiation at 3 10 nm wavelength. 
Their thermal isomerization from (2)- back to  (E)- 
configurations was followed by lH NMR spectroscopy. 
The f2lcatenanes 185 and 186 have half-lives for 
their reisomerizations of 20.5 h and 12 days, respec- 
tively, while the component free tetracationic cyclo- 
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Figure 117. The self-assembly of two [Zlcatenanes 
azobenzene units, respectively, into their tetracationic 

4PFs 186 
185 and 186 incorporating one and two 
cyclophane components. 376 

photochemically active 



Interlocked and Intertwined Structures and Superstructures 

1. 15O/MeCN 
RTI5Days 

Chemical Reviews, 1995, Vol. 95, No. 8 2785 

1 5 %  

190 
Q I!$ 

189 +N*Br 

23 % I 1 .  150/MeCN, 
RT I 5  Days 

2. NHdPF6 / H20 

4 % -  

187 
Figure 118. The self-assembly of a [2lcatenane 187 in 
which the tetracationic cyclophane component contains one 
bipyridinium unit and one trans-bis(pyridinium)ethylene 

phanes have half-lives of 8.3 and 14 days. It was 
proposed that the motion of the hydroquinone ring 
within the cavities of the tetracations assists the 
reisomerization process. This effect was noticed most 
dramatically in the [2]catenane 185, incorporating 
the smaller tetracationic component. A crystal struc- 
ture of 185 showed the more open nature of the 
charged component in the catenane, the “inside” 
bipyridinium unit being sandwiched by the two 
hydroquinone rings of the neutral component, while 
the “alongside” bipyridinium unit is twisted away 
from the inside hydroquinone ring. Although a 
detailed dynamic analysis was not presented, this 
reduced order is also evident from inspection of the 
lH NMR spectrum of the compound. 

The incorporation of photoactive groups into the 
n-electron-deficient units, i .e. an active recognition 
site, in the tetracationic cyclophane has also been 
achieved.377 The trans-bis(pyridinium1ethylene unit 
was incorporated into the [2lcatenanes 187 and 188, 
using the self-assembly routes summarized in Fig- 
ures 118 and 119, in 23% and 15% yields, respec- 
tively. The formation of the dissymmetric cyclophane 
in 187, in which two different n-electron-deficient 
units are present, required the preparation of the 
bipyridinium derivative 189, which was reacted 
subsequently with the extended viologen 190 in the 
presence of 150. Clearly, the [2lcatenane 187 is 
present in solution as two translational isomers, one 
in which the neutral component surrounds the bipy- 
ridinium unit and the other in which the neutral 
component encircles the trans-bis(pyridinium)ethyl- 
ene unit. In acetone at -60 “C, when process I is 
slow on the ‘H NMR time scale, the isomer in which 
the standard bipyridinium unit resides in the center 
of the neutral component becomes favored to the 
extent of 92% The larger tetracationic cyclophane 
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Figure 119. The self-assembly of a L2lcatenane 188 in 
which the tetracationic cyclophane component contains two 
trans-bis(pyridinium)ethylene 
components allow lower free energies of activation 
to the spinning (process 11) of the neutral component 
through the charged one. This process in the 121- 
catenane 187 is associated with a AG? value of 13.1 
kcal mol-’, while the same process in 188 experiences 
a free energy barrier of 12.6 kcal mol-’. The free 
energy of activation associated with process I in 188 
is 11.1 kcal mol-’, once again lower than the barriers 
for this process in more highly ordered [2lcatenanes. 
The electrochemistry of the [alcatenanes was ex- 
tremely informative. The 12lcatenane 187 shows four 
single electron reduction waves. The first reduction 
occurs in the bipyridinium unit, at  a potential very 
similar to  that of the first reduction of 167, which 
implies that the standard x-electron-deficient unit 
does indeed reside predominantly inside the cavity 
of the neutral component in solution. There follow 
two single electron reductions for the extended 
n-electron-deficient unit, before the final one for the 
bipyridinium unit. The first reduction wave of the 
extended n-electron-deficient unit in this catenane 
is very close to  that in 188, which implies that, after 
a single electron reduction, the translational isomer- 
ism is inverted in favor of the site which exhibits the 
weaker molecular recognition in the original [21- 
catenane (Figure 120). The molecule is therefore 
electrochemically switchable. 

The self-assembly of a [2lcatenane which incorpo- 
rates two dissymmetric components, giving rise to the 
possibility of four translational isomers (Figure 121), 
has recently been achieved.378 The [2lcatenane 191 
was prepared in a manner similar to 187, but this 
time using the macrocyclic polyether 162, which 
incorporates one hydroquinone ring and one 1,5- 
dioxynaphthalene residue, as the neutral template. 
The self-assembly proceeds in 58% yield as a result 
of the much greater templating ability of the 1,5- 
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Figure 120. An electrochemical molecular The 
[2]catenane 187 can exist in solution as two different 
translational isomers with either the bipyridinium unit or 
the trans-bis(pyridinium)ethylene unit of the tetracationic 
cyclophane component located inside the bis-p-phenylene- 
34-crown-10 component. The predominant isomer in solu- 
tion is the one represented in the top left-hand corner of 
this figure, in which the bipyridinium unit occupies the 
inside position of the macrocyclic polyether, as a result of 
the dication’s greater n-accepting ability when compared 
with the trans-bis(pyridinium)ethylene unit, which occupies 
the alongside position. However, the molecule can be 
switched electrochemically by (1) reduction of the [2]- 
catenane. The first reduction occurs at  the inside bipyri- 
dinium unit because it has the lower reduction potential 
and so it becomes a monoradical cation as represented in 
the top right-hand corner. After reduction, (2) the inside 
bipyridinium unit is no longer the best n-acceptor, and so 
circumrotation of the charged component takes place in 
order to  locate the trans-bis(pyridinium1ethylene unit 
between the two hydroquinone rings of the macrocyclic 
polyether. The predominant translational isomer is now 
the one represented in the bottom right-hand corner. (3) 
The process is reversible by oxidation, producing again a 
tetracationic species as illustrated in the bottom left-hand 
corner. (4) Finally, a further circumrotation takes place in 
order to  relocate the bipyridinium unit inside the macro- 
cyclic polyether. The isomeric state of the [2]catenane has 
thus been returned to where it was at the beginning of the 
experiment. 

dioxynaphthalene residue for the formation of the 
tetracationic cyclophane. Inspection of the IH NMR 
spectrum of the [2]catenane recorded at room 
temperature in CD3COCD3, when process I1 is slow 
and process I is fast on the lH NMR time scale, 
revealed the presence of the isomers in which either 
the 1,5-dioxynaphthalene residue or the hydroquino- 
ne ring occupies the cavity of the charged component, 
in a ratio of 88:12 in CD3COCDB in favor of the 
inclusion of the larger aromatic unit. At -40 “C, 
when both processes I and I1 are slow on the lH NMR 
time scale, the presence of only two of the possible 
four translational isomers is observed, and they are 
both isomers in which the 1,5-dioxynaphthalene 
residue occupies the cavity of the tetracation, in the 
proportions 955 in CD3COCD3. The most favored 
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Figure 121. The equilibration between the four different 
translational isomers of the [2]catenane 191 in CD3COCD3 
solution as indicated by ‘H NMR spectroscopy.378 The 
preferred isomer is boxed. The processes involving circum- 
rotation of the charged macrocycle through the neutral one 
(process I) and circumrotation of the neutral component 
through the charged one (process 11) are designated A and 
B, since the processes are formally different depending 
upon which unit is at  the center of the other components 
cavity. 

isomer is that in which the bipyridinium residue in 
the charged component occupies the cavity of the 
neutral component. Moreover, this isomer is also the 
only one that is observed in the crystals of 191. The 
X-ray crystal structure of the compound clearly shows 
that the larger x-electron rich unit is located in the 
center of the tetracationic cyclophane, entering into 
T-type edge-to-face interactions with its p-xylyl 
spacers. The center of the 1,5-dioxynaphthalene 
residue is located closer to the bipyridinium unit (3.50 
A) than it is to the extended viologen (3.72 A). The 
bipyridinium unit resides inside the neutral compo- 
nent. The L2lcatenane also forms polar stacks 
(Figure 122) in the crystal. An interesting feature 
of the superstructure is the proximity (3.42 A) of the 
center of the double bond in the extended viologen 
to  the “alongside” hydroquinone ring of an adjacent 
molecule. Indeed, it is the closest x-x interaction 
in the crystal. 

The self-assembly of an optically active [2lcatenane 
has also been achieved recently.379 The incorporation 
of (,“)-hydrobenzoin residues into the dicationic 
compound 192 was followed by reaction (Figure 123) 
with p-xylylene dibromide in the presence of the 
macrocyclic polyether 150 to  afford the chiral 
[2lcatenane 193 in 8% yield. The low yield of this 
catenane can be explained by considering the X-ray 
crystal structure (Figure 124) of the compound. It 
reveals considerable splaying by the two bipyri- 
dinium units in the tetracationic component. The 
distance between the CHzN+ groups at the p-xylyl 
“end” of the cyclophane component is 5.9 A, while the 
separation at  the opposite end of the cyclophane is 
7.3 A. Despite this distortion, a strong charge 
transfer band was observed, arising from the n-x 
stacking interactions. A T-type interaction is once 
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Figure 122. The polar stack formed by molecules of the 
[Zlcatenane 191 in the solid state as indicated by X-ray 
~ rys t a l log raphy .~~~  
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Figure 124. A ball-and-stick representation of the X-ray 
crystal structure of the optically active [Zlcatenane 193.379 

structure, no continuous stacking is observed in the 
crystal. 

The appropriate enlargement of the tetracationic 
cyclophane component in these catenanes allows the 
simultaneous entrapment of two neutral components 
to  occur during the self-assembly process. This 
situation was realized by replacing the p-xylyl spacer 
in 153 with a 4,4'-biphenyl unit. The 13lcatenanes 
194 and 195 were self-assembled (Figure 125) in 25% 
and 30% yields, r e s p e c t i ~ e l y . ~ ~ ~ ~ ~ ~ ~  A remarkable 

t 

+ 

192 

193 

Figure 123. The self-assembly of an optically active [2]- 
catenane (193) by incorporating (5'5')-hydrobenzoin resi- 
dues into the tetracationic cyclophane component.379 

again present and involves one of the included 
hydroquinone hydrogen atoms and the p-xylyl spacer. 
As a result of the distortions in the molecular 

1 = $ 194 

0 9 195 

0 

Figure 125. (Top) The self-assembly of two [3]catenanes 
194 and 195 incorporating cyclobis(paraquat-4,4'-biphe- 
nylene) as the tetracationic cyclophane component;380 (bot- 
tom) the minor product of one of the reactions, namely, the 
[2]catenane 196.364 
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feature of the self-assembly process in which this 
large tetracationic cyclophane is templated is the 
overwhelming preference for the formation of the 
[3lcatenanes over the formation of the corresponding 
[2lcatenanes, incorporating only one crown ether 
threaded around the tetracationic cyclophane, e.g. 
196. In the case of the template 150, the [2lcatenane 
was isolated in 2% yield, and a [Ucatenane, 197, 
incorporating the cyclic dimer of the charged compo- 
nent and three crown ether (150) components, was 
also isolated.364 Moreover, it is easier to form the 
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197 

[3lcatenanes than it is to  prepare the tetracationic 
cyclophane on its own! The [3lcatenanes were char- 
acterized by fast-atom bombardment and also by 
e l ec t ro~pray~~~  mass spectrometries-and, in the case 
of 194, by X-ray crystallography. The solid-state 
structure of the [3lcatenane shows that the two 
macrocyclic polyethers are disposed centrosymmetri- 
cally with respect to one another, each macrocycle 
surrounding the 4,4'-bipyridinium residues in the 
tetracation with parallel alignment of the aromatic 
residues. The included pair of hydroquinone rings 
are stacked (interplanar separation of 3.63 A), as well 
as being disposed toward the phenylene rings in the 
spacers, giving rise to T-type interactions. The 
n-electron donors (D) and z-electron acceptors (A) in 
the molecule form a DADDAD sequence that extends 
throughout the crystal forming a continuous stack. 
Partly as a result of the loss of the DAD sequence, 
the free energies of activation to the spinning of the 
macrocyclic polyethers through the cavity of the 
tetracation in solution is low when it is compared 
with the analogous free energy barriers in the [2]- 
catenanes incorporating, for example, the tetraca- 
tionic cyclophane 153. The AG? values of 10.7 and 
13.3 kcal mol-' for 194 and195, respectively, reflect 
the weaker n-n stacking interactions between the 
two n-electron donors than between a n-electron 
donor and a z-electron acceptor. 

- "  
Figure 126. The progression toward polycatenanes at the 
conceptual level. 

We have already noted (Figure 111) that a large 
macrocycle incorporating four n-electron-rich resi- 
dues (177) can template the formation of two tetra- 
cationic cyclophanes. We have just described the 
entrapment of two macrocyclic polyethers through 
the center of a large tetracationic cyclophane. One 
of the objectives of our research is to make polycat- 
enanes. Conceptually, one might conceive of the 
possibility that the merger of these two approaches 
might lead to the formation of polycatenanes. This 
conceptual progression is portrayed schematically in 
Figure 126. Regrettably, despite numerous attempts, 
the reaction of 177 with the components of the large 
tetracationic cyclophane failed to  produce any cat- 
enated products at all. For some reason, self-as- 
sembly does not appear to  be prevalent. 

In an effort to  reach one of our intermediate goals 
on the way to such polycatenanes, a linear array of 
five interlocked rings, the chemical equivalent of the 
symbol signifying the International Olympics move- 
ment, the macrocyclic polyether was redesigned. 
Tris-p-phenylene-51-crown-15 (198) was first of all 
tested382 as a template for the formation of the small 
tetracationic cyclophane 153 at  ambient pressure. As 
in the case of the larger template 177, only a 
12lcatenane 199 was formed in 48% yield, but, when 
the reaction was carried out a t  high pressure (10 
kbar), the [3lcatenane 200 was isolated in 15% yield 
(Figure 127). The critical step in the reaction se- 
quence to the L5lcatenane was expected to be that 
involving the formation of the [3lcatenane 201 from 
198 and the components of the large tetracationic 
cyclophane. The reaction did yield the [3lcatenane, 
but only in 3.5% yield (Figure 128), presumably 
because of the relatively poor preorganization of the 
macrocyclic polyether. However, this compound pro- 
vided the opportunity to attempt the self-assembly 
of a 15lcatenane in a reaction under ultrahigh pres- 
sure. The c3lcatenane 201 was reacted with an 
excess of the components of 153 at between 11 and 
14 kbars for 8 days. Column chromatography gave 
the r4lcatenane (202) in 22% yield, but only submil- 
ligram quantities of a compound, which liquid sec- 
ondary ion (LSI) mass spectrometry indicated had the 
molecular weight of the desired L5lcatenane (203). 
The LSI mass spectra of the [41- and [5lcatenane are 
characteristic of this genre of interlocked molecules. 
Peaks are observed which correspond to  the loss of 
hexafluorophosphate counterions from the parent 
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Figure 127. The self-assembly of the L2lcatenanes 199 and 205 and the [3lcatenanes 200 and 206 using the crown-15 
macrocycles 198 and 204 incorporating hydroquinone rings and 1,5-dioxynaphthalene residues, respectively, as the 
macrocyclic polyether  template^.^^^.^^^ 

molecule, and, at  lower mass-to-charge ratio, peaks 
for fragments of the catenated structures, in which 
some of their macrocycles have been broken apart 
and lost during the mass spectroscopic procedure, can 
be identified. 

Redesigning the macrocyclic template once again, 
the hydroquinone rings of 198 were replaced with 1,5- 
dioxynaphthalene residues, which were known to be 
better templates for these self-assembly reactions. 
The crown ether tris-l,5-dioxynaphtho-57-crown-15 
(204) was employed383 first of all to  template the 
formation of the small tetracationic cyclophane 153. 
At ambient pressure and temperature, the reaction 
(Figure 127) of 2 molar equiv of the components of 
153 with 204 led t o  the self-assembly of the [21- 
catenane 206 in 58% yield, and also to the [31- 
catenane 205 in 15% yield. This result bade well for 
the creation of the [5]catenane at ambient conditions. 
An X-ray crystal structure42 of the [2lcatenane 205 
revealed (Figure 129) an extremely compact structure 
in the solid state. All the 1,5-dioxynaphthalene 
residues are involved in noncovalent n-n stacking 
interactions with the mechanically linked tetraca- 
tionic cyclophane. One of the n-electron-rich residues 
is located inside the n-electron-deficient cavity, an- 
other forms a sandwich with a bipyridinium unit, and 
the remaining one forms an “alongside” interaction 
with one of the p-xylyl spacers in the tetracation 
(Figure 129). In addition, there are hydrogen bonds 
between the polyether oxygen atoms and a-CH bi- 
pyridinium and N-methylene hydrogen atoms in the 
tetracationic cyclophane. Furthermore, the [2lcat- 
enanes form a quiltlike array that is held in two 
dimensions by a network of n-n stacking interactions 
between neighboring molecules. It was proposed, on 
the basis of lH NMR spectroscopy, that a similar 

superstructure might be present in solution at  low 
temperatures, and that such self-association might 
contribute to preventing further clipping of the 
tetracationic cyclophane to  the 204 component of the 
L3lcatenane 205 and the [4lcatenane 206. 

The reaction384 of 204 with the components of the 
large tetracationic cyclophane led t o  the successful 
self-assembly of the [3lcatenane 207 in 6% yield, 
along with the related [2lcatenane in 2% yield (Figure 
128). The reaction of the L3lcatenane 207 with an 
excess of the components of the small tetracationic 
cyclophane 153 was performed at ambient pressure 
and temperature. After four days, the mixture of 
products was subjected to  column chromatography 
on silica gel. The [4lcatenane 208 was obtained in 
31% yield, while the linear [Eilcatenane 209 was 
isolated in 5% yield. The remainder of the material 
was unreacted L3lcatenane 207. The identity of the 
[41- and [Eilcatenanes was confirmed by LSI mass 
spectrometry. The Elcatenane 209 (Figure 1301, 
which we have named “olympiadane” following van 
Gulicks’ sugge~tion,’~ displayed a peak in its mass 
spectrum with mlz  5073, corresponding to the 
[M-2PF# ion, which was within 5 ppm of the 
predicted mass. The topology and structure of olym- 
piadane, a molecule with no less than eight crossing 
points, was confirmed by variable-temperature ‘H 
NMR spectroscopy. The spectrum of olympiadane in 
CD&N at 70 “C is remarkably simple. It reveals 
single resonances for all the heterotopic protons 
except for those associated with the three naphtha- 
lene units, which are not completely equilibrated on 
the lH NMR time scale between the two different 
cavities of the n-electron-deficient cyclophanes at this 
temperature. At 0 “C, the resonances arising from 
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the heterotopic protons on the smaller cyclophanes 
are separated into two, indicating that the naphtha- 
lene residues are located within their cavities. All 
the other resonances remained broad, indicating that 
the remaining two naphthalene units are vying for 
the occupation of the cavity in the larger cyclophane. 
The free energy of activation necessary to dislodge 
the naphthalene units from the cavity one of the 
smaller tetracationic cyclophanes is 14.7 kcal mol-l. 

An alternative approach to the construction of large 
interlocked molecular components using the estab- 
lished self-assembly procedure is t o  exploit increas- 
ingly covalent bond formation in addition to nonco- 

+ 

valent bond formation-and to use polyfunctional 
starting materials. The preference for the formation 
of the exclusively para-substituted tetracationic cy- 
clophane 153 over that of the tetracationic cyclo- 
phane with one meta- and one para-substituted 
spacer has been used in the self-assembly-from five 
components-of a bisK2lcatenane in a single step.385 
The tetrabromide 210 was combined (Figure 131) 
with 155 in the presence of an excess of the macro- 
cyclic polyether 150, and after 10 days and column 
chromatography on silica gel, the bisL2lcatenane 21 1 
was isolated in 13% yield. The molecular weight of 
this intriguing compound was confirmed by fast-atom 
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Figure 128. The two-step self-assembly processes leading to the L41catenanes 202 and 208 and the [5]catenanes 203 and 
209, via the intermediate [3lcatenanes 201 and 207, using the crown-15 macrocycles 198 and 204 incorporating 
hydroquinone rings and 1,5-dioxynaphthalene residues, respectively, as the macrocyclic polyether templates.3*2@4 
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Figure 129. A ball-and-stick representation of the X-ray 
crystal structure of the [2]catenane 205.383 

bombardment mass spectrometry. The constitution 
of the chiral bis[2]catenane, which involves the 
shared benzene ring in an exclusively para-substi- 
tuted manner with respect to  both covalently linked 
tetracationic cyclophanes, was confirmed by variable- 
temperature 'H NMR spectroscopy. The homotopic 
collection of diastereotopic CH2N+ protons gives rise 
to an AB system. The free energy of activation to 
the spinning of the two neutral macrocycles through 
the two fused cavities of the octacationic cyclophane 
was found by dynamic 'H NMR spectroscopy t o  be 

10 Days RT 

NH~PFB 

21 1 VJV 
Figure 131. The self-assembly of a chiral bis[2]catenane 
(211) from five components in a single step.385 
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Figure 130. Olympiadane. Its identification by liquid 
secondary ion mass s p e c t r ~ m e t r y . ~ ~ ~  The spectrum is 
typical of those for catenanes of this type, showing sequen- 
tial loss of hexafluorophosphate counterions, and then 
cleavage of the component rings to  afford, in this case, the 
lower catenated intermediates. 

Figure 132. The equilibration between translational 
isomers A and B of the chiral bisL2lcatenane 211 in CD3- 
COCD3 solution as studied by dynamic 'H NMR spectros- 
copy.385 

16.0 kcal mol-'. At low temperatures, the two 
translational isomers (A and B) of the bisL2lcatenane 
were equally populated (Figure 132). Intriguingly, 
none of 211 was isolated when the tetracation 212 
was used as the starting material along with the 
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other appropriate building blocks. In addition, the 
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212 

free octacationic cyclophane has not been isolated to 
date. Hence, the self-assembly of this bisf2lcatenane 
provides yet another example of a situation where it 
is easier to prepare the catenated compound than one 
of its components! A higher yield of a bis[2lcatenane 
was obtained when the reactive bromomethyl func- 
tions are located much further When the 
tetrabromide 213 was reacted (Figure 133) with 155 

2. ti20 NH4PFs 1315b) 

214 

Figure 133. The self-assembly of the bis[Zlcatenane 214 
from five components in a single step.386 

and an excess of the macrocyclic polyether 150, the 
bis[2lcatenane 214 was formed and was isolated in 
31% yield. These two biscatenated compounds may 
be regarded as the forerunners of the type of poly- 
meric catenanes schematically depicted in Figure 
134, whose synthesis has been attempted386 with only 
a limited success at this stage. 

During the course of this description of the cat- 
enanes derived from donor-acceptor systems, the 
reader will have noted the marked increase in yields 
when using 1,5-dioxynaphthalene residues in the 
templating macrocycle. We were interested to test 
the relative templating abilities of BPP34C10 (150) 
and DN38C10 (151) under competitive  condition^.^^' 
Thus, the macrocyclic polyethers were combined in 
equimolar amounts with the components of either 
cyclophane A (1531, B, C, or D in Figure 135. The 

Figure 134. Schematic representations of polymers based 
on [2]- and [3]catenane linking units within the polymeric 
chains. 
amounts of 150 and 151 which were incorporated into 
the derived catenanes were analyzed by ’H NMR 
spectroscopy. The ratios of the products (Figure 135) 
again emphasize the marked preference of all cyclo- 
phanes for templating by 151. However, the extent 
of this preference is dependent on the dimensions of 
the cyclophane being formed. Since cyclophanes A 
t o  C all have bipyridinium dications prior to cycliza- 
tion to form the catenanes, it would appear that, 
although the thermodynamics of binding are impor- 
tant, the kinetics of ring closure determines the 
proportion of either incorporated macrocycle, i.e. the 
Curtin-Hammett principle appears to be displayed. 
These self-assembly reactions, which occur with 
intermittent processing:8 are thus interesting comple 
ments to systems whose self-assembly is ordained by 
thermodynamics alone. 

C. Pseudorotaxanes 

The interactions between molecular thread-like 
compounds incorporating between three and five 
n-electron-rich aromatic residues and the n-electron- 
deficient tetracationic cyclophane 153 has led to the 
self-assembly of a range of pseudorotaxanes. In the 
first report388 concerning these intertwined com- 
pounds, threads with three n-electron-rich aromatic 
rings-the central one invariably being a hydro- 
quinone r ingwere  shown to crystallize with 153. 
The solid-state structures of three pseudorotaxanes 
were obtained by X-ray crystallography. In the first 
(153.215, Figure 136), the three hydroquinone resi- 
dues of the thread are spaced with tetraethylene 
glycol units. The X-ray crystal structure of this 1:l 
complex shows that the central hydroquinone residue 
is located in the center of the tetracation, while the 
terminal hydroquinone residues sustain “alongsi- 
deninteractions with the outer surface of the bipyri- 
dinium units. The complex formed by the thread 216 
and 153 has an almost identical superstructure 
around the cyclophane component and beyond as far 
as the first 10 atoms emanating from the encircled 
hydroquinone ring. However, the reduced length of 
the polyether spacer in the thread does not allow the 
terminal aromatic rings of the thread to make an 
optimum overlap with the outer surfaces of the 
bipyridinium units in the cyclophane. As a conse- 
quence of the constitutional modification, a continu- 
ous donor-acceptor stack is formed in which the 
outer n-electron-rich aromatic residues are shared 
between the two outer surfaces of cyclophane units 
in different 1:l complexes (Figure 137). 
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Figure 135. Selectivity at  work during the kinetically determined catenations to give [2]catenanes comprised of either 
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Figure 136. The self-assembly of a couple of [2]pseudoro- 
taxanes incorporating cyclobis(paraquatppheny1ene) ( 153) 
as the bead component and the threads 215 and 216, 
containing three n-electron rich aromatic rings.388 

Increasing the number of n-electron-rich units and 
the length of the threads leads to  the formation of 
higher order pseudorotaxanes. The thread 217, 
incorporating five hydroquinone rings, forms389 a [21- 
pseudorotaxane when it is combined with 1 molar 
equiv of the tetracationic cyclophane 153, while 
addition of a second molar equivalent of the cyclo- 
phane affords a [3lpseudorotaxane (Figure 138). The 
superstructures were confirmed by lH NMR spec- 
troscopy in CDBCOCD~ solutions at  -40 “C, a tem- 
perature at which the equilibration of the compo- 
nents is slow on the lH NMR time scale. The 
[3lpseudorotaxane is estimated to be 30 A in length 
and 15 A in diameter. 

Replacement390 of the hydroquinone rings in the 
thread 215 with 1,5-dioxynaphthalene residues fol- 
lowed by addition of the thread to  153, affords a [21- 
pseudorotaxane which forms ordered structures in 
both the solid and solution states. The solid-state 

Figure 137. The continuous donor-acceptor stack formed 
in the solid state, as indicated by X-ray crystallography, 
when the [2lpseudorotaxane, obtained from the thread 216 
and the cyclophane 153, crystallizes.38s 

structure of the complex reveals (Figure 139) that the 
central naphthalene residue of the thread resides 
within the center of the cyclophane, with the remain- 
ing aromatic units entering into “alongside” n-n 
stacking interactions with the bipyridinium units of 
the cyclophane. In addition, the [2lpseudorotaxanes 
form a quiltlike array in the crystalline state, which 
is similar to that already discussed for the [21- 
catenane 205, in which the “alongside” naphthalene 
residues of one complex enter into n-x stacking 
interactions with the p-xylyl spacers in the cyclo- 
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comprised of 4,4'-bipyridinium units is believed to  
produce poorly stable double helices in solution, as 
evidenced by lH NMR spectroscopic experiments. 

The solid-state structure392 of the 1:l complex 
formed between 1,5-dimethoxynaphthalene and 153 
led to  the design and realization of a crystalline [31- 
pseudorotaxane-type structure. The linking of two 
dioxynaphthalene residues with a propyl chain-a 
design dictated by molecular modeling of the distance 
between the relevant oxygen atoms in the neighbor- 
ing 1: 1 complexes of 153/1,5-dimethoxynaphthalene- 
gave a 2:l complex with 153, which is very similar 
in the solid state to  that of the 1,5-dimethoxynaph- 
thalene complex. A polymeric superstructure ap- 
pears to  be present in the solid state for the 2:l  
complex, but this picture is clearly a result of the 
random positioning of the trismethylene spacers in 
the crystal. This superstructure was described as a 
"molecular abacus" and it is hoped that polyrotaxane- 
like structures can be self-assembled one day on the 
basis of this design. 

The pseudorotaxane binding geometry has recently 
been exploited for the reversible attenuation of 
conductivity in a conducting macrocyclic polymer.393 
The polythiophene 218 was prepared from the mac- 
rocycle 219, which itself forms a 1:l complex with 
paraquat. When the polymer is exposed to a bidp- 
fluorobenzy1)bipyridinium salt (but not to  paraquat), 
an anodic shift in the redox potential of the polymer 
is observed. This shift was caused by the formation 
(Figure 140) of a pseudorotaxane. The reversible 
changes in the conductivity of the polymer prompted 
the authors to  suggest the use of similar materials 
as molecular sensors.394 

217 

CD3COCD3 lr 153 

LOLO40' i o  L O &  0' 

Figure 138. The self-assembly of a [Z]pseudorotaxane and 
a [3lpseudorotaxane incorporating cyclobis(paraquat-p- 
phenylene) (153) as the bead component and the thread 
217 containing five hydroquinone rings.389 

Figure 139. The quiltlike packing in the solid state of [2]- 
pseudorotaxane complexes formed between cyclobis(par- 
aquat-p-phenylene) (153) as the bead component and a 
thread, analogous to  215, but incorporating three 1,5- 
dioxynaphthalene residues instead of hydroquinone rings.39o 

phane components of the neighboring complexes 
(Figure 139). In solution, this 1:l complex has a K, 
value of approximately 11 000 M-l, and the free 
energy of activation required t o  dislodge the central 
naphthalene residue from the middle of the cyclo- 
phane is approximately 15.5 kcal mol-l. Thus, it has 
been shown that the two components-215 and 
153-form a highly stable intertwined supramolecu- 
lar structure. An attempt391 at using these thread- 
like molecules, comprised of n-electron-rich residues 
interspersed with tetraethylene glycol units, as 
complementary strands for thread-like molecules 

1. 

i ' Pd(PPh& o,ouo,o~o 

I I 1 

R = Me (PF6') 
21 8 R = pfluorobenzvl (CIOA') 

Figure 140. The [Z]pseudorotaxane units formed in the 
polymer 218 when bipyridinium salts are added to  it.393 

D. Rotaxanes 

The same strategy, based on n-electron-deficient 
and n-electron-rich aromatic units, that has been 
used for the self-assembly of the wide range of 
catenanes, can also be applied to the construction of 
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Figure 141. Approaches in principle to the self-assembly 
of I2lrotaxanes and how they are related to  the self- 
assembly of a L21catenane. 

r0taxanes.3~~ Furthermore, it is possible to adopt two 
complementary design logics around this z-donodn- 
acceptor system, and at  least three methods of self- 
assembly (Figure 141). The rotaxanes can incorpo- 
rate either n-electron-rich and n-electron-deficient 
aromatic units into the dumbbell components, with 
the complementary aromatic units located in the 
“beads”. The self-assembly of the rotaxanes can be 
achieved (Figure 141) by (i) threading a molecule 
through a preformed ring followed by stoppering the 
ends of the thread, (ii) clipping a macrocycle onto a 
preformed dumbbell, and (iii) slipping a preformed 
ring over the stoppers of a preformed dumbbell into 
a thermodynamically favorable site on the rod part 
of the dumbbell. This approach was first demon- 
strated by Harri~on.~’ 

Simple L2lrotaxanes incorporating a hydroquinone 
ring as the “station” have been prepared355 using both 
threading and clipping procedures (Figure 142). The 
two thread-like compounds 154 and 220 were com- 
bined independently with the cyclophane 153 in a 
mixture of lutidine and acetonitrile and triisopropyl- 
silyl triflate was added to  the reaction mixture. 
Purification by column chromatography on silica gel 
yielded the two [2lrotaxanes 221 and 222, both in 
22% yields. The clipping procedure also afforded 
(Figure 142) 222 in 14% yield. The X-ray crystal 
structure of 222 shows a remarkably similar geom- 
etryfor both the included hydroquinone ring and the 
polyether chain to those for the 1:l complexes formed 

222n=1 

Figure 142. The self-assembly of [2lrotaxanes 221 and 
222 by both threading and clipping 

by 153 with the analogous thread-like compounds. 
The shorter ethylene glycol chain in 221 results in a 
near-normal tilt angle of the hydroquinone ring with 
respect to the plane of the cyclophane, presumably 
as a result of the reduced distance between the two 
bulky stopper groups. Also, in this molecular struc- 
ture, the interplanar separations between the comple- 
mentary aromatic units are between 3.7 and 3.8 
&the largest so far observed for this family of 
compounds. The clipping procedure was also used 
for the synthesis396 in 10% yield of a [2lrotaxane 
analogous to 222, but in which adamantoyl stoppers 
prevent dethreading of the cyclophane from the 
dumbbell component. The X-ray crystal structure of 
this r2lrotaxane reveals a geometry for the included 
hydroquinone ring which is very similar to that 
observed in the solid-state structure of the [2lrotax- 
ane 222. 

Increasing the number of n-electron-rich residues 
in the dumbbell component not only increases the 
yields during the self-assembly processes that form 
the rotaxanes, but it also enables “shuttling” of the 
bead along the rod of the dumbbell to occur in a [21- 
rotaxane. The first “molecular shuttle”-the [21- 
rotaxane 223-that was described397 which relies 
upon this design was prepared in 32% yield by 
clipping (Figure 143) the components of 153 around 
the two-station dumbbell 224. Variable-temperature 
’H NMR spectroscopy of the L2lrotaxane clearly 
reveals the movement of the cyclophane back and 
forth along the thread portion of the dumbbell. The 
free energy of activation for this shuttling process 
(Figure 143) was calculated to  be around 13 kea1 
mol-’. When the CD3COCD3 solution of the [21- 
rotaxane is cooled down to -50 “C, the shuttling 
becomes slow on the ’H NMR time scale, as wit- 
nessed by the appearance of an AA’BB system 
arising from the “alongside” hydroquinone station 
(Figure 144), which was employed in a saturation 
transfer experiment to  locate the resonance for the 
“inside” hydroquinone station at  3.8 ppm. Extension 
of the number of hydroquinone rings in the dumbbell 
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Figure 143. The self-assembly of the [2]rotaxane 223, 
which, on account of its two hydroquinone recognition sites, 
behaves as a molecular shuttle.397 
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Figure 144. "he temperature-dependent lH NMR spectra 
of the [2]rotaxane 223 recorded in CD3COCD3 at -50 "C 
and f 2 0  "C and in CD$30CD3 at +140 'C.3g7 

component further enhances the yields of the [21- 
r o t a x a n e ~ . ~ ~ ~  The series 225-228 was prepared by 
the clipping procedure described previously. The 
yield for the rotaxane with two stations was only 1% 
as a result of the proximity of the blocking group to 
the templating hydroquinone rings.399 The yields for 
the three-, four-, and five-station [2lrotaxanes were 
25%, 29%, and 40%, respectively. Interestingly, no 
[3lrotaxane was formed by the dumbbell 228, even 
at  ultrahigh pressures. The observation that higher 
rotaxanes are not formed is despite the fact that a 
macrocycle incorporating four hydroquinone rings 

does template the formation of two tetracationic 
cyclophanes to  form a [3lcatenane. Variable-temper- 
ature lH NMR spectroscopic studies in CD3COCD3 
revealed that in the [2lrotayane incorporating three 
hydroquinone rings, the two outer "stations" were not 
occupied at  all as indicated by lH NMR spectroscopy 
at -20 "C. Similarly, the [2lrotaxane 227 exists as 
only one translational isomer in solution at  low 
temperatures. However, two translational isomers 
were observed (Figure 145) for the [2lrotaxane 228. 
Each of the three central hydroquinone rings are 
occupied equally in solution at low temperature, two 
of them giving rise to  degenerate structures, with a 
translational isomer ratio of 2:l in CD3COCD3. 

RO-0 

Q 
OLJO, 

A , R = x c Q  0 ~ 

225 n = 0 
226 n = 1 
227 n = 2 
228 n = 3 

The recently reported route to  a bis[2lcatenane has 
also been used for the synthesis386 of the bis[2]- 
rotaxane 229. This compound was self-assembled in 
7% yield from the same cyclophane components as 
were used for the bis[2lcatenane, but employing as 
the dumbbell component an adamantoyl stoppered 
1,5-dioxynaphthalene-containing thread. 

$$-)---- \ A I \  

+ N  mNi 

The incorporation of two different n-electron-rich 
residues into the dumbbell component of these [21- 
rotaxanes leads400 to the creation of potential molec- 
ular switches, in which some stimulus-be it chemi- 
cal, electrochemical, or photochemical-disturbs the 
equilibrium position of the translational isomers 
(Figure 146). 

In the first attempt401 at  the creation of a control- 
lable [2lrotaxane, one of the hydroquinone rings in 
the prototypical shuttle 223 was replaced by ap-xylyl 
unit. The dumbbell 230 was reacted with the com- 
ponents of the small tetracationic cyclophane 153, 
resulting in the self-assembly (Figure 147) of 231 in 
only 8% yield, i .e. comparable to  the low yields 
achieved where only one templating unit was present 
in the thread. It was expected that the cyclophane 
would reside on the hydroquinone ring predomi- 
nantly and that oxidation of this residue would result 
in movement of the cyclophane to the p-xylyl unit. 
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Figure 145. The equilibration in solution between degenerab 

Figure 146. .I cartoon indicating the principle for bringing 
about a switch In action between two tranclatinnal isomers 
in a 12lrotaxane that can behave as a molecular shuttle. 

However, the ’H NMR spectrum of the compound in 
CDXN at 233 K showed that the ratio of the 
translational isomers (Figure 147, is only 70:30 in 
favor of the more .-r-electron-rich site. Rapid equili- 
bration of the cyclophane between the two stations 
can be achieved by warming the sample up to 70 ‘C. 
Replacement’02 of thep-xylyl residue with the more 
..r-electron-rich indole unit also proved to be less than 
successful in answering the need for a controllable 
12lrotaxane. The dumbbell compound 232 was syn- 
thesized by utilizing an efficient Fischer indole 
synthesis in the final step. The L2lrotaxane 233 was 
self-assembled [Figure 147) using, the clipping method 
in 9<T yield. The L2lrotaxane exists exclusively as  the 
translational isomer in which the cyclophane en- 
circles the hydroquinone ring, a result which it is 
believed reflects the greater steric demands of the 
indole unit. 

Tetrathiafulvalcnc (TTF) residues are powerful 
n-electron donors and consequently they are easily 
oxidized. In addition, the cyclophane 153 forms a 

! species and translational isomers of the [2lrotaxane 225.399 

complex403 with TTF which crystallizes with a pseu- 
dorotaxane-like geometry. It therefore seemed that 
a TTF residue was an ideal choice for incorporating 
into molecular shuttles. The dumbbell component 
234 (Figure 148) represents a slightly modified 
design404 with two degenerate stations located on 
either side of the TTF residue. Following the inves- 
tigations on pseudorotaxanes, two hydroquinone 
rings were positioned one each side of the TTF 
residue in order to  ensure that it was the most 
thermodynamically favorable position for the n-elec- 
tron-deficient cyclophane to  occupy. The self-as- 
sembly of the [2lrotaxane 235 was achieved in 8% 
yield, an efficiency that was disappointing. Prelimi- 
nary ‘H NMR spectroscopic investigations suggest 
that the translational isomerism in this [2lrotaxane 
is highly solvent dependent. In CD3COCD3, the 
cyclophane occupies exclusively the hydroquinone 
rings in the dumbbell, while in CD3SOCD3, the TTF 
residue is the site which is occupied predominantly 
by the cyclophane. 

In the search for alternative pairs of n-electron- 
rich aromatic “stations”, 4,4‘-biphenol and the much 
more n-electron-rich benzidene have been evalu- 
ated405 as guests for the tetracationic cyclophane 153. 
Benzidine forms a much stronger complex (K, = 1044 
M-’ in MeCN) than 4,4‘-biphenol (K, = 140 M-’ in 
MeCN), but ‘H NMR spectroscopic studies indicate 
that both complexes have pseudorotaxane-like ge- 
ometries. The two z-donor units have been extended 
with ethylene glycol chains to afford the diols 236 
and 237, which have been converted (Figure 149) by 
the threading procedure into the [2lrotaxanes 238 
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Figure 147. The self-assembly of two potentially controllable [2]rotaxanes 231 and 233 by clipping cyclobis(paraquat- 
p-phenylene) (153) around the dumbbell components 230 and 232, r e s p e c t i ~ e l y . ~ ~ ~ ~ ~ ~ ~  

and 239 in 5% and 39% yields, respectively. The of an analogous [2lrotaxane. The next step in the 
oxidation of the benzidine residue in 239 is reversible research program was to attempt to  self-assemble a 
and comes at a higher potential than that of the free controllable molecular shuttle. The [2]rotaxane 240 
unit, as a result of the presence of the cyclophane. It (Figure 150) was prepared407 in 19% yield by the 
has subsequently been reported406 that 1,4-phe- same threading preocedure as that used previously 
nylenediamine is also capable of matching the ben- for the model systems. Its properties are remarkable. 
zidine residue in its ability to  template the formation The [2lrotaxane 240 exists as two translational 
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Figure 148. The self-assembly of a potentially controllable [elrotaxane 235 by clipping cyclobis(paraquatppheny1ene) 
(153) around the dumbbell compound 234. The E21rotaxane has two degenerate hydroquinone rings on either side of the 
TTF residue, rendering it a potentially binary 
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previous distribution of translational isomers. The 
system is entirely reversible under these conditions. 
This observation was supported at  room temperature 
by W-visible spectroscopy. Furthermore, electro- 
chemical oxidation of the more z-electron-rich ben- 
zidine residue switches the translational isomer 
population to the form in which the 4,4'-biphenol unit 
is occupied (Figure 150). This conclusion was sup- 
ported by comparison of the electrochemistry of 240 
with those of the [2lrotaxane 239 and of a free 
benzidine thread-like compound. The potential of the 
first oxidation wave of the benzidine unit in the 
shuttle lies in between those observed for the simple 
[2lrotaxane and the free thread. The second oxida- 
tion wave, corresponded to the same potential as that 
observed for the free thread compound, showing that 
the cyclophane has moved stations after the first 
oxidation, presumably as a result of coulombic repul- 
sion between the components. The L21rotaxane 240 
behaves therefore both as a chemically and electro- 
chemically controllable molecular ~ h u t t l e . 4 ~ ~  

The challenge of making a photochemically con- 
trollable molecular shuttle is a considerable one. 
Porphyrins have been incorporated4n8 successfully as 
the stopper groups into this family of rotaxanes. The 
[2lrotaxanes 241 and 242 (Chart 1) have been self- 
assembled using the clipping procedure. The shut- 
tling properties of the [2lrotaxane 242 are very 
similar to those of the shuttle with the simple 
stoppers, the free energy of activation to this process 
being 13.6 kcal mol-'. Thus far, none of the other 
physical properties of these rotaxanes have been 
reported in the literature. 

Harriman and co-workers have described re- 
cently4n9~410 the self-assembly using the clipping 
method of the simple one-station [2lrotaxanes 243 
and 244 incorporating ferrocenyl and anthracenyl 
stoppers in 6% and 25% yields, respectively. The high 

Figure 149. The self-assembly of [Zlmtaxanes 238 and 
239 by threading cyclobis(paraquat-p-phenylene) (153) on 
to the diols 236 and 237, respectively, and blocking the 
primary hydroxyl groups with triisopropylsilyl ether pro- 
tecting groups.4n5 

Figure 150. Controlling the molecular shuttle 240 both 
electrochemically and chemically.4n7 

isomers in a ratio of 8416 in CDaCN solution a t  -44 
"C, with the major isomer being that wherein the 
benzidine residue is encircled by the c y ~ l o p h a n e . ~ ~ ~  
When an excess of deuterated trifluoroacetic acid is 
added to the solution, only the translational isomer 
in which the 4,4'-biphenol residue is encircled by the 
cyclophane can be observed (Figure 149). This 
change in structure was brought about by protona- 
tion of the basic nitrogen atoms associated with the 
benzidine residue. Addition of deuterated pyridine 
returns the solution to neutrality, and reinstates the 

Chart 1 

h v 

yield of the [2lrotaxane in the case of the anthracenyl- 
stoppered dumbbell compound was attributed to  the 

L.. "., 
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additional templating afforded by the n-donating 
stoppers. The X-ray crystal structures410 of both 243 
and 244 show that the ferrocenyl and anthracenyl 
groups enter into "alongside" n-n stacking interac- 
tions with the tetracationic cyclophane component. 
The compounds were prepared in order to study the 
effects of the molecular entanglement in the struc- 
tures upon the stabilities of the radical ion pairs 
formed by illumination of the charge-transfer band. 
The rotaxanes resemble molecular triads and allow 
the spatial separation of the primary redox charges. 
The rotaxane 243 was studied after illumination by 
a laser pulse at 437 nm. The charge-transfer band 
was presumed to  be centered on 467 nm by analogy 
to  previously reported r o t a x a n e ~ . ~ ~ ~  A species that 
was presumed to be a radical ion pair was observed. 
It decays relatively slowly (compared with silyl- 
stoppered rotaxanes), leaving a residual signal. The 
residual signal has a transient absorption spectrum 
very similar to  that of the first-formed species and 
decays very slowly (lifetime 550 ns). It is believed 
that the radical ion pair was deactivated by rapid 
charge recombination, but partially by oxidation of 
one of the ferrocenyl stopper groups. This transfer 
separates the charges spatially. The ground-state 
situation is believed to be recovered by slow electron 
transfer from the radical cation of the cyclophane 
component to the cationic ferrocenyl stopper. Ap- 
proximately 25% of the primary redox charge can be 
sustained for around 500 ns. The sluggishness of the 
charge recombination was initially proposed409 to  
arise from movement of the cyclophane component 
along the thread. However, a more recent report410 
suggests that this effect is partly a result of confor- 
mational change in the rotaxanes. Nonetheless, this 
rotaxane is a good example of the way in which 
combinations of electro- and photochemically active 
groups can be brought together within the confines 
of a mechanically linked system for the study of 
electron transfer phenomena, which may lead ulti- 
mately to  photo-addressable devices. The anthrace- 
nyl-stoppered [2lrotaxane exhibited immediate charge 
recombination of the radical ion pair upon excita- 
t i~n.~lO 

The reverse design logic rotaxanes, where the 
dumbbell component of the rotaxane incorporates 
n-electron-deficient units and the bead incorporates 
n-electron-rich units, have also been constructed. The 
[2lrotaxane 245 was se1f-assembled4l1 in 23% yield 
under high-pressure conditions by the reaction (Fig- 
ure 151) of the dication 155 with the large function- 
alized stoppers 246 in the presence of equimolar 
amounts of the macrocyclic polyether 160. The 
shuttling of the n-electron-rich bead along the n-elec- 
tron-deficient dumbbell is much faster than in the 
rotaxanes based on the alternative design logic. The 
movement of 150 was only slowed down on the lH 
NMR time scale at -80 "C. The free energy of 
activation to  the shuttling process is 9.9 kcal mol-l. 
The rate of movement by the crown ether from one 
bipyridinium site to another at room temperature is 
estimated to be around 300 000 s-l. 

Tuning the size of the stopper groups in the 
dumbbells 247 has allowed the preparation412 of [21- 
rotaxanes using a thermodynamically driven slippage 
of the macrocyclic polyether ring over the bulky 
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Figure 151. The self-assembly from four components of 
the [alrotaxane 245 that behaves as a molecular shuttle.411 

stopper groups. The stopper group 246 has three 
tert-butyl groups attached at the available 4-positions 
on the tetraaryl methane group. This stopper is too 
large to permit slippage of the macrocyclic polyether 
150 when it is incorporated into a dumbbell contain- 
ing one station. Replacement of one of these tert- 
butyl groups with the progressively smaller isopropyl, 
ethyl, and methyl groups and finally with a hydrogen 
atom gives the range of single-station dumbbells 247. 
Heating the dumbbell compounds (Figure 152) in 
acetonitrile at  60 "C with 4 molar equiv of 150 
afforded the [2lrotaxanes 248 in 47%, 45%, and 52% 
for the cases in which the stoppers have ethyl, 
methyl, and hydrogen at  the 4-position (R),  respec- 
tively. The isopropyl group was found to be too large 
to &low slippage. The yield of the L2lrotaxane with 
the hydrogen atom at the lone R-position (247, R = 
H) could be increased to 87% by heating the dumbbell 
compound with 10 molar equiv of 150. The [21- 
rotaxanes were stable at room temperature, and were 
purified by chromatography, although the reverse 
process-slipping off of the bead-was observed for 
the [2lrotaxane 248 (R = H) in CD3SOCD3 at 100 "C.  
The same process was less than 25% complete after 
heating at 60°C in acetonitrile for 6 h. The second- 
order rate constants associated with the formation 
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of the [2lrotaxanes were almost identical for the three 
different slippage processes. The slippage methodol- 
ogy allows those rotaxanes which are not readily tc$o-k accessible using either the clipping or the threading 
methodologies to  be self-assembled rather easily. 
Gibson and co-workers413 have also claimed the 
synthesis of a similar [2lrotaxane, incorporating one 
4,4'-bipyridinium residue, in 94% yield. However, no 
details are available t o  our knowledge in the open 
literature. 

The slippage procedure has been applied to the 
synthesis414 of the [2lrotaxane 249 and the [31- 
rotaxane 250 (Chart 2) from the same dumbbell 
compound incorporating two bipyridinium units. The 
yields of the [21- and [3lrotaxanes were 31% and 8%, 
respectively, when the dumbbell compound was 
heated with 4 molar equiv of 150 for 10 days at  55 
"C. When 10 molar equiv of the crown ether were 
used in the reaction mixture, the yields of the 
rotaxanes increased to  20% and 55% . The free (z 247 0 energy of activation to the shuttling process was, as 

(0 (0  248 expected, the same as that observed in the [21- 
rotaxane 245. An interesting feature of this particu- 
lar synthesis is that once again, a product that cannot 
be synthesized readily using the threading approach 
even at  ultrahigh pressures, can be obtained in good 
yield by slippage. The success of the procedure is a 
result of the size complementarity between the stop- 
pers and the bead component, and the 
recognition between the rod section of the dumbbell 
and the macrocyclic polyether. 
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Figure 152. The preparation of the [2]rotaxane 248 from 
the dumbbell compound 247 and bis-p-phenylene-34-crown- 
10 (150) by slippage.412 
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Figure 153. The first step toward dendritic rotaxanes. The preparation of the r21rotaxane 253, the [3lrotaxane 254, and 
the [4]rotaxane 255 from the common three-way bolas-like compound 252 and bis-p-phenylene-34-crown-10 (150) by 
~lippage.~~6 

The attributes of self-assembly using the slippage 
procedure have been emphasized in the prepara- 
tion415 of the [3lrotaxane 251 (Chart 2). It has two 
diferent bead components which are introduced one 
afier the other using, fwstly, threading of the smaller 
macrocycle, and then secondly, slippage of the larger 
macrocycle. In addition, the three-way bolas-like 
compound 252 has been heated with 15 molar equiv 
of 150 to (Figure 153) the [2lrotaxane 253, 
the [31rotaxane 254, and the [Urotaxane 254 in 19%, 
41%, and 22% yields, respectively. These branched 
rotaxanes have been heralded as the first step toward 
dendritic rotaxanes! 

Vlll. Hydrogen Bonding for Catenane and 
Rotaxane Self-Assembly 

A. Amide-Containing Interlocked Compounds 
In 1992, Hunter4I7 reported the discovery by ac- 

cident of a new class of catenanes. The macrocycle 
256 had been shown to be a receptor for p-benzo- 
quinone.418 Its original preparation was achieved by 
the reaction of the bis-amine 257 and isophthaloyl 
chloride. An improvement to  this synthesis was 
sought in the form of a stepwise route, in which the 
bis-amine 258 was prepared (Figure 1541, before 
being reacted with isophthaloyl chloride under high 
dilution conditions to yield the desired macrocycle 
256 in 51% yield. In addition, however, the [21- 
catenane 259 was isolated in a remarkable 34% yield 
(more recently419 reported to  be 29%). It was char- 
acterized by faseatom bombardment mass spectrom- 
etry, as well as by an extensive variable-temperature 
‘H NMR spectroscopic study, the findings of which 
were supported by molecular mechanics calculations. 

The geometries of the identical component macro- 
cycles relative to one another are well defined in 
solution, and reveal the nature of the intermolecular 
noncovalent interactions that are responsible for the 
formation of the [fcatenane in the first place. There 
are several intercomponent hydrogen bonds between 
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Figure 154. The synthesis of the fist amide-based [21- 
catenane reported by Hunter.417 

the amide functions as well as interactions between 
the aromatic rings. Unlike the [Zlcatenanes dis- 
cussed in section VII, there is no equilibration 
between the “inside” and “outside” parts of each 
macrocycle. This equilibration process is prevented 
by the presence of cyclohexyl substituents on each 
macrocycle, which behave as “spokes”. However, a 
second process (Figure 155) was observed which 
involves equilibration between the two enantiomeric 
forms of the catenane. The chiral ground state, 
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products were detected. Catenane formation is be- 
lieved to be discriminated against by the unfavorable 
conformation of the two amide bonds adjacent to  the 
pyridine unit. 

Shortly after Hunter’s first report of the [2lcat- 
enane 259, Vogtle and ~ o - w o r k e r s ~ ~ ~  described the 
synthesis of a closely related compound, in which 
methoxy substituents are attached to the 5-positions 
of the meta-substituted aromatic unit. The [2lcat- 
enane 262 was prepared (Figure 157) under high 
dilution conditions in a single step in 8.4% yield, 
starting from the diamine 257 and the diacid chloride 
263. When the methoxy group in the precursors to  
263 were replaced with a nitro substituent, no 
catenated products were detected, possibly as a result 
of competitive hydrogen bonding by these appended 
groups to  the amide moieties in the host macrocycle. 

Vogtle and ~ o - w o r k e r s ~ ~ ~  have used the positioning 
of substituents on the 1,3-phenylene unit in this 
range of r21catenanes to  probe the mechanism of their 
formation. The Bonn group set out to  prepare 
isomeric [2]catenanes in which one substituent on 
each of the component rings could be directed “in” or 
“out” with respect to the other interlocked cycle, by 
virtue of the absence of circumrotation between the 
rings in these systems. The isomers 264A, 264B, and 
264C were prepared in a manner similar to  Hunter’s 
original route, except that the OMe substituent was 
attached either to  dicarbonyl chloride or to  the 
diamine building block (Figure 158). The two dif- 
ferent routes produced different results. The reaction 
(Figure 158) of 263 with 258 afforded a much lower 
yield of catenanes than the corresponding route in 
which isophthaloyl chloride was reacted with 265. In 
the latter case, the “out”-“out” isomer was slightly 
preferred to  the isomer in which one of the substit- 
uents was directed at  the interlocked macrocycle. It 
was proposed that steric hindrance disfavored the 
host-guest complex formed by the first-formed mac- 
rocycle and the diacid chloride. A more likely expla- 
nation is contained in a footnoted suggestion that the 

/. 

U 

Figure 155. The equilibration between two enantiomeric 
forms of the [2]catenane 259. 

resulting from the restricted motions of the non- 
equivalent “inside” isophthaloyl moieties, was re- 
vealed by treatment of a CDCldC2D2C14 solution of 
the [2lcatenane with two different lanthanide shift 
reagents, both of which caused increases in the 
number of resonances arising from appropriate probe 
protons. 

When the bis-amine 258 was reacted4lg with 2,5- 
pyridinedicarbonyl chloride (Figure 156), it resulted 
in a 29% yield of the [alcatenane 260. It was 
suggested that catenane formation proceeds by the 
complexation of an intermediate to  the cyclic “tet- 
ramer” 261 through the center of the cyclic “dimer” 
of the two starting materials. The main product of 
the reaction was the cyclic “tetramer” 261, as a result 
of the cis arrangement of the amide bonds adjacent 
to  the pyridine unit. Replacement of the isophthaloyl 
group in 258 with a 2,6-pyridinediyl residue, followed 
by reaction with isophthaloyl chloride resulted in the 
formation of a cyclic tetramer only. No catenated 

261 

Figure 156. The synthesis419 of the amide-based [2]catenane 260, along with the cyclic “tetramer” 261. 



2804 Chemical Reviews, 1995, Vol. 95, No. 8 Amabilino and Stoddarl 

263 CI 

CH2C12 
> 

NE13 

High Dilution 

v 
Figure 157. The synthesis of the amide-based [2]catenane 282 reported by Vogtle and co-w~rkers .~~~ 
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Figure 158. The synthesis of the amide-based [2]catenane 264, which has been isolated as three different nonequilibrating 
translational isomers: A, B, and C.421 

acyclic amine adduct, similar to 266, is the significant 
species for binding in the preformed macrocycle prior 
to catenation. The reaction421 of 258 with isophthaloyl 

(g$c 
O W 0  

266 

chloride in the presence of the macrocycle 267 gave 
(Figure 159) the monosubstituted [2lcatenane 268 in 
only 3% yield. Despite the fact that the Hunter [23- 
catenane417 259 was formed in 34% (or 29%) yield 
under similar conditions to  those used by Vogtle, the 
Bonn group did not report the isolation of 259 from 
the reaction. 

Hunter422 has subsequently progressed the re- 
search of the Sheffield group t o  the preparation of 
molecular threads which aggregate in solution, in the 

form of “molecular zippers”. It is not clear at present 
whether these structures are actually intertwined or 
not. 

A spate of publications concerning interlocked 
compounds of this amide-type has appeared very 
recently. Vogtle and co-workers have prepared423 the 
translationally isomeric amide-based furanocat- 
enanes 269 and 270 (Figure 160) starting from the 
diamine 271 and isophthaloyl chloride. The [21- 
catenanes were isolated in 8% and 20% yields, 
respectively. Interestingly, when 258 and 2,5- 
furandicarboxylic acid chloride were used, only the 
macrocyclic component was isolated. The authors 
concluded that molecular recognition ensured the 
ortho-substituted benzene ring was preferred by the 
host macrocycle prior to  catenation. A n  X-ray cystal 
structure of 269 (Figure 161) has revealed the non- 
covalent interactions which are presumably respon- 
sible for its formation. The isophthaloyl moieties are 
located at the center of the molecule, each forming 
offset n-stacking interactions with m-xylylene resi- 
dues. One of each of the carbonyl groups of one of 
the isophthaloyl units forms a hydrogen bond with 
the amide proton of the others. The other carbonyl 
group of the isophthaloyl units forms a bifurcated 
hydrogen bond with the amide groups attached to  the 
2,5-furandiyl units, which in turn form hydrogen 
bonds with the furan oxygen atoms. 
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Figure 159. The synthesis of the amide-based monosubstituted [2]catenane 268.421 
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Figure 160. The synthesis of the translationally isomeric (but nonequilibrating) amide-based furano catenanes 269 and 
270.423 

Very shortly after this communication and after 
several unstable crystals, Hunter finally reported424 
the X-ray crystal structure of the [2lcatenane 259 
which has an extremely similar arrangement and 
pattern of hydrogen bonds between its components 
to that of the furanocatenane 269. One of the oxygen 
atoms of the “inside” isophthaloyl carbonyl group is 
directed into the center of the molecule, while the 
other is directed toward the periphery where it forms 
the bifurcated hydrogen bond. The oxygen atoms of 
the “outside” isophthaloyl carbonyl groups are both 
directed away from the heart of the molecule. 

> dJ A -  

Figure 161. The ball-and-stick representation of the X-ray 
crystal structure of the amide-based furano catenanes 
269.423 

272 
Figure 162. The synthesis of the benzylic amide [2]- 
catenane 272 reported by Leigh and co-w~rkers .~~~ 

At the same time, the group led by Leigh have 
reported425 the serendipitous synthesis of related 
benzylic amide [2lcatenanes from commercially avail- 
able materials. A condensation between isophthaloyl 
chloride and p-xylylene diamine (Figure 162) formed 
the [2lcatenane 272 in a yield of 20%. As the authors 
pointed out, this yield is “remarkable for an eight 
molecule condensation”. The X-ray crystal structure 
of the molecule revealed an extremely similar hydro- 
gen-bonding pattern within each catenane molecule 
to  that of the catenane 259. In addition, a number 
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Vogtle and co-workers have gone on to prepare427 
rotaxanes based on this amide hydrogen bond tem- 
plate effect. The [2lrotaxanes 273,274, and 275 were 
produced according to the route given in Figure 164. 
The rotaxanes were isolated in 11%, 15%, and 3% 
yields, respectively. They were convincingly charac- 
terized by NMR and mass spectrometry. 

The group from Bonn has also prepared428 [21- 
catenanes in which sulfonamide groups replace some 
of the amide groups. The [2lcatenane 276 was 
prepared in 10% yield according to  the route shown 
in Figure 165. The replacement of SO2NH with SO2- 
NMe increased the yield of the related [2lcatenane 
to 19%. Interestingly, the [2lcatenane 276 is topo- 
logically chiral though no resolution into enantiomers 
has yet been achieved. 

B. Ammonium Ions for Rotaxane Construction 
The complexation of dialkyl ammonium cations by 

crown ethers429 has inspired two groups to  attempt 
the synthesis of interlocked compounds using this 
host-guest phenomena. 

Busch and co-workers have prepared a [2]rotaxane 
in which dibenzo-24-crown-8 surrounds an ammo- 
nium ion-containing dumbbell.430 The rotaxane 277 
was synthesized (Figure 166) by reaction of the amine 
278 and the acylating agent 279. When the reaction 
was performed in CHC13, a 12% yield of the rotaxane 
was obtained, while in a mixture of water and CHCl3, 
a 22% yield was achieved. It was proposed, therefore, 
that the complex of the ammonium salt of 278 with 
dibenzo-24-crown-8 is located at the interface, where 
this pseudorotaxane is then acylated. An X-ray 
crystal structure of the [2lrotaxane shows the am- 
monium center located in the middle of the torus 
formed by the crown, where its hydrogen atoms form 
noncovalent bonds with two of the oxygen atoms in 
the macrocycle. In addition, the anthracene stopper 
group enters into JC-n stacking interactions with one 
of the benzene rings in the crown ether. 

Simultaneously, researchers in our own group had 
prepared pseudorotaxanes from the same crown 
ether and dibenzyl ammonium ions.431 When a 
mixture of dibenzo-24-crown-8 and dibenzyl am- 
monium hexafluorophosphate are combined in solu- 
tion, a strong complex is formed (Figure 167). X-ray 
crystallography of a crystallized sample showed 
(Figure 167) that the ammonium cation resides in 
the center of the host, with the benzyl groups of the 
guest protruding from either face of the crown ether. 

Yield 

20% 

X = M e  20% 

-0- E:;;" :; 
X = NO2 18% 

-0- 18% 

25% 

27% -0- 
20% 

m 18% 

Figure 163. A range of benzylic amide [elcatenanes which 
have been synthesized.426 
of x-stacking and hydrogen-bonding interactions 
result in a beautiful packing of the molecules to  form 
a layer-like structure. Each layer is connected by 
hydrogen bonds. In solution, the two identical rings 
spin through one another rapidly on the lH NMR 
time scale at  room temperature, despite the fact that 
the rings are really quite small. 

The same group has illustrated426 the fact that the 
synthesis is very general, having prepared all the 
catenanes in Figure 163. In most cases, the starting 
materials are commercially available. It seems likely 
that the ease of preparation of these catenanes, 
particularly those which are functionalized, will lead 
to a wide variety of catenanes mbstituted with 
electro- or photoactive groups. They also open up the 
way to a variety of catenated polymers. 

R -  

-NH, 

274 R = OMe; X = H 
275 R = H; X = F 

Figure 164. The synthesis of the amide-based [2lrotaxanes 273-275.427 
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Figure 165. The synthesis42s of the sulfonamide-based [2]catenane 276 (one topological enantiomer shown). 

r o n o l  
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Figure 166. The self-assembly of the [2]rotaxane 277 as a result of surrounding a secondary dialkylammonium center 
with dibenzo-24-cr0wn-8.~~~ 
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Figure 167. The self-assembly of a [2]pseudorotaxane from dibenzyl ammonium hexafluorophosphate and dibenzo-24- 
crown-8. The ball-and-stick representation of the X-ray crystal structure of the 1: 1 complex reveals its pseudorotaxane 
nature. This complex is one of the two that are present in equal amounts in the unit cell of the crystal.431 

Hydrogen bonds between both hydrogen atoms at- 
tached to the nitrogen atom; in addition one of the 
hydrogen atoms, attached to the adjacent methylene 
group, forms a hydrogen bond with an oxygen atom 
in the crown ether. The binding constant (K,) of the 
complex ranges from 27 000 M-l in CDC13, to  360 M-l 
in CD3COCD3 to 0 in CD3SOCD3. In addition, dibutyl 
ammonium hexafluorophosphate forms a similar 
complex in the solid state, with the quaternary 
ammonium ion center nestling in the middle of the 
crown ether. The binding of this guest in the crown 
ether is weaker than that of the dibenzyl analog. 

When dibenzyl ammonium hexafluorophosphate 
was crystallized432 with the macrocyclic polyether bis- 

p-phenylene-34-crown-10 (BPP34C10, 1501, a 2:l 
complex resulted in which two of the ammonium ions 
were threaded through the center of the host. The 
hydrogen atoms attached to the quaternary am- 
monium form noncovalent interactions with oxygen 
atoms in the crown ether, although those attached 
to the adjacent carbon atoms do not. Crystalliza- 
tion432 of the diammonium compound 280 with 
BPP34C10 (Figure 168) results in a 2:2 complex 
which is a double-stranded doubly encircled pseu- 
dorotaxane. Two of the guests 280 are threaded 
through two adjacent macrocyclic polyether hosts. 
The structure is stabilized by nine [N-H***Ol and 
three [C-H...O] hydrogen bonds. These structures 
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Figure 168. The self-assembly of a 2:2 complex from the dication 280 and bis-p-phenylene-34-crown-10 (150). The ball- 
and-stick representation of the X-ray crystal structure of the 2 2  complex emphasizes its double-stranded doubly encircled 
n a t ~ r e . ~ 3 ~  

illustrate the great potential that this recognition 
partnership has for the construction of interlocked, 
and indeed, intertwined, systems. 

IX. The Construction of Geometrical Objects from 
DNA 

In recent years, Seeman's group has demonstrated 
in a most impressive manner how DNA can be used 
for the construction of topologically complex un- 
natural interlocked s t r ~ c t u r e s . 4 ~ ~  The New York 
team relies upon the spe&city of Watson-Crick base 
pairing for the design of mutually compatible se- 
quences of DNA that are adapted so as to form 
interlocked structures. 

The design and realization of a synthetic knot 
comprised of a single-stranded DNA molecule was 
described434 in 1991. Two full turns of a DNA double 
helix is the starting point for a trefoil knot, which 
can be prepared by the appropriate connection of the 
termini of the double helix. Seeman and his co- 

w o r k e r ~ ~ ~ ~  used two complementary 11-mer se- 
quences of bases in a single strand of DNA to achieve 
their objective. The synthesis is shown schematically 
a t  the top of Figure 169. The single strand was 
designed such that the complementary sequences-A- 
A' and B-B'-were separated by oligo-T linkers (dT,, 
where n = 7 or 15), and also so that the 5' and 3' 
ends of the strand fall between the eighth and ninth 
nucleotide of the A region. The resultant nick was 
sealed using a T4 DNA ligase. The strand containing 
72 nucleotides (n = 7) failed to  form a knot, while 
the strand incorporating 104 nucleotides (n = 15) 
formed a species that was determined, by a denatur- 
ing polyacrylamide gel, to be the trefoil knot. The 
compound had greater mobility than the correspond- 
ing circular DNA, and sedimentation studies on 32P 
labeled linear strand, circle, and knot forms con- 
firmed the hypothesis that the knot is the most 
compact form. Its sedimentation velocity is consider- 
ably faster than that of the related topological ste- 
reoisomers. 

E-DNA 

A' Ligation Single 
Strand 

A 
3, Knot 

or Trefoil Knot 

E-DNA 

01 

a 4, Knot 

' Figure-Eight Knot 

Figure 169. The preparation of a trefoil knot and a figure-eight h o t  from a single strand of DNA. The topological 
diastereomers are achieved by cyclization of an intermediate in which one of the double-helical regions contains B-DNA 
or 2-DNA, re~pectively.~3~.~35 
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Figure 170. Designation of the nodes in DNA, where the 
arrows represent the 5’ to 3’ vector. 

The same pairing strategy, that was used success- 
fully for the construction of the 31 knot, has also been 
employed435 for the creation (Figure 169, bottom) of 
a figure-eight (41) knot, which contains two positive 
and two negative nodes. The designation of a node 
at  a crossing point of an interlocked structure (Figure 
170) is determined by the direction in which the 
strands are aligned in relation to one another. The 
direction of DNA has been defined as the 5’ to  3’ 
vector. The right-handed helix, formed by “normal” 
B-DNA, has exclusively negative nodes, while the 
left-handed Z-DNA double helix results in a super- 
structure with exclusively positive nodes. The un- 
decamer B * B  domain used for the templating of the 
31 knot, was replaced with a dodecamer duplex 
sequence [(dCpdGp),l which, when treated with Co- 
(NH3k3+ favors the Z-form of the DNA duplex. The 
spacing between the double helical domains employed 
a dT14 or dTl5 sequence. The single strand was 
utilized by employing the same method used for the 
31 knot. As determined by gel electrophoretic analy- 
sis, the product of the enzymatic ligation is the 41 
knot  with one positive and one negative node DNA 
base-paired regions. When the CO(NH&~+ was not 
present in the reaction to form the knot, the topologi- 
cally stereoisomeric 31 knot, containing only negative 
nodes (B-DNA) was formed. In addition, restriction 
endonuclease digested both domains of the 31 knot, 
and only one domain of the 41 knot. Areas containing 
left-handed double helical regions are unaffected by 
the enzyme. Seeman’s group has recently pre- 
pared436 four topologies-macrocycle, left-handed tre- 
foil knot, right-handed trefoil knot, and a figure-eight 
knot-from a single strand of DNA. In addition, the 
group has reportede7 the treatment of two synthetic 
DNA knots with E. coli DNA topoisomerases I and 
111. One of the knots, which both contain 104 
nucleotides, was ligated to form cyclic DNA with the 
topologies of a circle, trefoil knot with negative nodes, 
or a figure-eight knot, while the other formed these 
three plus a trefoil knot with positive nodes. The 
positive or negative nodes derive from left-handed 
Z-DNA and right-handed B-DNA, respectively. The 
topoisomerases can be used to  catalyze the intercon- 
version of the different topological forms. The out- 
come of the reaction depends on whether conditions 
favor B- or Z-DNA. 

While DNA double helices are unbranched, it is 
possible to  manipulate the sequences of bases such 
that helices meet to  form a branch point, or  junc- 
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tion.438,439 The sequences of the strands that form 
junctions are designed such that the formation of the 
normally more favored double helices is precluded.438 
Sequence symmetry must be minimized. Junc- 
tionsMO formed by “double crossover” molecules have 
been studied extensively, since they are precursors 
to ~ a t e n a n e s . ~ ~ ~  Junctions with up to six double- 
stranded arms have also been ~ r e p a r e d . 4 ~ ~  It is 
possible to combine junctions by the introduction of 
overhangs of singly stranded DNA at the termini of 
the duplex-an area referred to as a cohesive or sticky 
end. Although, in principle, building base comple- 
mentarity into different sticky-ended junctions opens 
the doorway into lattices, in practice, the ill-defined 
geometries of the flexible junctions results in the 
formation of many different structural types.442 De- 
spite this inherent flexibility of the units resulting 
in poorly controlled directing of the strands, they 
have been incorporated into designs443 for objects 
comprised of DNA. 

The synthesis (Figure 171) of a quadrilateral has 
been achieved444 using the sticky-ended junction 
approach. Four different three-arm branched junc- 
tions, incorporating a long DNA strand paired with 
a short DNA strand, were designed such that one 
arm is an exocyclic one, in the form of a closed hairpin 
loop. Nonequivalent pairs of cohesive ends were 
incorporated into the complementary overhangs of 
each of the four junctions: two 3’ overhangs and two 
5’ overhangs. The associated junctions were fused 
enzymatically a t  their cohesive termini, using bac- 
teriophage T4 DNAligase. The synthesis was carried 
out in a stepwise manner, since a combination of the 
four junctions in a single step gave comparatively 
lower yields of the quadrilateral, owing to the equili- 
bration of the single strands present in the reaction 
mixture. Each side of the quadrilateral object-a 
hexatuply linked [2lcatenane-contained one and a 
half turns of the double helix (16 nucleotides). 
Cleavage of two restriction endonuclease susceptible 
sites located in the exocyclic hairpins, led to a circular 
and single stranded DNA. Densitometer scans of an 
autoradiogram indicated that approximately 15% of 
the products constituted the cyclic tetramer. The 
unwanted product, in which only one of the strands 
was cyclized, was estimated to  be produced in 5% 
yield. Higher cyclized products, e.g. a cyclic dimer 
of the quadrilateral, were not observed. 

One of the most important considerations when 
Seeman’s group is planning the syntheses of these 
more complex geometrical objects starting from DNA 
is the method of product characterization. Conse- 
quently, in the planned synthesis of a duplex DNA 

unique sites were incorporated into the edges 
of the structure for subsequent scission by a restric- 
tion endonuclease. The cube was constructed in six 
main stages. The first two steps (Figure 172) in- 
volved the cyclization of phosphorylated 80-mer 
strands by ligation. Purification of the circles, fol- 
lowed by independent ligation and connection of the 
sticky ends linked the two squares in such a way as 
to  form a third cycle between them. Purification of 
the resultant compound yielded a [3lcatenane, and 
then a final ligation, followed by connection of the 
complementary sticky ends gave the three-dimen- 
sional three-connected object. The cube (Figure 172) 
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3' c 
Figure 171. Seeman's synthesisM4 of a quadrilateral comprized of DNA; it is a hexatuply linked C2lcatenane 
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Figure 172. The preparation of a molecular cube con- 
structed from duplex DNA.445 

is comprised of six linked cycles, each one doubly 
interlocked with its four neighbors. The squares of 
the cube contain no duplication of six nucleotide 
stretches. Indeed, only 28 of the 480 sequences were 
duplicated in the entire structure. Independent 

Figure 173. A planar representation of the truncated 
octahedron constructed using duplex DNA.447 

restrictions of the individual edges of the cube 
afforded [4lcatenanes and restriction of two indepen- 
dent edges gave a [3lcatenane, providing proof for the 
cube formation. 

The synthesis of the cube, while being extraordi- 
narily impressive in comparison to interlocked struc- 
tures obtained fmm unnatural sources by truly 
synthetic means, is not very efficient. The square 
ligations and the final ring closure proceed in only 
10% yield. In an effort to  improve the efficacy of the 
strategy, a solid-support method was developed by 
the New York group.M6 The control in this approach 
is achieved by restriction endonuclease digestion of 
hairpin loops, which exposes cohesive termini. After 
formation of a new edge by additive or cyclizing 
ligation, incorrect products are destroyed by exonu- 
clease. Repetition of these steps builds up the 
connectivity of the structure, which can then be 
removed from the support and covalently annealed. 
The approach was first vindicated for the synthesis 
of a quadrilateral446 and has more recently been 
applied447 to the preparation of an awesome DNA 
truncated octahedron. The molecule, which is drawn 
in planar cartoon form in Figure 173, is comprised 
of cyclic DNA molecules which form the six squares 
and eight hexagons and a total  of 36 edges (each 
made up of duplex DNA with two full turns) and 24 
vertices (DNA junctions) and 24 extra arms coming 
from each vertex. The complete structure is a [141- 
catenane, where each component is doubly inter- 
locked with its neighbors. Each of the extra arms 
contains a restriction site specific to its square face, 
and the edges of the structure incorporate seven 
specific sites for subsequent cleavage by restriction 
endonuclease. The synthesis of the compound, which 
contains 2550 nucleotides and weighs approximately 
790 kDa, is summarized schematically in Figure 174. 
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final structure helped to prove its identity. It was 
suggested by the authors that the object that they 
had created is analogous to a zeolite, but with a 
somewhat larger interior. The edges of the structure 
were estimated to  be 68 A in length, suggesting that 
the distance between opposite squares was 192 A. 
The total volume of the polyhedron was estimated 
to be 3557 nm3. 

Ultimately, Seeman’s goals are the construction of 
artificial multienzymes, new drug delivery systems, 
and even mechanical devices and biochips. Yet, the 
design of these systems will require an intimate 
knowledge of the structural features of the molecules. 
Only their connectivities and topologies are accessible 
at  present. Proposed syntheses of complex knots are 
“well ahead of experimental confirmation”, despite 
the fact-to quote Seeman449-the techniques avail- 
able for DNA manipulation are “readily available to  
the non-expert”. 

8= Solid Support 

Restriction Sites - 

3. 
Anneal to 

Sequential ring Removal from 
support closure by the 

addition-of a 
‘hairpin’ 

Figure 174. A schematic representation of Seeman’s 
synthesis447 of a truncated octahedron comprised of duplex 
DNA. 

First, the squares which were used as the basic 
building block were prepared, one of them being 
attached to the solid support. The squares were 
comprised of two cyclic strands, an inner one, which 
formed the square in the final object, and an outer 
strand with appended arms, which were used for 
ligation t o  other squares and which finally constitute 
the hexagons in the truncated octahedron. The 
components of the squares were designed using the 
SEQUIN computer program,448 so that sequence 
symmetry was minimized. They were constructed in 
a manner similar to that described above. The 
preconstruction of the tetrasquare assembly was 
necessary because of the inaction of the enzymes 
required at  the restriction sites, when the latter were 
attached to the support. The yield of the tetrasquare 
in solution was only 1%, compared with the 10% 
obtained for the synthesis of each individual square. 
In contrast, each of the ligations to  the solid support 
proceeded in 30-50% yields. Each of the intermedi- 
ates in the synthesis of the truncated octahedron 
were confirmed by removal of a small amount of 
material from the solid support, followed by cleavage 
with restriction enzymes, and then scrutinizing the 
autoradiograms of denaturing gels of the products. 
The sequential restriction of sites in the edges of the 

X. Polyrotaxanes and Polycatenanes 

A. Entanglement in Polymers 
We have witnessed how the mechanical intertwin- 

ing and interlocking present in the natural world’s 
macromolecular systems play roles of vital impor- 
tance-many of these roles having been uncovered 
only very recently. It is certain that intertwining, 
and perhaps even interlocking, has been present in 
many synthetic polymer preparations in the past; 
even if it has not been recognized. The deliberate 
chemical synthesis of macromolecules incorporating 
an aspect of mechanical interlocking is an area of 
much contemporary in t e re~ t . l~ ,~~O It has been re- 
viewed thoroughly by Gibson and ~ o - w o r k e r s . ~ ~ ~  The 
suggestion that mechanical interlocking can exist in 
polymers is not a new one. Indeed, H. Mark was 
perhaps the first person to suggest in the literature 
in 1952, that chemical interlocking existed in poly- 
meric materials.451 He proposed that a polycatenane- 
type structure in polysiloxane is responsible for some 
of its properties. This suggestion was followed up 
by a more detailed which revealed that 
polysiloxanes are of approximately 1.5 times the 
dimensions of polystyrenes of similar molecular 
weight. The authors ruled out an array of inter- 
locked rings, i .e .  a linear polycatenane, but suggested 
that arrays of interlocked siloxane macrocycles within 
the polymer network would prevent it from contract- 
ing. Schillll described this conclusion as “somewhat 
bold”! However, somewhat remarkably, relatively 
recent research by J. E. Mark has proved that 
this hypothesis may be partially correct. 

The incorporation of macrocycles into polymer 
networks has been termed “topological threading”. It 
is not yet possible to  state whether macrocycles 
incorporated into polymers are present in the form 
of catenanes, i .e.  in “Olympic networks”, or whether 
they are merely trapped in the form of a rotaxane 
with very large stoppers, i .e. the polymer chain. 
F r i s ~ h ~ ~ ~  has also drawn attention to  the possibility 
of “metastable pseudo-interpenetrating networks”, 
which are intermediate in their properties between 
straight-chain polymers with random intertwining 
and catenated interpenetrating networks.455 
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B. Interpenetrating Polymer Networks 
In the presence of an already cross-linked polymer, 

cross-linking a linear polymer can produce a polyca- 
tenane or interpenetrating n e t ~ o r k ~ ~ ~ , ~ ’  (Figure 175) 
which merges into itself by mechanical linking rather 
than by covalent linking alone. In 1960, MillaF8 
reported polymers incorporating two and three in- 
terpenetrating networks based on styrene-divinyl- 
benzene copolymers. Formally, independent second 
and tertiary networks are intermeshed into an exist- 
ing polymer. The densities and solvent uptakes of 
the polymers are modified distinctly by incorporation 
of the second, entangled, network, and it was sug- 
gested that such topological features may be respon- 
sible for the properties of conventional polymers with 
a relatively high degree of cross-linking. Frisch, 
Klempner, and F r i s ~ h ~ ~ ~  prepared a two-component 
interpenetrating network by combining linear poly- 
(butadiene-acrylonitrile) with a cross-linked poly- 
ether-based poly(urethane-urea) as an aqueous emul- 
sion. Cross-linking agents and stabilizers were also 
added, films were cast, and the polymer was then 
cured. Total hydrolysis of the interpenetrating poly- 
(urethane-urea) allowed separation of cross-linked 
poly(butadiene-acrylonitrile), showing that there is 
no chemical link between the components, and par- 
tially proving the hypothesis that an interpenetrating 
network is formed. The amount of interpenetration 
in these polymers was approximated by comparison 
of the cross-link densities and tensile strength of the 
interpenetrating network with the mean values for 
the two cross-linked polymers in isolation. Both 
these properties give greater values for the interpen- 
etrating network than the mean of the separate cross- 
linked polymers. Although the degree of interpen- 
etration was considered to  be most significant for the 
polymer system already mentioned, high interpen- 
etration was also observed for polychloropropene/ 
poldurethane-urea) and poldbutadiene-acrylonitrile)/ 
poly(styrene-butadiene) networks.46o Thermal analysis 

Network Polymer 
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of poly acrylate/poly(urethane-urea) networks also 
supported the proposed polymer 

The research of Mark453 and C l a r s ~ n ~ ~ ~  on the trap- 
ping of cyclic dimethylsiloxanes (-[Si(Me)zOI,-) has 
established the incorporation of these macrocycles 
into linear end-linked polymers, following earlier 
work463 on elastomeric networks which were believed 
to  contain aspects of interlocking. For example, a 
linear poly(dimethylsi1oxane) (M,  = 7000 and 14 800) 
with vinyl end groups has been combined464 with 
cyclic dimethylsiloxanes with between approximately 
36- and 144-membered rings. After a period of 
equilibration, Si[OSi(Me)zH]d was added in order to  
link up the reactive termini of the linear component 
tetrafunctionally. None of the 36-membered rings 
was incorporated into the polymer at  all, while 
approximately 25% of the cyclic dimethylsiloxanes 
with ring sizes of 116 and 144 were incorporated into 
both linear strands. It was at  this stage that the 
authors proposed the existence of “Olympic networks” 
which clearly do not rely on cross-linked linear units 
or covalent trapping. The incorporation of the cycles 
into the chains was found to reduce the deformation 
modulus of the polymers?@ It was proposed that the 
entrapped macrocycles introduced constraints on the 
chains which are more elastic in their absence. 

A subsequent studJ”‘j6 was concerned with the 
trapping efficiencies of cyclopoly(dimethylsi1oxanes) 
(PDMS) in the range 31 5 n, 5 517 during the 
formation of polymer networks by reacting linear 
hydroxyl-terminated PDMS (M,  = 18 000) with a 
cross-linking agent of tetraorthosilicate and stannous 
2-ethyl hexanoate as a catalyst. The authors found 
that the cycles with n, < 38 are not incorporated into 
the network structures, while 94% of the largest 
cyclic PDMS is “topologically trapped”. The period 
of time that the components were allowed to  undergo 
mixing prior to the cross-linking did not affect 
dramatically the amount of trapped macrocycles.467 
Theoretical methods were also used to study the 
trapping of the cyclic molecules.468 Monte Carlo 
simulations gave values for the percentage of trapped 
macrocycles similar to those observed experimentally. 

“Polymeric catenanes” have also been prepared469 
by the cross-linking of poly(2,6-dimethyl-l,4-phe- 
nylene oxide) in the presence of cyclic PDMS (n, = 
92). Approximately 26% of the macrocycles were 
reported to have been trapped during the cross- 
linking process. The physical properties of the 
polymer are changed significantly upon entrapment 
of the cyclic PDMS molecules. Notably, greater 
elasticity and swelling were observed in the “cat- 
enanen-type material. 

Recently, Lipatov and Ni~l’sk9~O have claimed the 
formation of “polycatenanes” based on interpenetrat- 
ing networks formed from diisocyanates. Dissolution 
of poly(pheny1enemethanecarbodiimide) (PCD) in a 
hexamethylene diisocyanate, followed by polymeri- 
zation of the latter with (triethy1amino)phenyl gly- 
cidyl ester as a catalyst yields a “semi-interpenetrat- 
ing polymer network”. The PCD component was 
cross-linked at  either 393 or 523 K to give two 
different types of interpenetrating networks. Al- 
though infrared (IR) spectroscopy indicated that 
there was no chemical link-“chemical interaction” 
presumably-between the components of the poly- 

(ii) Polymerize I (i) Thread 

Interpenetrating Polymer Network 

figure 175. The construction of an interpenetrating 
polymer network at a conceptual level. 
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urethane and inorganic materials. The molecular 
masses of the materials produced were lo5 (no ZnCl2) 
and lo6 (ZnClz complex) as determined by viscometry; 
we shall see later that threading of rings on to a 
polymer chain can influence dramatically its viscosity 
without changing the mass. An X-ray scattering 
study of the two polymers led the researchers to  
conclude that, in the absence of zinc(II), one cyclic 
urethane is incorporated every 18 to 19 monomer 
units along the backbone, while the complex pro- 
duced a polymer where one cyclic urethane is incor- 
porated every 6 to  7 monomer units. As a control, 
when a linear urethane was used in place of the cyclic 
one, none of the linear urethane was incorporated 
into the polymer. It was suggested that ordered 
clusterlike complexes of the macrocycle are respon- 
sible for this increase in coverage in the polyrotax- 
anes upon addition of ZnCl2. Since there are degrees 
of cyclourethane crystallinity in the polymer, the 
group concluded that areas of high cycle content are 
present in the polymer,22 while other areas are devoid 
of them. 

Figure 176. The two polymacrocyclic components of the 
interpenetrating networks formed from diiso~yanates.~~~ 

mers, it was claimed that a high degree of comple- 
mentarity between the two components leads to  a 
homogeneous polymer in which two networks pen- 
etrate through each other throughout the system, i.e. 
there are no phase-separated areas. This conclusion 
was supported by results of differential scanning 
calorimetry, which gave one thermal transition. The 
two polymacrocyclic components of the proposed 
interpenetrating network are shown in Figure 176. 
While the cyclic component comprised of the hexam- 
ethylene diisocyanate polymer contains 36 members, 
that proposed for the cyclotrimerized phenylene 
methane carbodiimide polycycle is apparently rather 
small at 24 members. Thus, while the authors 
propose “thermodynamic compatibility of constituent 
networks”, it is not obvious that there is size compat- 
ibility. 

C. Polyrotaxanes 

We have already discussed some polyrotaxanes 
which have been prepared by threading and trapping 
cyclodextrins, as well as the crown-ether based 
research of Zilkha and c o - w o r k e r ~ . ~ ~ ? ~ ~  Here, we 
discuss the more recent efforts at the synthesis of 
polyrotaxanes, which have, at least in part, been 
inspired by these early pieces of work. 

After the efforts of Ma~ie jewski , ’~~-’~~ Lipatova, 
Kosyanchuk, and Shilo+711472 used a cyclic urethane 
281, rather than a cyclodextrin, as the ring compo- 
nent present during the polymerization of styrene. 
Styrene was polymerized for 3-4 months in vacuum 
and in the presence of both (i) the cyclic urethane 
and (ii) the complex formed between the cyclic 
urethane and zinc(I1) chloride. The polymers were 
cleaned by several washings to  remove free cyclic 

The “statistical” approach toward pseudopolyro- 
taxanes, pioneered by Zilkha and co-workers, has 
been taken up more recently by Gibson’s group,413,450 
who has used 30-crown-10 and 60-crown-20 for the 
most part as the cyclic components473 in the synthesis 
of a wide range of pseudopolyrotaxanes and polyro- 
taxanes. In its first  report^,^^^,^^^ condensation po- 
lymerization of sebacoyl chloride with 1,lO-decanol 
in the presence of 30-crown-10, followed by addition 
of 3,3,34riphenylpropionyl chloride, yielded a poly- 
rotaxane of low molecular weight. More efficient 
(Figure 177) was the transesterification of dimethyl 
sebacate with triethylene glycol in the presence of 
the crown ethers, followed by the introduction of a 
triarylmethane blocking groups.476 This method 
yielded polyrotaxanes which were purified by re- 
peated precipitations, prior to their contents being 
analyzed by ‘H NMR spectroscopy. One crown ether 
was incorporated for every four monomer units in the 
poly(triethy1eneoxy sebacate) backbone. Approxi- 
mately 25 wt % of the polymer, which had M,, 
between 11 000 (VPO) and 12 200 (GPC), was com- 
prised of threaded portions. The polyrotaxane is a 
viscous liquid at  ambient temperature, whereas the 
parent thread is a solid. This observation led the 
authors to  conclude that the crown ether was acting 
as an incorporated solvent or plasticizer. Poly- 
(butylene sebacate) pseudopolyrotaxanes were also 
prepared. However, the coverage by the macrocyclic 
polyethers was less than that described in the previ- 
ous case. The poor compatibility of thread and ring 
was blamed for this disappointing result. Coverage 
was slightly higher when 60-crown-20 was used as 
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Figure 177. The synthesis of a polyrotaxane from the condensation polymerization of dimethyl sebacate with triethylene 
glycol in the presence of crown ethers and the chemistry to  introduce the triarylmethane blocking groups.476 

0 
the macrocyclic component, although blocking groups 
were not attached to the polymer chain termini. The 
amount of threaded crown ether remained constant 
through several precipitations. This result indicated 
that polymer coiling was preventing dethreading of 
the incorporated rings. The group from Virginia has 
recently reported477 a thorough investigation on the 
synthesis of these polyester rotaxanes, in which the 
polymers were prepared in a step-growth fashion. As 
well as trans-esterification reactions, the polyesters 
were prepared by reaction of diacid chlorides with 
appropriate diols in the presence of either 30-crown- 
10,42-crown-14,60-crown-20, or bis-p-phenylene-34- 
crown-10 (150). Coverage of the macrocycles on the 
polymer backbone goes up with increasing ring size 
and feed ratio, in support of the researchers assertion 
that the systems follow Le Chetalier's principle. The 
highest coverage of the polymeric thread, which was 
achieved using 60-crown-20, corresponded to ap- 
proximately 33% coverage of the monomer units. The 
polymer consisted of 55% by weight of the cyclic 
component. The coverages obtained using 150 were 
extremely low compared with those obtained with the 
simple crown ethers. The solubility of the polymers 
was strongly influenced by the nature and quantity 
of the threaded macrocycle. In cases where poly- 
(butylene sebacate) was formed in the presence of 42- 
crown-14 or 60-crown-20, the resulting polyrotaxanes 
were observed to  possess two phases: a crystalline 
macrocyclic one and a polyester one. This observa- 
tion indicated to the authors that the macrocycles are 
able to move along the thread-like component of the 
polymer in both the melt and solution states. 

Pseudopolyrotaxanes based on polyurethanes, analo- 
gous to  those of Zilkha et al., were also prepared,478 
in which (Figure 178) the two crown ethers, 36- 
crown-12 and 60-crown-20, were employed as sol- 
vents for the reaction of methylene di-p-phenyl 
diisocyanate with tetraethylene Purifica- 
tion by repeated precipitation gave pseudopolyrotax- 
anes with M ,  values of over 7000 and relatively high 
coverages, e.g. 16% for the smaller crown ether and 
a massive 57% for the larger macrocycle. Crystal- 
lization of the polymer with the higher coverage was 
observed without dethreading. Once again, incorpo- 
ration of the crown ethers onto the polymer backbone 

1 1  
30-Crown-I 0 
42-Crown-I4 
48-Crown-16 

Melted Crown 
or Diglyme 

9O"C, 24 h 

1 60-Crown-20 1 

Figure 178. The preparation of pseudopolyrotaxanes 
based on polyurethanes prepared in the presence of the 
crown ethers listed in the 

lowered the glass transition temperatures. Later, the 
group published480 a more complete report of the 
synthesis of these pseudopolyrotaxanes, where the 
intermediate 42-crown-14 and 48-crown-16 were used 
(Figure 178) as the cyclic components during the 
polymerization. The coverage in the case of these 
polymers was 29% and 52%, respectively, when the 
feed ratio of macrocyc1es:monomers was 1.5. When 
the same feed ratio was used with 60-crown-20, the 
coverage was a massive 87%! Thus, as the size of 
the crown ether ring is increased, so the coverage of 
the polyurethane backbone goes up. A similar ob- 
servation of more threading with increasing macro- 
cycle size was made during studies of the gas 
chromatography of cycloalkanes through polymers by 
I. T. Hamilton.481 It has been suggested by Gibson482 
that intraannular hydrogen bonds between the ure- 
thane and the macrocycles provide the enthalpic 
driving force for the threading of the rings in the case 
of his materials. The Virginia group also performed 
experiments in which the feed ratio was lowered to 
0.8 and then to 0.5, giving coverages of 58% and 34%, 
respectively. Interestingly, gel permeation chroma- 
tography of the polyrotaxanes in tetrahydrofuran 
(THF) and 6 mM LiBr in N-methylpyrrolidine (NMP) 
give dramatically different M ,  and M ,  values. The 
apparent molecular weights in the more polar solvent 
are 55% greater for the polymers incorporating 36- 
crown-12 and 42-crown-14, and 90% greater for the 
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Figure 179. The synthesis of a block copolymer containing 
a macrocyclic polyether in the repeating unit. The linear 
part of the monomer is capable of threading through the 
macrocyclic part of a proximal chain, thus leading to a 
p ~ l y r o t a x a n e . ~ ~ ~  

polymer incorporating 48-crown-16. The polypseu- 
dorotaxane has the same size in each solvent while 
the native polymer increases by only 20%. The 
results were explained tentatively by (i) the differing 
solvations of the ring and backbone components in 
the different solvents, (ii) the relative loadings of the 
polymers, and possibly (iii) the complexation of the 
lithium ions.480 

Notably, attempts482 at  carrying out similar poly- 
rotaxane syntheses in which the ring component was 
present during the formation of either polystyrene 
or polyacrylonitrile were more at the fate of statistics 
than when polyurethane provided the backbone.483 
When 60-crown-20 was present in the radically 
initiated polymerization of a~rylonitrile,@~ the result- 
ing polymer contained 40% by weight of the macro- 
cycle, even although this composition amounted to a 
threading efficiency of only 4%, Le. one macrocycle 
every 25 repeat units of the polymer. Once again, 
the coverage was highly dependent upon the feed 
ratio of macrocycle/monomer, and the thermal tran- 
sitions of the polyrotaxane were similar in magnitude 
to those of the pure crown. Gibson’s group has 
undertaken additional research on the synthesis of 
difunctional m a c r o c y ~ l e s ~ ~ ~ ~ ~ ~ ~  and difunctional stop- 
per groups487 for their potential utilization in the 
synthesis of polyrotaxanes. Although no report of 
their use in the synthesis of polyrotaxanes has yet 
been published, polymerization of the macrocycle 282 
(Figure 179) with 4,4‘-oxydianiline afforded high 
molecular weight materials which were extremely 
soluble in all solvents, but which swelled in polar 
solvents.486 The insolubility of the polymers in 
solvents suitable for analogous materials prompted 
the authors to  suggest threading of the linear section 
of polymer macromolecules through the macrocyclic 
section of other macromolecules (Figure 180), produc- 
ing a “physically cross-linked’’ polymer.486 

The changes in the properties of polymer threads, 
which are encircled by crown ether beads, have been 
used by Sze and Gibson488 for the modulation of the 
liquid crystalline behavior of polyazomethine. The 
efficacy of tridp-tert-butylpheny1)methane blocking 
groups for stoppering the rotaxanes was tested on a 
monomeric [2lrotaxane incorporating a diazomethine 
moiety as the rod section in the dumbbell component, 
where 42-crown-14 was the bead component. The [21- 
rotaxane 283 was prepared (Figure 181) in 12% yield 

- - 
Figure 180. The “physical cross-linked polymer” pro- 
posed486 by Gibson for the polymer illustrated in Figure 
179. 
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Figure 182. The self-assembly of a polyrotaxane based 
on a dumbbell component incorporating bipyridinium units 
and bis-p-phenylene-34-crown-10 (150) as the bead com- 
p0nent.*~8’*8~ 

and the triaryl methane blocking groups were used 
to  cap the ends of the polymer threads. Details of 
the claimed control of the molecular weight and 
coverage of the polymer by varying the ratios of the 
components have not yet been reported. 

The recognition logic used by Gibson has been 
reversed in the synthesis399 (Figure 183) of a pseudo- 
polyrotaxane incorporating cyclobis(paraquat-p-phe- 
nylene) (153) and the polymeric thread 284, which 

H O  0 d O O O b  

0 2 8 5 0  4 + OCN NCO 

t DMF / 100% 

4PFG 153 25°C 

L 
Figure 183. The self-assembly of a pseudopolyrotaxane 
incorporating cyclobis(paraquat-p-phenylene) (153) as the 
bead component along a polymeric thread 284.399 

was prepared from the three hydroquinone residue- 
containing thread 285 and bis(pisocyanatopheny1)- 
methane. The relatively low molecular weight poly- 
mer had approximately nine repeat units, along 
which the tetracationic cyclophanes shuttle rapidly 
on the lH NMR time scale in CD3SOCD3. The 
tetracationic cyclophane occupies predominantly the 
hydroquinone residues of the polymer. 

D. Polycatenanes 
Clearly, the statistical approach for the creation of 

structures with aspects of interlocking has severe 
limitations. When the chances of forming two cat- 
enated rings is low, the probability of achieving a 
polycatenated structure is infinitesimally small. Some 
order, by exploiting molecular recognition, for in- 
stance, must be brought to  bear on the components 
of the target catenane in order that efficient inter- 
locking can be achieved. 

In 1970, Karagounis and c o - w o r k e r ~ ~ ~ ~  published 
the first in a series of papers491-496 in which they 
described a rather speculative method based upon the 
orienting of bifunctional bipolar compounds at a 
surface. The method was directed at preparing 
“catena compounds”. Amphiphilic diols or diamines 
were spread at  a monolayer and, in the presence of 
dibenzocrown ethers, were reacted with diacid chlo- 
rides. The route t o  the proposed structures is il- 
lustrated schematically in Figure 184. As a specific 
example,495 1,18-0ctadecanediol was oriented at  an 
air-water interface and was then reacted with tri- 

R = COOH, X =  16 
R =OH, X =  14,18 
R = COCI, X =  14 

R’ 
U R  J. 

I m = 3 2  

H2N(CH2)6NH2 
Na00C(CH2),4COONa 

OCNCH2C(Me)2CH2CH(Me)CH2CH2NC0 

Figure 184. A schematic representation of a method 
designed to prepare “catena compounds” at  
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methyl hexamethylenediisocyanate in the presence 
of a mixture of cyclosiloxanes. For some reason, a 
magnetic field of 18 000 G was applied to the reaction 
mixture. 

The products of the reactions were not studied 
exhaustively by analytical techniques. The charac- 
terization of the isolated materials relied predomi- 
nantly upon results obtained from infrared (IR) 
spectroscopy. After thorough extraction of the prod- 
ucts of the reactions with solvents in which at least 
one of the components of the “polycatenanes” were 
soluble, the IR spectrum of the residual material 
revealed the presence of both macrocycles. Small 
frequency shifts in both directions were observed in 
the bands arising from the individual components, 
compared with those for the pure compounds. These 
changes were postulated t o  have arisen as a result 
of interannular van der Waals interactions caused 
by threading. Gas chromatograms of low molecular 
weight “catenanes” showed that they had different 
retention times to  those of the component macro- 
cycles. 

Although all the highly optimistic reports by Kara- 
gounis illustrate an idyllic linear chain in represen- 
tations of the structures, there are a number of more 
likely outcomes from the reactions that were de- 
scribed, which may explain at least some of the 
experimental observations. The size of the preformed 
macrocycles used in the polymerizations were only 
large enough for the threading of a single chain 
through their center. Therefore, perhaps the most 
obvious outcome is the linking of the termini of the 
bipolar amphiphiles such that pseudopolyrotaxanes 
are formed at the interface. We have already dis- 
cussed the fact that pseudopolyrotaxanes have the 
ability to  retain their threaded nature despite the 
absence of blocking groups at the chain termini as a 
result of random coiling of the polymer backbone. 
This phenomenon would result in the presence of 
both components in the polymeric materials that 
were produced. Another likely outcome is the forma- 
tion of a mixture of randomly cross-linked threads 
along which are trapped macrocycles in a highly 
polydisperse two-dimensional mesh at the interface. 
Thus far, no other researchers have reported an 
evaluation of the method developed by Karagounis 
to  confirm or otherwise the assertions. Probing the 
products of these reactions with the armory of 
analytical techniques available to  the modern chem- 
ist would surely answer some of the unanswered 
questions arising from this research. Despite the 
lack of characterization of the materials which were 
formed in the polymerizations, this approach dem- 
onstrates how the principles of self-organization- 
achieved through hydrophobic interactions-might be 
used for the synthesis of catenanes. Indeed, since 
writing the last lines, the method has been proven 
partially correct by the group of B u s ~ h . ~ ~ ~  

Very recently, Semlyen and co-workers reported497 
the attempted synthesis of “the first catenated poly- 
mers” by attaching 1 l-bromoundecanoic acid to poly- 
mer supports, followed by cyclization (Figure 185). 
The acid was fured initially to a basic polymer 
support, and was then reacted by heating in toluene. 
The principal products, which were separated by 
filtering off the resin, were proposed to be cyclic 

Br Br Br > > >  
666 Chain 

growth 

P B j  

‘ IO 

Figure 18s. A proposed mechanism for the synthesis of 
catenated polymers under heterogeneous conditions.497 

polyesters of the type [(CH&.XO.OL on the basis of 
gel permeation chromatography, mass spectrometry, 
and network trapping. When the reaction was 
repeated on a small scale in the presence of the 
prefabricated cyclic polyester, the IH NMR spectrum 
of the product suggested the presence of cyclic 
polyesters. Gel permeation chromatography showed 
that these cyclic polyesters have a high molecular 
mass. The presence of dimeric up to  higher order 
catenanes comprised of cyclic polyester macrocycles 
was proposed. 

E. Crystals Containing Networks of Interlocking 
Supramolecular Arrays 

Although crystalline formations of interlocked ring 
structures cannot be regarded strictly as interlocked 
in a topological sense, unless one considers a nonco- 
valent bond to be a permanent entity, the great 
number of beautiful structures498 that have been 
described recently by X-ray crystallography are wor- 
thy of note. 

The crystal structure of trimesic acid (benzene- 
1,3,54ricarboxylic acid) shows a two-dimensional 
chicken-wire-type structure,499 where any set of six 
molecules are held in a 14 A diameter ring by 
O-H*-.O hydrogen bonds. Twisting of some of the 
hydrogen bonds in the structure means that the 
sheets are pleated. In addition, the structure is triply 
catenated, by means of interpenetration of the sheets 
through one another in the crystal. Indeed, it has 
only recently been shown that the anhydrous acid can 
exist in a state where it is not ~e l f - f i l l ing .~~~ 

two beautiful crystal 
structures in his search for diamondlike-or 
diamondoid-networks in the solid state formed by 

In 1988, Ermer 
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tetrafunctional organic molecules. The mutually 
interactive functional groups in each molecule were 
positioned such that their directions described a 
tetrahedral geometry. The tetracarboxylic acid 3,3'- 
bis(carboxymethy1)glutaric acid (286) does indeed 
adopt a pseudo-tetrahedral shape and forms501 elon- 
gated diamondoid networks held together by hydro- 
gen bonds, as in the case of trimesic acid. In addition, 
the hollows in the stucture are filled by two identical 
interpenetrating networks, in a triply catenated 
manner. The larger and more rigid adamantane- 
1,3,5,7-tetracarboxylic acid (287) also forms hydrogen- 
bonded diamondoid lattices,502 but because of the 
larger hollows in the structure, five equivalent net- 
works interpenetrate one another to  form a type of 
polymeric pentacatenated structure. 

Amabilino and Stoddart 
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The adamantane-type structure has also been 
shown to form interpenetrating networks for inor- 
ganic materials where the coordination number and 
geometries of the metal ions are used to determine 
the form of the assembled lattices. Cadmium cyanide 
and zinc cyanide form503 infinite frameworks in the 
solid state, comprised of interpenetrating adaman- 
tane-type units as does Kz[PdSed, which has two 
interpenetrating networks.504 The same has been 
proposed for frameworks505 comprised of BeF2 and 
either Si02 or GeO2. When copper(1) tetrakisaceto- 
nitrile hexafluorophosphate was crystallized506 with 
4,4'-bipyridine, the now familiar diamondoid struc- 
ture is formed in the solid state. In this structure, 
the bipyridine ligands link the copper ion junction 
points in the lattice. This time, however, four 
equivalent networks interpenetrated one another. On 
the other hand, crystals of [Cu2(Pz)3SiF61, obtained 
in the same manner506 give an interpenetrating 
honeycomb grid, where one network intersects an- 
other. When silver(1) triflate is crystallized507 with 
4,4'-bipyridine, the resulting crystals contain four 
interpenetrating adamantanoid networks. A similar 
network was obtained when the tetrafluoroborate salt 
of the metal ion forms a cocrystal with 4-cyanopyri- 
dine. In a similar vein,508 crystals of [Cd(bpy)z[Ag- 
(CN)2121 and [Cd(pyrz)2[Ag2(CN)31[Ag(CN)z13 contain 
doubly and triply interpenetrating framework-type 
structures, respectively. Three interpenetrating nets 
form through one another when Rb[Cd[Ag(CN)2133 is 
crystallized.509 Approximately linear NCAgCN con- 
nectors coordinate the remaining metal centers in the 
structure. A set of interpenetrating meshes is ob- 
served in crystals of [Cd(NH3)2[Ag(CN)2121.510 

The crystal structure511 of a molecular-based mag- 
net showed that it was comprised of a fully inter- 
locked structure. The complex (rad)2Mn2[Cu(opba)l3- 
(DMS0)2*2HzO [where rad+ is 244-N-methyl- 
pyridinium)-4,4,5,5-te trame thylimidazolin- 1 -0yl3 -ox- 
ide and opba is o-phenylenebis(oxamato)l crystallized 
from DMSO as a structure in which two perpendicu- 
larly stacked two-dimensional networks interpen- 
etrate through one another. The mean separation 

between the corners of the rings, whch are comprised 
of Mn1*&u116 hexagons, is 21.5 A, the edges of the 
hexagons being shared between adjacent rings. Three 
types of spin carrier-Mn(II), Cu(I1) antiferromag- 
netically coupled via oxamato bridges, and rad+ 
radical cations which bridge Cu(I1) ions-are present 
in the material which is a magnet below 22.5 K.512 
Another magnetic material reported recently turned 
out to  be an inorganic double helix formed by hydro- 
thermal synthesis.513 The vanadium phosphate 

crystals in which chiral double helices wind through 
one another so as to  form tunnels and cavities which 
are occupied by (Me)2NH2+ and K+ cations. The 
authors proposed that these channels and tunnels 
might be used for discrimination between enanti- 
omers, since only one enantiomorph is present in any 
single crystal of this complex structure. Real et al. 
have prepared a spin-crossover system whose struc- 
ture is of a polycatenane type.514 The ligand 288 was 
crystallized from a solution containing half the 
number of moles of iron(I1) thiocyanate. The struc- 
ture contains two perpendicular networks which are 
fully interlocked. The material shows a low-spin to  
high-spin transition between 100 and 250 K. 

~ ~ M ~ ~ ~ N H ~ I I ( ~ ~ V ~ O ~ ~ O ~ H ~ ~ ~ ~ - ~ O H ~ ~ ~ P ~ ~ ~ ~ ~ ~ ~ H ~ ~  forms 

N\ @ / 288 

Crystallization of the simple ligand 289 with Mn- 
(c104)2 produced a polycatenated sheet structure.515 
Each sheet is comprised of a mixture of 34- and 68- 
membered rings, containing two and four octahe- 
drally coordinated metal ions. Furthermore, this 
sheet is interwoven with a second sheet so that the 
Mn(I1) centers of one network are located in the 
middle of one of the 68-membered rings of the other. 
The layers are thought to  be favored as a result of 
aromatic-aromatic face-to-face and edge-to-face in- 
teractions. 

O Q f l N a o  289 

The geometrically similar ligand 148 used by Fujita 
and co-workers for catenane synthesis333 has also 
been employed for tke preparation of "interpenetrat- 
ing molecular ladders and The single 
crystal of [Cd(148)1,5l(N03)2 had a structure in which 
each cadmium(I1) ion was seven-coordinated to py- 
ridyl groups of the ligand. The whole structure had 
a ladderlike appearance. However, when a fluori- 
nated analog of 148, specifically 290, was crystallized 
with the same metal ion, the similar complex had a 
completely different structure in which three inde- 
pendent "molecular bricks" interpenetrate through 
one another, making a sheet approximately 14 A 
thick, a section of which is illustrated in Figure 186. 

F 

F 
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Figure 188. A layer of three interpenetrating “molecular 
brick” networks of the compound [Cd(148)l.sl(N03)2.516 

Arguably one of the most stunning of these inter- 
penetrating networks is the one reported517 by the 
group of Robson. The crystal structure of ZnAuz(CN)4 
possesses a unit cell with all equivalent zinc centers 
and gold centers, and two types of cyanide counteri- 
ons. The IAu(CN)zI- units act as connectors between 
zinc centers. The topology of the resulting net is 
identical to quartz, but as a result of the long spacer 
between the zinc atoms, six identical, but indepen- 
dent, nets interpenetrate through one another. 

It is surely certain that further variations of linking 
units in combination with different metal ions will 
continue to produce more of this type of beautiful 
“polycatenane” in the solid state. 

XI. Overview and Opportunities 
Tremendous progress has been made, from the 

statistical and serendipitous procedures of bygone 
days, to  the predesigned and predictable syntheses 
based on molecular recognition phenomena of in- 
creasingly intricate interlocked structures and inter- 
twined superstructures of the present day. Arguably, 
the most impressive molecular structures created so 
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far have been made possible by utilizing the recogni- 
tion set provided to us by nature in the form of DNA, 
which is, in itself, the most awe-inspiring supramo- 
lecular system in relation to  its form, function, and 
performance. Yet, all the successful synthetic sys- 
tems outlined in this review are based on relatively 
primitive and easily accessible components-such as 
bipyridinium units, hydroquinone rings, pyridine 
derivatives, phenanthroline residues, and so on. It 
is not unreasonable to  suggest that synthetic chem- 
istry is capable of creating complex structures from 
simple building blocks using principles like template 
direction and self-assembly-concepts borrowed from 
nature.518 

The conceptual progression from simple recognition 
processes to a family of more complex interlocked and 
intertwined structures and superstructures is il- 
lustrated in Figure 187. The lower half of the figure 
traces the progress that is being made in the Stras- 
bourg laboratories by the Sauvage Their 
starting point was the simple chelation of metal ions 
by coordinating ligands. The top part of the figure 
shows the development of the Birmingham sys- 
t e m ~ ~ ~ ~ . ~ ~ ~  based on n-electron donors and acceptors 
starting from relatively simple host-guest com- 
plexes. The development of these systems based on 
weak noncovalent bonding interactions, and their 
synthesis using self-assembly techniques, has been 
aided enormously by structural information from the 
solid state. It is for this reason that the molecular 
collage depicts the superstructures in the form of 
donor-acceptor stacks. In a not dissimilar way, the 
Whitesides group5lg at  Harvard are investing their 
talents and efforts in the design and creation of huge 
supermolecules using the mutual hydrogen-bonding 
interactions between melamine and cyanuric acid 
derivatives. 

rnlPseudo- Double Helices Polycatenanes Aggregation Stacked Stacked 
Pseudorotaxanes [ZICatenanes rotaxanes 

a 
Interlocked 

Intertwined 
Structures 

Super- 
structures 

[nlPseudo- Double 
Chelation Precatenate [qcatenate rotaxanes Helicates Polycatenates 

I Increasingly Programmed Molecular Information 

Figure 187. The conceptual progression from simple recognition processes - based on donor-acceptor stacks (top) and 
metal ion chelation (bottom) - to a family of interlocked and intertwined structures and superstructures. 
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Figure 188. Three representations of the Borromean 
rings.522 

Recently, Lokey and I v e r ~ o n ~ ~ ~  have reported the 
formation of a pleated superstructure formed by a 
preprogrammed macromolecule in aqueous solution. 
It was inspired by the solid-state structure of the 
stacking between 1,5-dioxynaphthalene residues and 
1,4,5,8-naphthalenetetracarboxylic diimide, which 
behave as donors and acceptors, respectively. This 
pleated structure is easily vizualized by joining the 
ends of the aggregate in Figure 187. As progressions 
such as this one are made successfully to larger and 
more complex structures and superstructures, the 
“programming” that has to be incorporated into the 
molecular components will have to be increasingly 
more precise-the real challenge provided by this 
“programming” is the design and synthesissz1 of the 
components. 

Chemists will continue to search for even greater 
challenges in the form of new topologically compli- 
cated target structures to test their skills in template- 
directed synthesis. Dietrich-Buchecker and Sau- 
.agez4 have achieved the synthesis of trefoil knots 
using metal ions as templates. This kind of com- 
pound remains an elusive one to synthesize using 
purely organic synthetic building blocks capable of 
interacting solely in a noncovalent manner. How- 
ever, the goal has been demonstrated using DNA.434 
The formation in solution of purely synthetic organic 
double helices is a difficult enough task! Yet, as we 
have seen throughout this review-what is difficult 
today has a way of becoming easy tomorrow. Per- 
haps the next fundamental goal to tantalize and tease 
those chemists practicing template-directed synthe- 
ses are the Borromean Le. three rings which 
are linked (Figure 188), yet in which no two indi- 
vidual rings are interlocked. Another aesthetically 
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Figure 189. A challenging goal for the eatenane chemists! 
A cyclic L6lcatenane. 

appealing structural type, which has yet to  be 
prepared in the laboratory, are the cyclic catenanes 
(Figure 189). Beyond them lie the vast array of 
higher knots and other complicated interlocked and 
intertwined structures and superstructures which 
have been described523 as molecular macram& 

In the Introduction, we noted that rotaxanes are, 
strictly speaking, not topological isomers of their 
components. In a rotaxane, a bulky group must 
hinder dethreading, although materials which are 
clearly pseudorotaxanes-and can be separated by 
chromatography at room temperature but can be 
disassembled at  relatively high temperatures-can be 
observed at  low temperatures as single threaded 
species. Problems are encountered in trying to define 
interlocking. Several researchers have defiued in- 
terlocking as involving relatively weak metal-to- 
ligand bonds. The search for sources of interlocking 
within the structures of proteins and the like must 
include very weak hydrogen bonds and is certainly 
of academic interest. However, there is always the 
need to decide when a bond is a bond! The same 
situation pertains for rotaxanes formed by slippage, 
particularly when the energy barrier to dethreading 
is low. When is a mtaxane a rotaxane and not merely 
a pseudorotaxane, i.e. a complex? A similar problem 
of definition has been faced in the distinction between 
stereoisomers which are equilibrated as a result of 
torsional motions about single covalent bonds!= The 
concept, which was introduced by Mislow, is one of 
“residual stereoi~omerism”.~~~ It is a description 
which refers to stereoisomers as species which can 
be differentiated under certain conditions using a 
specific technique. The situation is not so clear in 
the case of interlocked systems, where noncovalent 
bonds are included along the molecular path which 
is necessary to define interlocking. A similar di- 
lemma is faced when considering what is a topologi- 
cally significant bond. For example, the axial coor- 
dination of bulky ligands to a metalloporphyrin leads, 
if one discounts the porphyrin-to-metal bonds, to a 
rotaxane! Two elegant examples of this kind of 
structure have appeared526 recently. However, ap- 
pealing to the philosophy adopted by Walba,23 “rather 
than make an arbitrary decision concerning the exact 
weighting necessary for a topologically significant 
bond” or the energy required to dissociate the two 
components of a rotaxane, “we choose to leave this 
point open”. 

A critical factor that has permitted the rapid 
progress toward complex molecular and supramo- 
lecular systems is the armory of techniques for 
synthesis, separation and analysis available to the 
scientists in their research laboratories today. The 
invention and development of new analytical meth- 
ods promises increasingly to take the chemist toward 
detailed studies of the properties of the structures 
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supramolecular, as well as the molecular level. We 
thank most warmly Dr. Jean-Pierre Sauvage (Uni- 
versite Louis Pasteur, Strasbourg) for not only pro- 
viding illustrative material but also for reading most 
critically the large and important section devoted to 
his own research. We are grateful to Professors Jean- 
Marie Lehn (Universite Louis Pasteur, Strasbourg) 
and Alan Williams (University of Geneva) for provid- 
ing us with art-work and diagrams for reproduction 
in the review. The critical and constructive com- 
ments made by the referees were most welcome. 
Undoubtedly, responding to them has greatly im- 
proved the quality of the review and raised the level 
of its presentation. We wish to  record our apprecia- 
tion to Dr. Norma Stoddart for her hard work and 
patience during the preparation of the manuscript- 
and also to  Drs. Lluisa Perez-Garcia, Rainer Koniger, 
and FranGiseo Raymo for assistance with translations 
and illustrations, as well as with proofreading. The 
research which has come out of our own laboratories 
in Birmingham has been supported generously by 
both the Biotechnology and Biological Sciences Re- 
search Council and the Engineering and Physical 
Sciences Research Council in the United Kingdom. 
The Royal Society and the Commission of the Euro- 
pean Union have, in turn, supported the research 
activities of DBA in Strasbourg. 

and superstructures of interlocked and intertwined 
systems, respectively. A good example of such a 
technique in the context of the current systems is the 
use of scanning force microscopy,527 a technique 
which has been used, for example, to  study DNA 
supercoiling in three dimensions.528 Indeed, such 
methods may also be used to manipulate mol- 
e c u l e ~ . ~ ~ ~  As new information concerning the proper- 
ties of the novel wholly synthetic interlocked and 
intertwined systems is uncovered, so the fresh and 
exciting targets for property-directed synthesis521 will 
be set. 

The majority of the interlocked and intertwined 
structures and superstructures reviewed in this 
article have been isolated as compounds and com- 
plexes with the aim of understanding at a funda- 
mental level the ways in which simple components 
come together to form larger and more complex 
assemblies and arrays. The ultimate goal of much 
of the research is to  generate systems that will 
display a function in some way or another. A few of 
the systems that have already been prepared exhibit 
properties which mean that they qualify as simple 
“devices” at the molecular Yet, considerable 
hurdles have to be overcome in the development of 
such “devices” if we are to  be able to  address these 
tiny molecular assemblies or supramolecular arrays. 
If this goal can be achieved, then the possibility of 
constructing molecular computers will have begun. 
Already Adleman531 has provided an example of the 
way in which DNA molecules can be used to carry 
out computations. As supramolecular science devel- 
ops and evolves, it too must surely provide more and 
more sophisticated examples of the acquisition, as- 
sessment, transfer, storage, and recall of information 
at  the molecular level. 

In the meanwhile, as scientists, we will continue 
to be amazed at, and excited by, the ways in which 
molecules and supermolecules recognize each other 
and react one with another in order to interlock and 
i n t e r t ~ i n e . ~ ~ ~ , ~ ~ ~  
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