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Foreword 

Almost a century has elapsed between Willstatters ‘visionary’ speculation about a 
molecule made of two interlocked rings - a catenane - and the todays outspread- 
ing molecular chemistry concerned with topology. 

After the very early achievements due to the real pioneers of chemical topol- 
ogy who forty years ago first acceeded to that intriguing molecule that is a cate- 
nane (by statistical threading approach Wasserman, 1960 or by a directed 
approach: Luttringhaus and Schill, 1964), this peculiar field of research concerned 
with molecules whose prime feature rests without doubt on beauty and non trivial 
spacial arrangement, has in the beginning of the 80’s literaly exploded with the 
apparition of various templated approaches. 

Creative imagination led chemists to use as templates either transition metals, 7c 
donor-acceptor effects or hydrogen bondings in order to build up around a central 
core or by multi-fragment interactions, more and more complex molecules, from 
the plain [2]-catenanes to higher entwined and complex molecular edifices like 
knots, doubly interlocked or poly-catenanes. Step by step, with an ever increasing 
rate and more and more sophisticated targets, the actual achievements realized by 
molecular chemists today go far beyond Willstiitters original early dream. 

But if in the beginning such molecules were mainly perceived as synthetic 
challenges, they were soon connected to nature and reality with the discovery in 
the early 60’s of catenated or knotted DNA. 

Unexpectedly, this field of research, actively supported by rigorous mathemati- 
cal theories, glided furtively from pure curiosity towards much more concrete and 
tangible domains. 

After numerous answers were brought to the synthetic challenge itself, there 
arose ever more insistently the quest for functions and properties of such special 
compounds. Already, even if still far from real applications, one can imagine, 
based on interlocked, threaded or knotted multi-component molecules, new organ- 
ic materials, specific polymers, molecular devices or machines able to process and 
transfer energy, electrons or information. 

We hope that the present book which gathers articles from very different scien- 
tific horizons will allow the reader to gain an overview on a fascinating broad 
area of science and to appreciate the long way covered in only a few decades. 



VI Foreword 

We would particularly like to thank each of the authors for making time in 
their busy schedules to contribute a chapter to this book. 

Jean-Pierre Sauvage, Christiane Dietrich-Buchecker 
Strasbourg, September 1998 
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1 Chemical Topology - Statistical Musings 

E . Was sennan 

Chemical topology was undoubtedly discussed for decades before serious labora- 
tory efforts began. When cyclic compounds were known, the imagination could 
play with conjectures about catenanes and knotted rings. In 1961, on a visit to 
V. Prelog at the ETH, he told me about a conversation with L. Ruzicka many 
years earlier. Ruzicka mentioned that R.M. Willstatter had discussed the possibili- 
ty of interlocked rings in a talk in Zurich before 1912 [l]. The awareness of these 
three chemists, major contributors to our knowledge of small- and medium-sized 
rings ( 5  30 carbon atoms), suggests that the concept of catenated cycles had been 
in the air for many years. 

The broad landscape of chemical topology and topoisomerism has been sum- 
marized in comprehensive reviews [2-51. The accomplishments of Schill, Walba, 
Sauvage, Stoddart, and others are landmarks in organic synthesis. This chapter de- 
scribes a personal odyssey in which the focus is on statistical approaches - tinged 
by polymer science in their continual reference to the flexibility of chains. Some 
early laboratory efforts, and the technical considerations which led to them, are 
discussed, as is more recent activity. 

1.1 Catenanes 

I was introduced to interlocked rings in 1956 by M.S. Newman, a seminar 
speaker at Harvard. In informal discussion after the talk he described the proposal 
of a graduate student at Ohio State, L. Friedman, for a many-step synthesis of a 
catenane. The final reaction was cleavage of the two bonds connecting the linked 
and chemically bound rings. 

I was intrigued. Mulling over the problem later that evening, and considering 
the need both to form and to detect catenanes, a statistical approach seemed at- 
tractive. Synthesis of a C30 ring from a linear precursor in the presence of an inert 
C20 cyclic compound should enable threading of some of the smaller rings before 
cyclization. A Cs0 product would indicate the presence of an interlocked system. 
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figure 1. Experimental route to a 34,34-catenane. 

At Bell Laboratories the following year, I manipulated space-filling models and 
found that a ring 2 2 2 4  was required for a polymethylene chain to pass through. 
Larger rings were preferred as they should be more likely to have sufficiently 
open conformations. The acyloin condensation of an Q,O diester offered a partic- 
ularly efficient route to carbocycles. With the largest reported diacid containing 34 
carbon atoms, these considerations pointed to a 34,34-catenane as the goal. The 
experimental route is given in Figure 1 [6]. 

After chromatographic removal of 3, the cleavage of the catenane, 4, to 3 and 
1 was critical evidence of the structure. Numerous blank experiments excluded 
other possibilities. Figure 1 essentially describes a double-labeling experiment; 
deuterium for one ring and the acyloin function for the other, the labels detected 
by their infrared absorption [6]. The few milligrams of purified 3 could not be 
crystallized. The name ‘catenane’ was based on the Latin ‘catena’ for ‘chain’. 

The stability of the catenated link under laboratory conditions, e.g. chromatog- 
raphy, is essentially demonstrated in Figure 1. Simple calculations of the probabil- 
ity of tunneling of one C-C bond through another gave unobservably small 
values. Although expected, the evidence for the robust structure was reassuring. 

More information on threading was reported by Harrison and Harrison in some 
elegant studies. They demonstrated that a polymethylene could thread a C30 ring 
bound to a Memfield resin to form a hooplane or rotaxane when the ends were 
capped [7]. Using a mixture of rings alkane chains were found to thread C24 and 
larger cycles with a probability which increased with ring size. Values of -1% 
were found near C30 [8]. The low probability of threading [6, 71 made the forma- 
tion of multiply-threaded polymeric systems unlikely [9-1 l]. Attempts at synthe- 
sis were made by Luttringhaus et al. [12] and by Lemal [13]. They constructed 
systems in which the closure of a second ring would have led to catenanes in 
high yield. 
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1.2 Olefin Metathesis 

Another route to catenated structures became possible via the olefin metathesis 
reaction of Calderon et al. [14, 151. With cyclododecene, oligomers up to CIg2 
could be identified by mass spectrometry [16]. The original suggested mechanism 
involved a transient metal-complexed cyclobutane [ 14, 151. With oligomers aris- 
ing from repeated metathesis, twisting of the intermediate rings and another meta- 
thesis defines a Mobius-strip approach to catenated and knotted rings [17]. The 
mass spectral evidence [ 171 was consistent with catenanes. 

Shortly after these reports, mechanistic studies by Grubbs [ 181 established that 
metal-carbenes 5 and metalocyclobutane 6 are the critical intermediates, as shown 
in Scheme 1. 

5 6 Scheme 1 

This route provides access to catenanes (and knotted rings) without having to 
thread closed cycles, sharing an important feature of the Mobius path. The more 
complex ring structures arise from the tangling motions of the pendant chain be- 
fore formation of the fowmembered ring 6 (Scheme 2). 

More generally, the metathesis reaction provides a laboratory analog of an im- 
portant theorem in topology. Any linked or knotted structure can be converted to 
simple cycles (unknots) by selective interconversion of overcrossings and under- 

? 
I 1  
L 

I 
‘i Scheme 2 
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0 
0 

Scheme 3 

crossings - Scheme 3 [18]. Conversely, unknots of adequate size can be con- 
verted into any other linked or knotted species. 

The metalocarbene, containing one carbon of a potential double bond, is a cata- 
lyst for the reversible breaking of an olefinic bond. Once broken the conversion 
of an overcrossing to an undercrossing is a change of conformation. Reforming 
the bond can freeze this new arrangement - Scheme 4. 

The mass spectra [17] give a grossly simplified picture of the complex mixture 
which can result from a ring-opening polymerization. Knotted isomers can have 
almost identical mass spectra, dominated by the parent ion. With the reversibility 
of metathesis, the polyolefin mixture near equilibrium is expected to contain a 
large variety of knotted and linked species. 

A molecular biology analog of Scheme 4 is the ability of topoisomerases to in- 
terchange different knots in DNA [19]. 

1.3 Knots 

In reference 1 we noted that a cycloalkane with >50 carbon atoms could exist as 
a (chiral) trefoil, and one with >72 carbon atoms as a figure-of-eight. The mini- 
mum values are for a ‘tight’ knot, one with little flexibility. These numbers were 
obtained from models and the examination was not extended to larger molecules. 
In the intervening years the ability to synthesize more complex systems has 
greatly improved. A dramatic demonstration of this progress was the directed syn- 
thesis of a trefoil by c. Dietrich-Buchecker and J.-P. Sauvage in 1989 [20]. 
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and sixfold knots. 

To examine the possibilities for knotted isomers in larger rings we note that 
two 5-fold knots (Figure 2) require -83 and -92 methylenes; the three 6-fold 
-100, -102, and -105. Thus a Cloo cycloalkane might exist as one of -5 isomeric 
knots. 

This sparse set of choices becomes richer with larger rings. With more cross- 
ings, n, the number of possible knots increases exponentially [21]. There are 21 
for n=8, 165 for n=10, and 2176 for n=12 [22]. Models indicate that many 12- 
fold knots should be stable in a cycloalkane of -C200. The rapid increase in the 
number of possible knots between Cloo ( -5) and C200 (-3000) results from the 
dependence of allowed values of n on ring size. 

One can excise -4 carbon atoms, and the loop in the shape of a lock-washer 
which pivots around them, to convert an n-crossing knot into an n-2 knot. Some 
30 carbon atoms are removed in this transformation. Examples would be the con- 
version of the 6-fold knots (Figure 2) into the figure-of-eight, removing 28, 30, or 
33 carbon atoms. In general we expect the allowed n for tight knots to increase 
approximately linearly with the size of the ring. 

There are >lo6 knots for n = 16 [23] and by extrapolation there will be >lo7 
for n=18. Thus a ring of -300 carbon atoms has the potential for tens of millions 
of knotted isomers, most of which will be chiral. The laboratory tests of these 
conjectures are left as an exercise for the reader. 
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2 A Knot Theoretic Approach 
to Molecular Chirality 

Erica Flapan 

This chapter will begin by explaining some topological techniques to prove that a 
knot, link, or embedded graph cannot be deformed to its mirror image. We shall 
explain how to use these topological techniques to prove that the graphs of many 
of the recently synthesized chemical knots and links cannot be deformed to their 
mirror images. Then we present an alternative approach to analyzing whether a 
molecular structure can be deformed to its mirror image, by using a molecular 
cell complex rather than a molecular graph to represent a molecule. We will pre- 
sent examples of molecular cell complexes, and explain how to prove that an em- 
bedded cell complex cannot be deformed to its mirror image. Finally, we give ex- 
amples of chiral molecules whose molecular cell complexes cannot be deformed 
to their mirror images yet whose molecular graphs can be deformed to their mir- 
ror images. Thus in these examples, the topology of the molecule is more accu- 
rately represented by a molecular cell complex than by a molecular graph. 

2.1 Topological Chirality of Knots and Links 

Topologists became interested in chirality with the development of knot theory, 
which itself grew out of chemistry. In the late nineteenth century, Lord Kelvin de- 
veloped the theory that atoms were vortex rings which were knotted or linked in 
different ways according to what element they were [l]. Motivated by this theory, 
Peter Guthrie Tait created tables of different knots and links with the hope of 
building a periodic table [2]. Tait defined a knot to be a simple closed curve in 3- 
space, and a link to be one or more disjoint simple closed curves in 3-space. He 
defined two knots or links to be topologically equivalent if one can be deformed 
to the other, where a deformation of a knot or link does not permit the knot or 
link to pass through itself. In order to provide a list of topologically distinct knots 
and links, Tait tried to determine whether or not each knot and link could be de- 
formed to its mirror image. 
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Ever since Tait’s seminal papers on knot theory [ 2 ] ,  topologists have been inter- 
ested in which knots and links are topologically distinct from their mirror image. 
Nonetheless, the word ‘chirality’ was not used to describe knots and links until 
the 1980s. Prior to that time, topologists utilized Tait’s terminology which defined 
a knot or link to be amphichirul if it could be deformed to its mirror image. 
There was no specific word to refer to a knot or a link which was not amphicheir- 
al. As a result of the increase in communication between topologists and chemists 
since the early 1980s, the term topologically achiral is now commonly used as a 
synonym for amphicheiral, and knots or links which are not amphicheiral are said 
to be topologically chiral. Note that for molecular graphs the word ‘achiral’ can 
have different meanings depending on how flexible the graph is. In order to make 
it clear that the knots and links we are considering are completely flexible, we 
always speak of topological achirality rather than simply achirality. 

For a knot or link which has few crossings, it may not be too difficult to see 
how to deform it to its mirror image. For example, Figure 1 illustrates how the 
figure eight knot can be deformed to its mirror image. To get from the first pic- 
ture in Figure 1 to the second picture, you rotate the knot by 180” about a verti- 
cal axis. Then to get to the third picture, you flip the long string over the knotted 
arc without moving the knotted arc. This final picture is the mirror image of the 
first picture, where the mirror is in the plane of the paper. This means that the 
mirror has the effect of interchanging all of the overcrossings and undercrossings. 

In most cases, simply examining a knot or link is not sufficient to determine 
whether or not it is topologically chiral. If we cannot find a deformation of it to 
its mirror image this does not necessarily mean that such a deformation does not 
exist. Perhaps if we just kept trying we would eventually find the deformation, or 
perhaps the knot or link is actually topologically chiral. In order to avoid this un- 
certainty, topologists have developed techniques to recognize when knots and 
links are topologically chiral. One important technique is to make use of one of 
the collection of link polynomials which have recently been created. We project 
our knot or link onto a plane in such a way that at most two points of the knot or 
link are projected down to the same point. Then we indicate each undercrossing 
by drawing a gap where one strand is meant to go under another strand. For ex- 
ample, Figure 1 illustrates several projections of the figure eight knot. We orient a 
knot by drawing an arrow to indicate in which direction we shall traverse the 
knot. A link is oriented by putting an arrow on every component of the link. 

There are several link polynomials which are convenient to use, notably the 
Jones polynomial [3], the Kauffman polynomial [4], and the 2-variable HOMFLY 
polynomial [5]. These polynomials are all easy to explain and somewhat similar 
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in flavor, so we present only one, the HOMFLY polynomial named after five of 
the authors who discovered it, Hoste, Ocneanu, Millet, Freyd, Lickorish, and Yet- 
ter. It was also independently discovered by Przytycki and Traczyk [6]. This poly- 
nomial is sometimes simply called the P-polynomial. All the link polynomials are 
actually Laurent polynomials, which means that the variables in the polynomials 
can be raised to negative as well as positive powers. 

Before we define the P-polynomial we need to clarify our terminology. Recall 
that the word ‘link’ refers to one or more simple closed curves, so when it is con- 
venient, we shall use the word ‘link’ to mean a knot or link. The unknot is 
defined as any simple closed curve which can be deformed into a plane, and the 
unlink is defined as any collection of one or more simple closed curves which can 
be deformed into the plane. We begin by fixing a particular projection of an 
oriented link L. The P-polynomial of L will be defined in terns of the crossings 
of this oriented projection. We want to distinguish two different types of oriented 
crossings which we will call positive crossings and negative crossings. These two 
types of crossings are illustrated in Figure 2. Every crossing can be rotated to 
look like one of the two crossings in Figure 2. Furthermore, no matter how a pos- 
itive crossing is rotated, it will never become a negative crossing, and no matter 
how a negative crossing is rotated, it will never become a positive crossing. 

x S Figure 2. A positive crossing and a 
POsnlve Crwrslng Negative closslng negative crossing. 

The P-polynomial is defined recursively. This means that we compute the P- 
polynomial of an oriented link in terms of the polynomials of simpler oriented 
links, which in turn are computed in terms of the polynomials of oriented links 
which are simpler still, and so on until we get a collection of unknots each of 
whose polynomial is known to equal 1. 

The P-polynomial P(L) has variables m and 1 and is formally defined from the 
oriented projection of L by using the following two axioms. 

Axiom 1. P(unknot) = 1, 
Axiom 2. Suppose L,, G, and are oriented link projections which are identi- 

cal except near a single crossing where they differ by a positive, negative, or null 
crossing respectively (these three possibilities are illustrated in Figure 3). Then we 
have 1P(L+) + Z-’P(L-) + rnP(L0) = 0. 

x s >c 
L+ L- L O  

Figure 3. L,, L-, and Lo are identical except at this 
crossing. 
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From its definition, the P-polynomial appears to depend on the particular pro- 
jection of the link which we are working with. However, when this polynomial 
was defined it was proven that given any oriented link, no matter how it is de- 
formed or projected, the link will always have the same P-polynomial [5, 61. This 
means that two oriented links which are topologically equivalent have the same 
P-polynomial. In particular, if an oriented link can be deformed to its mirror im- 
age then it and its mirror image will have the same P-polynomial. 

We illustrate how to compute the P-polynomial by evaluating a couple of 
examples. First let & consist of the oriented unlink of two components which 
is illustrated in Figure 4. Then L+ and L- are as shown in the figure. Now we 
use the second axiom of the definition of the P-polynomial, together with the 
observation that both L+ and L- are topologically equivalent to the unknot, in 
order to obtain the equation I + I-' + mP(b) = 0. Hence, we conclude that 
P(&) = -m-'(Z + PI. 

L+ L- Lo  Figure 4. L,, L, and Lo. 

We shall use this result to enable us to compute the P-polynomial of the 
oriented link, illustrated as L- in Figure 5. This link is known as the Hopf link. 
We choose the upper crossing to change so that we have L+ and as indicated 
in the figure. 

ca @o @) Figure5 Wecomputethe 
P-polynomial of the oriented Hopf link 

- 
L+ L- L O  which is represented by L-. 

Now we see that can be deformed to the unknot and L+ can be deformed to 
the link whose polynomial we computed previously. So we substitute these oly P -  nomials into the equation of Axiom 2, in order to get the equation l(-m- ( I  + 

+ z-'P(L-) + m = 0. n u s ,  after some simplification, we get P(LJ = l3m-' + 
Im-' - tm. 

It can be seen from these simple examples that computing the P-polynomial of 
any complicated oriented link will be quite cumbersome. However, there are a 
number of excellent computer programs which will compute all of the link poly- 
nomials for any oriented link which can be drawn with up to about 50 crossings 
(for example, the program KNOTTHEORY by COMPUTER written by M. 
Ochiai, and available through anonymous fip [7]). 

Notice that the orientation of a link may affect its polynomial. For example, 
the Hopf link in Figure 6 has one component which is oriented in a different di- 
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@ID Figure 6. A Hopf link with a different orientation from that of L- in Figure 5 .  

rection from the Hopf link which is illustrated as L- in Figure 5 .  The P-polyno- 
mid of this new Hopf link turns out to equal r3m-' + l-'m-' - l-'m. The roles 
of l and I-' in this polynomial have been reversed relative to the P-polynomial of 
the Hopf link illustrated as L- in Figure 5 .  

In contrast with links, we can see as follows that the orientation of a knot has 
no effect on its polynomial. Suppose that L is a knot. Then reversing the orienta- 
tion of L results in reversing all of the arrows in the diagram. In particular, it re- 
verses the direction of both arrows occurring at any crossing. As can be seen 
from the positive crossing illustrated in Figure 7, a positive crossing remains posi- 
tive after both arrows are reversed. Reversing the arrows simply has the effect of 
rotating the crossing by 180". Similarly, negative crossings and null crossings re- 
main unchanged by reversing all of the arrows of a diagram. Thus the P-polyno- 
mial of a knot L is independent of the orientation of the knot. 

Figure 7. A positive crossing in a knot is independent of the 
orientation of the h o t .  X - 

The link polynomials can be quite helpful if we wish to show that a specific 
oriented link is topologically chiral. So far we have only defined topological chir- 
ality for unoriented links. We now define an oriented link L to be topologically 
achiral if there is deformation taking the oriented link L to the mirror image of L 
with the corresponding orientation. An oriented link which is not topologically 
achiral is said to be topologicully chiral. The theorem below, which follows from 
[5] and [6],  tells us how to use the P-polynomial to prove that an oriented link is 
topologically chiral. For knots, we saw that the P-polynomial is independent of 
the choice of orientation. So we do not have to specify a knot's orientation in or- 
der to compute its polynomial. Thus the theorem tells us how to use the P-poly- 
nomial to prove that an unoriented knot is topologically chiral. 

Theorem. Let L be an oriented link with P-polynomial P(L). Let P(L) degote 
the polynomial obtained from P(L) by interchanging I and r'. If P(L)# P(L) 
then the oriented link L is topologically chiral. If K is a knot and P(K)#P(K) 
then the unoriented knot K is topologically chiralt5, 61. 

In order to see how to apply this theorem we can consider the oriented Hopf link 
which was illustrated in Figure 5 .  We determined above that the P-polynomial of 
this oriented Hopf link L is P ( L )  = 13rn-' + lm-' - lm. If we interchange l and 
1-' we will obtain the polynomial F(L)  = l-3m-' + ZF'm-' - l-'m. Since P ( L )  # 
P(L),  the theorem tells us that the oriented Hopf link is topologically chiral. This 
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Figure 8. An oriented Hopf link is topo- 03 a logically chiral. 

means that there is no deformation which takes the Hopf link on the left side of 
Figure 8 to the Hopf link on the right side of Figure 8. 

On the other hand, as an unoriented link the Hopf link is topologically achiral. 
This can be seen in Figure 9. In order to go from the first to the second picture 
we turn over the right hand component of the link. We can see that the second 
diagram is the mirror image of the first where the mirror is in the plane of the pa- 
per. However, for the oriented Hopf link of Figure 8, turning over one component 
would have the effect of reversing the orientation of the corresponding component 
of the mirror image. 

Figure 9. By turning over one com- 
ponent we obtain the mirror image of the 03 .--* a unorientedHopf link. 

For knots, we can apply the theorem without having to worry about the orienta- 
tions. For example, the right handed trefoil knot, which is drawn in Figure 10, 
has P-polynomial P(L)  = -Z4 + Z-2m2 - 21-* regardless of how it is oriented. 
This polynomial is clearly not symmetric with respect to Z and Z-', so we can im- 
mediately conclude that the trefoil knot is topologically chiral. With the help of 
one of the computer programs to compute link polynomials, we can use the 
above theorem to recognize many topologically chiral knots and oriented links. 

8 Figure 10. A trefoil knot is topologically chiral. 

Note that the theorem does not detect all topologically chiral knots and orien- 
ted links, because there are topologically chiral knots and oriented links whose P- 
polynomials are nonetheless symmetric with respect to Z and 1-'. For example, 
consider the knot which is illustrated in Figure 11. This knot is known by knot 
theorists as 9~ because this is the forty second knot with 9 crossings listed in the 
standard knot tables (see the tables in Rolfsen's book [9]). Using a computer pro- 
gram we find that the P-polynomial of the knot 942 is P(942) = (-2Z-2 - 3-2Z2) 
+ rn2(Z-2 + 4 + t 2 )  - m4. Observe that this polynomial is symmetric with respect 
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to 1 and 1-'. So we cannot apply the theorem. However, using more sophisticated 
techniques it is possible to show that this knot is topologically chiral. 

We can also use link polynomials to prove that certain unoriented links are to- 
pologically chiral. For example, let L denote the (4,2)-torus link which is illu- 
strated on the left in Figure 12. This is called a torus link because it can be em- 
bedded on a torus (i.e. the surface of a doughnut) without any self-intersections. 
It is a (4,2)-torus link, because, when it lies on the torus, it twists four times 
around the torus in one direction, while wrapping two times around the torus the 
other way. Let L' denote the oriented link that we get by putting an arbitrary ori- 
entation on each component of the (4,2)-torus link, for example, as we have done 
in Fi ure 12. Now the P-polynomial of L' is P(L') = -1"m-l - l-3m-1 + mlP5 - 
r n 3 1 - 8  + 3 rn 1-3. 

L L' 

Figure 12. The unoriented and oriented (4,2)-torus link. 

We create the link L*, the mirror image of the unoriented link L, by switching 
all of the crossings of L. Since L* has two components, there are four ways to 
orient L*. Two of these orientations for L* are illustrated as L1 and in Figure 
13. There are two additional ways of orienting L*, however, each one of these 
will reverse the direction of both arrows at each crossing relative to one of the 
oriented links in Figure 13 and so will have the same polynomial as L1 or &. We 
now compute the P-polynomial of each of the oriented links in Figure 13. These 
polynomials turn out to be P ( L  ) = -15m-' - 13m-' + m15 - m313 + 3m13 and 
P(&) = -m-'r3 - m-l - m 1 + m13. We prove that the unoriented (4,2)-torus -1 -4 

Figure 13. We orient the link L* in two different ways to get L1 and &. 
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link is topologically chiral by contradiction. Suppose that the link L could be de- 
formed to its mirror image. Hence the oriented (4,2)-torus link could be deformed 
to L* with some orientation. The P-polynomial of the oriented (4,2)-torus link L’ 
should therefore equal the P-polynomial of either L1 or Z+ As this is not the case, 
we can conclude that the unoriented (4,2)-torus link is topologically chiral. 

2.2 Topological Chirality of Embedded Graphs 

Stimulated by the development of the interdisciplinary field of topological chemis- 
try, topologists have extended some of the techniques from knot theory to the the- 
ory of graphs in 3-space. Graph theorists typically study graphs as abstract ob- 
jects made up of vertices and edges, while topologists study graphs which have a 
specified position in 3-space: Such a graph is viewed as a topological object in 3- 
space which can be deformed but cannot pass through itself. To make it clear that 
we are talking about graphs in 3-space rather than abstract graphs, we refer to 
such graphs as spatial graphs or embedded graphs. A molecular bond graph has 
a configuration in space and so is an example of an embedded graph. If we add a 
finite number of vertices to any knot or link, we have another example of an em- 
bedded graph. By analogy with knots and links, an embedded graph is said to be 
topologically achiral if it can be deformed to its mirror image, and otherwise it is 
said to be topologically chiral. 

A graph is said to be n-valent if every vertex of the graph has n edges coming 
out of it. Various results in knot theory have been extended to 3-valent and 4-va- 
lent embedded graphs. In particular, Kauffman [9] has developed a polynomial for 
a specific type of 4-valent embedded graphs known as rigid vertex graphs, and 
Yamada [lo] has developed a polynomial for 3-valent embedded graphs. These 
polynomials are related to link polynomials and can also be used to detect topolo- 
gical chirality for these specific types of embedded graphs. For arbitrary em- 
bedded graphs, Kauffman also has a method of associating a collection of knots 
and links to the embedded graph and using these knots and links to demonstrate 
the topological chirality of the embedded graph [9]. We shall explain Kauffman’s 
method in detail below. 

Let G be an embedded graph. Define T(G) to be the set of all knots and links 
which are contained in the embedded graph G. That is, T(G) contains every knot 
and link which can be obtained by joining two edges together at each vertex and 
disconnecting all other edges from that vertex. Performing this operation at all of 
the vertices may create a number of arcs which are not closed up, but T(G) does 
not include any of these arcs. 

For example, consider the embedded graph G illustrated in Figure 14. The total 
collection of arcs and simple closed curves that we get by performing this opera- 
tion at the vertices is illustrated in Figure 15, and the elements of the set T(G) are 
illustrated in Figure 16. 
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@ Figure 14. We shall compute T(G) for this embedded graph G. 

Figure 15. The arcs and simple closed curves that we get from G. 

Figure 16. The elements of T(G)  for the graph in 0 0 Figure 14. 

Kauffman proved that for any embedded graph G if we deform G, then the set 
T(G) will remain the same up to deformation. He then deduced the theorem below. 

Theorem. Let G be an embedded graph. If there is an element of T(G) 
which is topologically chiral and which cannot be deformed to the mirror im- 
age of any other element of T(G), then G is topologically chiral[9], 

In order to demonstrate how to use this theorem, we apply the theorem to the 
graph illustrated in Figure 14, whose associated set T(G)  is illustrated in Figure 
16. The unknot is certainly topologically achiral, and the only nontrivial knot 
which T(G) contains is the right handed trefoil knot. We know that this knot is 
topologically chiral by calculating its P-polynomial, so the embedded graph G is 
also topologically chiral by Kauffman’s Theorem. 

For a complex graph, enumerating the set T(G) may be somewhat tedious, and 
it may be necessary to use a link polynomial or another method to check the 
topological chirality of the knots and links contained in T(G). However, by using 
a computer program to find the knots and links contained in an embedded graph 
and then compute their link polynomials, this invariant can become very useful 
for detecting topological chirality of embedded graphs. On the other hand, as we 
shall see later, this graph invariant will not detect the chirality of every topologi- 
cally chiral embedded graph. 
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2.3 Topological Chirality of Molecular Knots 
and Links 

We shall now apply the techniques that we described above to prove the topologi- 
cal chirality of some molecular knots and links. Note that if we succeed in prov- 
ing that a molecular graph is topologically chiral then it will follow that the mole- 
cule that it represents is chemically chiral, since any molecular motion corre- 
sponds to a rigid or flexible deformation of the molecular graph. In particular, it 
is not chemically possible for one molecular bond to pass through another molec- 
ular bond. 

First we consider the molecular trefoil knot which was synthesized by Dietrich- 
Buchecker and Sauvage [ll]. We illustrate this knot in Figure 17. (Throughout 
this chapter, unless otherwise specified, unlabeled vertices of molecular graphs 
will represent carbon atoms, and hydrogen atoms will be omitted.) If we imagine 
that each of the 6-member rings in the molecular graph has been replaced by a 
single edge, then we would obtain an ordinary right handed trefoil knot. As we 
proved already that the right handed trefoil knot is topologically chiral, it is 
tempting to conclude from this observation that the embedded graph of the molec- 
ular trefoil knot must also be topologically chiral. However, the graph of the mo- 
lecular trefoil knot has hexagonal rings, which are topologically quite different 
from the single edges in the trefoil knot. If we want to make sure that our conclu- 
sions are mathematically accurate, then we cannot assume that these hexagonal 
rings are simply edges. 

In order to formally prove the topological chirality of the molecular trefoil 
knot, we can use Kauffman’s Theorem. We create the set T(G) of all the knots 
and links contained in the graph G of the molecular trefoil knot. Every knotted 
simple closed curve contained in G goes around part of each hexagonal ring. 
There are two ways to go around a single hexagonal ring. By multiplying to- 
gether the choices that we have for going around each hexagon, we see that there 
are many knotted simple closed curves contained in G. However, every one of 
these knots is a right handed trefoil knot. Thus, T(G)  consists of a large collec- 
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tion of unlinks and right handed trefoil knots, and nothing else. Since a right 
handed trefoil knot is topologically chiral and T(G) does not contain any left 
handed trefoil knots, we can conclude from Kauffman’s Theorem that the em- 
bedded graph G is topologically chiral. 

We can use this same approach to prove that other molecular knots and links 
are topologically chiral. For example, consider the molecular link illustrated in 
Figure 18. This catenane was synthesized by Nierengarten et al. [12]. For this 
molecule the set T(G) consists of many unlinks together with many copies of the 
(4,2)-torus link, illustrated as L in Figure 12. However we saw earlier that this 
unoriented link is topologically chiral. Therefore, the molecular (4,2)-torus link is 
topologically chiral as well. 

-QdJ Figure 18. The molecular (4,2)-toms link. 

If we have an oriented molecular link, then the situation is slightly more com- 
plicated. For example, Mitchell and Sauvage synthesized the oriented Hopf link 
[13], which is illustrated on the left in Figure 19. As we shall see shortly, each 
diazaphenanthrene with a benzene ring hanging off orients the component of the 
link that contains it. However, unless we modify it slightly, Kauffman’s method 
will neglect this information. In order to avoid this problem, we shall now consid- 
er the molecular graph in Figure 19 to be a labeled graph, where vertices are la- 
beled N or 0 as indicated (as usual, we do not label the carbons), and in addition 
we put an X at the vertices where the extra benzene rings are attached. The graph 
on the right in Figure 19 is obtained by adding these two X labels. 

Figure 19. The oriented 
molecular Hopf link. 
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0 

O@ 0 0 0  0 

0 

O@ 0 0 0  0 

Figure 20. The labeling of this Hopf link gives it an orientation, which makes it topologi- 
cally chiral. 

Adding these labels helps us keep track of the orientations while we are apply- 
ing Kauffman’s method. More specifically, if we could deform the embedded 
graph of the oriented molecular Hopf link to its mirror image, then the deforma- 
tion would take the labeled graph to its mirror image sending each N to an N,  
each 0 to an 0, and each X to an X .  If we let G denote the embedded labeled 
graph which is illustrated on the right in Figure 19, then T(G) contains many 
links and unlinks. All of the links which are not the unlink, are Hopf links and 
each component of such a Hopf link contains six 0 s .  However, not all compo- 
nents of these Hopf links contain an X ,  or the same number of Ns, or the same 
number of unlabeled vertices (coming from carbon atoms). We do not list all of 
the possibilities, as there are quite a few. What is important is that some of the 
Hopf links in T(G)  look like the labeled link on the left in Figure 20, however 
none of the links in T(G) look like the labeled link on the right of Figure 20. 
Each component of the link on the left in Figure 20 contains both an X and an N,  
in addition to the six 0s.  We can imagine that there is an arrow on the edge 
going from the X towards the N. If we could deform the link on the left in Figure 
20 to its mirror image, illustrated on the right, this deformation would take each 
X to an X and each N to an N, and hence would preserve the direction of these ar- 
rows. Since we saw that an oriented Hopf link is topologically chiral, the labeled 
Hopf link which is illustrated on the left in Figure 20 is topologically chiral as 
well. As the mirror image of this labeled link is not contained in T(G),  it follows 
from Kauffman’s Theorem that the embedded graph of the oriented molecular 
Hopf link is topologically chiral. 

The method that we have described enables us to prove the topological chiral- 
ity of most topologically chiral molecular knots and links. 

2.4 Topological Chirality of Molecular 
Cell Complexes 

In this section we want to propose an alternative approach to analyzing the topo- 
logical chirality of topologically complex molecules. When we speak of the topol- 
ogy of a molecule we are focussing on how the structure could be deformed. Of 
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course, different bonds will flex and twist different amounts, so all of the topolog- 
ical deformations of a molecular graph are not necessarily chemically achievable. 
Thus the topology of a molecular graph does not always correspond to the topol- 
ogy of the molecule that it represents. A molecular model which contains topolog- 
ical information preventing certain deformations which are not chemically achiev- 
able, will more accurately reflect the topology of the molecule that it represents. 

In particular, from a chemical point of view, not all rings behave as ordinary 
simple closed curves contained in an embedded graph. As a topological object, a 
simple closed curve may contain a knot or be linked with another simple closed 
curve, and a deformation of an embedded graph may even push a piece of the 
graph through the center of a simple closed curve. However, due to size, structur- 
al rigidity, or substituent blocks, certain molecular rings are impenetrable. Thus 
the chemical structure of such rings does not permit them to be knotted, linked, 
or deformed in this way. For example, benzene rings and other small rings have 
this property, though they are certainly not the only rings which are impenetrable. 
Throughout this chapter, we shall use the term impenetrable ring to refer to any 
molecular ring which cannot be knotted or linked and which does not permit any 
other part of the molecule to push through its center. In order to understand the 
topological properties of molecular structures, we can represent each ring as a 
polygonal surface, rather than as a simple closed curve. An embedded graph 
which has a collection of polygonal surfaces attached can be deformed as long as 
no part of it is permitted to intersect itself. It follows that the boundary of the sur- 
faces cannot be knotted or linked, and no deformation can push part of the struc- 
ture through one of these surfaces. Any surface which can be deformed to a disk 
is known in the topology literature as a cell or more specifically a 2-dimensional 
cell. So our polygonal surfaces are actually cells. In fact, any chain of two or 
more polygonal surfaces attached together in a row can itself be deformed to a 
disk, and so can be regarded as a single cell if we choose. Figure 21 illustrates a 
chain of three fused rings which can be considered as either three adjacent cells 
or as a single cell depending on which is most convenient for our particular 
proof. 

Qp Figure 21. A chain of fused rings can be considered as a single cell. 

The structures which we are now considering are embedded graphs which have 
cells attached to each of the impenetrable rings. We shall refer to structures of 
this form as molecular cell complexes or embedded cell complexes. By analogy 
with our definitions for knots, links, and embedded graphs, an embedded cell 
complex will be said to be topologically achiral if it can be deformed to its mir- 
ror image, and topologically chiral otherwise. As usual the deformation does not 
allow the structure to pass through itself. On a chemical level, no part of the 
molecule can pass through an impenetrable ring, so if a molecular cell complex is 
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topologically chiral, then the molecule it represents will be chemically chiral. We 
shall use the following result which can be proved using topology. 

Theorem. Let G be an embedded cell complex, and let G* be the mirror 
image of G. Let Cl,  C2, . . . , Cn be some collection of cells in G, and let Dl, 
D2, . . . , Dn be some collection of cells in G*. For each i = 1, 2, . . . , n, let xi 
and yi be points on the boundary of Ci and let r;- and si be points on the 
boundary of Di. Also, for each i = 1, 2, . . . , n, let Ai be a non-self-intersect- 
ing arc in Ci with endpoints xi and yi, and let Bi be a non-self-intersecting 
arc in Di with endpoints ri and si. Suppose there is a deformation of G to its 
mirror image G*, which takes the collection of cells CI, C2, . . . , Cn to the 
collection of cells Dl, D2, . . , , Dn (possibly permuting them), and takes the 
set of points {xl,yl,x~,y2, . . . ,Xn,y"} to the set of points [r1,sl,r2,s2, . , . ,rn,sn} 
(possibly permuting them). Then there is a deformation of G to G* which 
takes the collection of arcs Al, A*, . . . ,A, to the collection of arcs B,, 6-55 

. . . ,6n (possibly permuting them). 

To understand how this theorem is relevant for us, first observe that a deforma- 
tion of an embedded cell complex will necessarily send cells to cells. Further- 
more, the vertices or edges which attach the cells to the rest of the cell complex 
will be sent to similar vertices or edges attaching the corresponding cells to the 
rest of the cell complex. So cells which are attached at one or more vertices, and 
cells which are attached along one or more edges, and cells which are attached 
along both vertices and edges, will be deformed to cells which are attached in the 
same manner. Now, for example, let G be an embedded cell complex and consid- 
er a cell C which is attached to G at two vertices, as is illustrated on the left in 
Figure 22. We shall refer to these two vertices as the attaching vertices of C. Let 
A be the arc illustrated on the right in Figure 22, which is contained in C and has 
its endpoints at the two attaching vertices of C. If there is a deformation of G to 
its mirror image G* which takes the cell C to some cell D, then the deformation 
will take the attaching vertices of C to the attaching vertices of D. So by the theo- 
rem, there is a deformation of G to G* which takes the arc A to a corresponding 
arc B in D. 

Figure 22. A cell attached at two 
C C points. 

We shall now see how to apply the theorem to the molecular trefoil knot, 
which was illustrated in Figure 17. We can create a molecular cell complex G by 
replacing each isolated benzene ring by a cell and each chain of three fused rings 
by a single cell. We prove by contradiction that our molecular cell complex is 
topologically chiral. Suppose that it is topologically achiral. Then there is a defor- 
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mation of the cell complex to its mirror image G* which necessarily takes each 
cell of the complex to a cell of the mirror image complex. The deformation must 
take any attaching vertex of a cell to an attaching vertex of a cell. Now within 
each cell of the complex, choose an arc going between the two attaching vertices 
of that cell. We shall refer to the mirror image of each arc of G as the corre- 
sponding arc of G*. By the above theorem, there is a deformation of the cell 
complex to its mirror image which takes the set of arcs in the cells of G to the set 
of corresponding arcs in the cells of G*. Now if we remove all of the cells and 
replace them with these arcs, then we would have an ordinary trefoil knot which 
could be deformed to its mirror image. Since the trefoil knot is topologically chir- 
al this gives us a contradiction. Thus the embedded cell complex of the molecular 
trefoil knot was, in fact, topologically chiral. 

In a similar way we can prove that the embedded cell complex of the molecu- 
lar (4,2)-torus link (see Figure 18) is topologically chiral. Also, by adding appro- 
priate labels we can similarly prove the topological chirality of the oriented em- 
bedded cell complex of the molecular Hopf link (see Figure 19). 

Observe that by considering molecular cell complexes, rather than molecular 
graphs, we end up being able to replace the impenetrable rings by edges, as we 
might have been inclined to do when first considering molecular knots and links. 
However, by using molecular cell complexes this replacement is now mathemati- 
cally justified. Nonetheless, by using Kauffman’s technique we were able to prove 
the topological chirality of the graphs of these molecular knots and links with an 
equal level of mathematical rigor. So, at this point in our presentation the choice 
of using molecular graphs or molecular cell complexes appears to be more stylis- 
tic than substantive. However, in the next section we will present some chiral 
molecules whose molecular graphs are topologically achiral but whose molecular 
cell complexes are topologically chiral. 

2.5 Molecular Mobius Ladders 
and Related Molecules 

The molecular Mobius ladders are molecules which resemble Mobius strips ex- 
cept the surface of the strip has been replaced by a ladder. The three rung Mobius 
ladders were first synthesized in 1982 by Walba, Richards, and Haltiwanger [14], 
and the four rung Mobius ladders were first synthesized in 1986 by Walba, Arm- 
strong, Perry, Richards, Homan, and Haltiwanger [15]. The sides of the Mobius 
ladders are polyether chains and the rungs of the ladders are carbon-carbon dou- 
ble bonds. We illustrate the molecular graphs of the 3-rung and 4-rung Mobius 
ladders schematically in Figure 23. For simplicity, we have omitted most of the 
atoms of the polyether chain. 

After synthesizing the 3-rung Mobius ladder, Walba conjectured that its molec- 
ular bond graph was topologically chiral [16]. In contrast with his conjecture, he 
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Figure 23. A 3-rung and a 4-rung 
molecular Mobius ladder. 

observed that if we do not distinguish the edges which are contained in the poly- 
ether chain from those representing carbon-carbon double bonds, then the graph 
of a 3-rung molecular Mobius ladder is actually topologically achiral. In particu- 
lar, the Mobius ladder can be deformed to a symmetry presentation which has a 
planar reflection. This deformation is illustrated in Figure 24. The first step illus- 
trated in the picture is that we flatten all of the edges into the plane of the paper, 
except for the one edge which connects vertex a and vertexf. Then we deform 
the edges connecting vertices a, b, c and e into the shape of a Y in a vertical 
plane, with vertices d andfon opposite sides of the plane. This vertical plane is 
the mirror plane which reflects the Mobius ladder back to itself. The planar reflec- 
tion in Figure 24 shows that the 3-rung Mobius ladder is topologically achiral. 
However, this planar reflection interchanges some of the sides of the ladder with 
some of the rungs. For example, in Figure 24 the rung from vertex a to vertex d 
is interchanged with the side from vertex a to vertexf. 

Figure 24. A Mobius ladder with three rungs can be deformed so that it has a planar 
reflection. 

The planar reflection of Figure 24 cannot exist on a molecular level, since 
bonds contained in the polyether chain cannot be interchanged with carbon- 
carbon double bonds. In fact, the distinction between sides and rungs would be 
apparent from the molecular graph if we had included all of the atoms in the 
polyether chain. Even if we prohibit deformations which interchange rungs with 
sides, it is not obvious whether there could exist a different deformation of the 
molecular Mobius ladder to its mirror image which takes rungs to rungs and sides 
to sides. It might seem reasonable to try using Kauffman’s method to prove the 
topological chirality of the 3-rung Mobius ladder with the rungs and edges co- 
lored with different colors. In particular, suppose that we let this colored em- 
bedded graph of the molecular Mobius ladder with three rungs be denoted by G. 
Then, the set T(G) of all the knots and links contained in G will consist of many 
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copies of the unknot with various colorings. But no matter how an unknot is co- 
lored, it can always be deformed into a plane, and so it is always its own mirror 
image. Therefore, every element of the set T(G) is topologically achiral. So this 
method does not allow us to deduce anything about whether or not the molecular 
bond graph of the 3-rung Mobius ladder is topologically chiral. If G is the co- 
lored embedded graph of the molecular Mobius ladder with four rungs, then T(G) 
will include some unlinks as well as unknots, however every element of T(G) 
will still be topologically achiral. So Kauffman’s method is not helpful in proving 
the topological chirality of the 4-rung Mobius ladder either. 

In 1986, Jon Simon used a different approach to prove that the graph of any 
molecular Mobius ladder with three or more rungs is topologically chiral if we 
distinguish the edges which are sides from the edges which are rungs [17]. In ad- 
dition, he proved that if a molecular Mobius ladder has at least four rungs then it 
is topologically chiral even if we do not distinguish the edges which are sides 
from the edges which are rungs. Simon’s proof uses the concepts of 2-fold 
branched coverings, and linking numbers, both of which are fundamental con- 
cepts of knot theory. We will not describe Simon’s proof because it requires a 
good deal of background in topology. 

Note that the hypothesis that the molecular Mobius ladder has at least three 
rungs is a necessary condition for the embedded graph to be topologically chiral. 
In particular, Graf and Lehn [18] had synthesized a 2-rung molecular Mobius lad- 
der in 1975. However, the 2-rung Mobius ladder can be deformed into a plane, 
and hence is its own mirror image. Figure 25 illustrates the deformation of the 2- 
rung Mobius ladder into a plane. To get from the first embedded graph to the sec- 
ond, we grab the lower string in the back and pull it down, opening up the 
boundary of the ladder into a figure eight. Then, we untwist the upper loop and 
straighten out the picture so that it looks like the third picture in Figure 25. 

B 
Figure 25. A two-rung Mobius ladder can be deformed into a plane. 

Thus we see that, although a 2-rung molecular Mobius ladder still looks like a 
Mobius strip it is topologically achiral. So the topological chirality of the colored 
3-rung and 4-rung molecular Mobius ladders is due, at least partially, to the intrin- 
sic structure of the graphs rather than simply because the Mobius ladders look 
like Mobius strips. It is natural to wonder whether some other embedding of co- 
lored 3-rung or 4-rung Mobius ladders might be topologically achiral or whether 
every embedding of these graphs is topologically chiral. The answer to this ques- 
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Figure 26. Three embeddings of M3, 

tion turns out to depend on whether the number of rungs of the Mobius ladder is 
even or odd. 

In particular, if a Mobius ladder has an even number of rungs, then there al- 
ways exists an embedding of it which can actually be rotated to its mirror image. 
In order to understand the different ways that a Mobius ladder can be embedded 
in 3-space, we first have to understand the abstract graph of a Mobius ladder with 
n rungs, independent of any particular embedding. We denote this abstract graph 
by M,. The left-hand picture in Figure 26 is the standard embedding of a molecu- 
lar Mobius ladder with three rungs. We can see from this picture that there is an 
edge connecting vertex 1 to 2, 2 to 3, and so on up to vertex 6, which is con- 
nected back to vertex 1. Any embedding of M3 must have the same pairs of ver- 
tices adjacent. Thus any embedding of M3 includes an embedding of a simple 
closed curve containing these six consecutive vertices. In addition, M3 has edges 
connecting vertices 1 to 4, 2 to 5, and 3 to 6. This means that however M3 is em- 
bedded these pairs of vertices on the circle are also connected by edges. The sec- 
ond and third pictures in Figure 26 illustrate different embeddings of M3. In gen- 
eral, any embedding of M, contains a circle with 2n vertices, and additional edges 
connecting points which are halfway around the circle. 

In Figure 27, we illustrate an embedding of M4 which can be rotated to its mir- 
ror image in such a way that rungs of the ladder go to rungs and sides of the lad- 
der go to sides. The horizontal circle in the picture is made up of the sides of the 
ladder. It contains eight vertices which are the endpoints of the four rungs labeled 
ul, u2, u3, and u4. We can rotate this embedding of M4 by 90" about a vertical 
axis in order to obtain its mirror image through a plane containing the horizontal 
circle. This 90" rotation together with a mirror reflection through the plane takes 

Figure 27. A topologically achiral embedding of a Mobius ladder with 
four rungs. 
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the horizontal circle to itself, exchanging the rung ul with the rung u3, and ex- 
changing the rung u2 with the rung u4. 

By adding symmetric pairs of rungs above and below the plane, we can create 
a similar embedding of a Mobius ladder with any even number of rungs which 
can also be rotated to its mirror image. Thus, for any even n the topological 
chirality of the molecular Mobius ladder with n rungs was due to the particular 
embedding of the graph in the form of a Mobius strip, rather than simply to the 
intrinsic structure of the graph. 

In contrast with these types of examples we proved that, for any odd number 
n 2 3 ,  every embedding of a Mobius ladder with n rungs is topologically chird if 
we distinguish the edges which are sides of the ladder from the edges which are 
rungs of the ladder [19]. The proof of this result uses a generalization of the tech- 
niques of Simon. Also, by using a result of Simon’s we can conclude that, if n > 3 
is odd, then we do not need to distinguish the sides from the rungs in order to 
prove that every embedding of an n-rung Mobius ladder is topologically chiral. 

Any graph which has the property that no embedding of it can be deformed to 
its mirror image is said to be intrinsically chirul. So, for example, for any odd 
number n 1 3 ,  the colored Mobius ladder with n rungs is intrinsically chiral. If a 
graph is intrinsically chiral, then every embedding of it is topologically chiral. 
Due to rigidity, there are many chiral molecules whose graphs are topologically 
achiral. On the other hand, any molecule whose graph is topologically chiral will 
necessarily be chemically chiral. Thus any molecule whose graph is intrinsically 
chiral will necessarily be chemically chiral. Chemically, we could define a mole- 
cule to be intrinsically chiral if it, and all of its topological stereoisomers (both 
real and theoretical), are topologically chiral. 

While the 3-rung molecular Mobius ladder was the first molecule known to 
have an intrinsically chiral molecular bond graph, there are other related mole- 
cules which have since been found to have this property. For example, let us con- 
sider the graph of the triple-layered naphthalenophane molecule [20], which is il- 
lustrated in Figure 28. Liang and Mislow [21] observed that if the bottom and top 
naphthalenes are each ‘contracted’, then the graph would become a Mobius ladder 
with three rungs (together with some extra vertices). Based on this observation, 
they asserted that the graph of triple-layered naphthalenophane is intrinsically 
chiral. 

Liang and Mislow’s idea of contracting naphthalenes can be formalized if we 
consider the molecular cell complex rather than the molecular graph of triple 
layered naphthalenophane. We obtain a cell complex G by replacing each 
naphthalene by a pair of cells. We shall now prove by contradiction that this mo- 
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\.-/ ’.-, Figure 28. Triple layered naphthalenophane. 
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lecular cell complex is intrinsically chiral. Suppose that there is some embedding 
of the molecular cell complex G which can be deformed to its mirror image G*. 
While we assume nothing about the positions of the cells in the new embedding, 
for convenience, we shall refer to the pairs of cells as the ‘top pair’, the ‘bottom 
pair’, and the ‘central pair’ of cells, according to their positions in the original 
embedded cell complex of triple layered naphthalenophane. The deformation from 
the embedding of the cell complex to its mirror image, will take pairs of adjacent 
cells to pairs of adjacent cells and vertices to vertices of the same valence. The 
‘central pair’ of cells is unique because it is the only pair of cells with six ver- 
tices of valence three. Hence the deformation must take the ‘central pair’ of cells 
of the complex, to the ‘central pair’ of cells in the mirror image cell complex. 
Now let K denote the ten edges encircling the ‘central pair’ of cells in the em- 
bedded cell complex, and let K* denote the ten edges encircling the ‘central pair’ 
of cells in the mirror image cell complex. Then the deformation taking G to G* 
will take K to K*. 

Now we consider the ‘top pair’ of cells in the embedded cell complex as a sin- 
gle cell which we call Cl, and we consider the ‘bottom pair’ of cells as a single 
cell which we call C2. Similarly, we consider the ‘top pair’ of cells in the mirror 
image cell complex to be a single cell D1, and we consider the ‘bottom pair’ of 
cells to be a single cell Dz. Let Al  and A2 be non-self-intersecting arcs in C1 and 
C2, respectively, with endpoints at the attaching vertices of the cells and let B1 
and Bz be the corresponding arcs in D1 and D2, respectively, with endpoints at 
the attaching vertices of the cells. The deformation takes attaching vertices to 
attaching vertices, and it takes the pair of cells {C1,C2} to the pair of cells 
{DI,D2}, possibly permuting them. By the topological theorem from the last sec- 
tion, we know that there is a deformation of the cell complex to its mirror image 
which takes the pair of arcs {Al,Az} to the pair of arcs {B1,B2}, possibly per- 
muting them. Now let a1 denote the arc with endpoints on K which contains Al 
together with the three edges on either side connecting Al to K .  Also, let u2 de- 
note the arc with endpoints on K which contains A2 together with the three edges 
on either side connecting A2 to K.  Let and 82 denote the corresponding arcs 
connecting B1 and B2 to K*. Then the deformation will take the pair of arcs 
{ul,u2] to the pair of arcs {P1,P2}, possibly permuting them. Finally, let u3 de- 
note the edge shared by the ‘central pair’ of cells of the embedded cell complex, 
and let P 3  denote the edge shared by the ‘central pair’ of arcs in the mirror image 
cell complex. Since the deformation takes K to K*, it must take u3 to P3. In Fig- 
ure 29, we illustrate the original embedding of the cell complex of triple-layered 
naphthalenophane with the arcs ul, u2, and u3 darkened. 

Figure 29. The cell complex of triple-layered naphthalenophane 
together with the arcs al, a2, and a3. 
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Let M denote the embedded graph consisting of K together with a l ,  a2, and a3. 
Then M is an embedding of a Mobius ladder with K as the sides and ul,  a2, and 
u3 as the rungs. Let M* denote the embedded graph consisting of K* together 
with PI, p2, and p 3 .  Then M* is the mirror image of M. Now the deformation tak- 
ing the embedded cell complex to its mirror image induces a deformation from 
the 3-rung Mobius ladder M to its mirror image M*, which takes sides to sides 
and rungs to rungs. But this is impossible, since we saw above that a 3-rung 
Mobius ladder is intrinsically chiral if we distinguish sides and rungs. Hence our 
assumption that there is some embedding of the molecular cell complex of triple- 
layered naphthalenophane which is topologically achiral must have been wrong. 
So the cell complex is, in fact, intrinsically chiral. 

By using a similar method, we can prove that the cell complexes of the mole- 
cules [m][n]paracyclophane [22] and triple layered cyclophane [23] are also intrin- 
sically chiral. Figure 30 illustrates these molecules 

Figure 30. [m][n]Paracyclophane 
triple layered cyclophane. 

and 

Although the proof is somewhat similar to the above, we shall now explain the 
proof of the intrinsic chirality of the cell complex of [m][n]paracyclophane for 
any rz and m. Suppose there is some embedding of the cell complex of 
[rn][n]paracyclophane which can be deformed to its mirror image. This cell com- 
plex has only one cell and this cell has precisely two vertices which are of valence 
two. We shall denote this cell by C, and these two vertices of valence two by x and y. 
Let al and u2 denote the two arcs with endpoints on C which contain the CH, 
bridges. Let a3 denote a non-self-intersecting arc contained in C with endpoints x 
and y .  Figure 31 illustrates the original embedding of the molecular cell complex 
of [rn][n]paracyclophane, where the arcs al, u2, and a3 have been darkened. Let 

Figure 31. The cell complex of [m][n]paracyclophane together with the 
arcs al, a2, and a3. 
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D, r, s, PI, p2, and p3 denote the corresponding cell, vertices, and arcs, respectively, 
in the mirror image cell complex. The deformation taking the cell complex to its 
mirror image, takes C to D and the pair of points {x ,y }  to { r , s } ,  possibly permuting 
them. So by the theorem from the last section, there is a deformation of the cell com- 
plex to its mirror image which takes the arc u3 to the arc /I3. Let K denote the bound- 
ary of the cell C and let K* denote the boundary of the cell D, then the deformation 
will take K to K*. Now let M denote the embedded 3-rung Mobius ladder consisting 
of K as the sides, together with ul, u2, and u3 as the rungs. Let M* denote the em- 
bedded graph consisting of K* together with PI, p2, and p3. Then M* is the mirror 
image 3-rung Mobius ladder, and the deformation taking the cell complex to its mir- 
ror image, induces a deformation from M to M* which takes rungs to rungs and sides 
to sides. This is impossible, therefore the cell complex of [m][n]paracyclophane was 
intrinsically chiral. The argument for triple layered cyclophane is sufficiently similar 
that we leave it to the reader. 

Not only is the embedded cell complex of triple layered naphthalenophane intrins- 
ically chiral, but it is also possible to prove formally that its embedded graph is in- 
trinsically chiral as well [24]. In contrast, the molecular graphs of [m][n]paracyclo- 
phane and triple layered cyclophane can be deformed into a plane. We illustrate the 
planar presentations of these molecular graphs in Figure 32. Any graph which can be 
deformed into a plane is topologically achiral, so the molecular bond graphs of both 
[m] [nlparacyclophane and triple layered cyclophane are topologically achiral. On the 
other hand, we saw above that these cell complexes are intrinsically chiral, so any 
embedding of these cell complexes is topologically chiral. In particular, the molec- 
ular cell complexes of both of these molecules are topologically chiral. Chemically, 
both [m] [nlparacyclophane and triple layered cyclophane are chiral. 

Figure 32. Planar presentations of the 
graphs of [m][n]paracyclophane and triple- 
layered cyclophane. 

These are not the only examples of molecules whose graphs are topologically 
planar, yet whose cell complexes contain a 3-rung Mobius ladder. The examples 
given above, as well as other similar examples, show that a molecular graph may 
be topologically achiral, while the corresponding molecular cell complex is topo- 
logically chiral and the molecule itself is chiral. On the other hand, if the cell 
complex of a molecule is topologically achiral, then the graph of that molecule is 
necessarily topologically achiral as well. More generally, all of the topological in- 
formation that a molecular graph contains about the molecule is also contained in 
the molecular cell complex, but, in addition, the molecular cell complex contains 
the information that certain types of molecular deformations cannot occur. 
Although the chirality of most molecules is due to their geometry rather than their 
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topology, we have seen that there do exist molecules whose topology alone is suf- 
ficient to prove that the molecules are chiral. This can occur when the graph of a 
molecule is topologically chiral or when the cell complex of the molecule is topo- 
logically chiral, even if the molecular graph itself is topologically achiral. Thus 
we see that molecular cell complexes can be an important tool in understanding 
when the topology of a molecule causes it to be chiral. 

In closing our discussion of graphs related to Mobius ladders we remark that 
Mobius ladders with three or more rungs are hidden in many non-planar graphs, 
although this does not necessarily mean that the embedded graphs are topologi- 
cally or intrinsically chiral. A graph is said to be non-planar if no embedding of 
the graph can lie in a plane. Kuratowski proved that a graph is non-planar if and 
only if it contains either K3,3 or the complete graph on five vertices K5, each with 
the possible addition of some extra vertices [25]. In Figure 33, we illustrate K3,3 
and K5 as abstract graphs, without specifying a particular embedding. 

In Figure 34, we have labeled the vertices of the Mobius ladder with 1, 2, 3 
and a,  b, c, in order to illustrate that the 3-rung Mobius ladder is actually a K3,3 
graph. 

Figure 34. A molecular Mobius ladder with three rungs is 
an embedding of K3,3. 

In the light of Kuratowski’s Theorem it is not surprising that many non-planar 
molecular graphs contain 3-rung Mobius ladders. What is perhaps a bit surprising 
is that a number of molecular graphs actually contain 4-rung Mobius ladders hid- 
den in them. We illustrate this with the molecular graph of a ferrocenophane deri- 
vative [26] as well as the molecular graph of a Fe& cluster buried in a hydrocar- 
bon environment [27]. On the left of Figure 35 is the molecular graph of a ferro- 
cenophane derivative, while on the right is the same graph but with the vertices 
labeled to help us identify the 4-rung Mobius ladder. The sides of the Mobius 
ladder are made up of the edges which consecutively go through the vertices 
l ~ a ~ b ~ c ~ d ~ 2 ~ e ~ 3 ~ 4 ~ 5 ~ 6 ~ 7 ~ 8 ~ 1 .  One rung of the Mo- 
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Figure 35. The molecular bond graph of a ferrocenophane derivative. 

bius ladder is the edge with vertices 1 and 5. Another rung is the edge with ver- 
tices 4 and 8. Another rung is made up of the edges which go through the ver- 
tices 2 +f-+ g + h + i + j  + k + 6.  The final rung is made up of the edges which 
go through the vertices 3 + 1 + m -+ n + p  + 7. 

In order to make the 4-rung Mobius ladder more apparent, the drawing on the 
left side of Figure 36 highlights the rungs of the Mobius ladder and omits un- 
necessary edges and vertices. The drawing on the right illustrates the Mobius 
ladder after it has been deformed into a more standard position. 

3 2 

c v 
Figure 36. The 4-rung Mobius ladder which is contained in ferrocenophane. 

Similarly we can consider the molecular graph of an Fe4S4 cluster buried in a 
hydrocarbon environment which is illustrated in Figure 37. In the figure, R = 
-C(O)C6&-p-. The drawing on the left of Figure 38 illustrates the 4-rung Mo- 

bius ladder which is hidden in this molecular graph. Here we have highlighted the 
rungs and omitted vertices and edges which are not necessary for the Mobius lad- 
der. On the right side of Figure 38 we illustrate this 4-rung Mobius ladder after it 
has been deformed into a standard position. Observe that this is the same embed- 
ding of the 4-rung Mobius ladder which was contained in ferrocenophane. 

Note that in both of the above examples, there is actually more than one 4- 
rung Mobius ladder as well as several 3-rung Mobius ladders which are contained 
in the graph. These Mobius ladders share some edges but are not identical. Be- 
cause of this multiplicity of Mobius ladders we cannot use our former reasoning 
to conclude that these graphs are intrinsically chiral. In fact, as Liang and Mislow 
observed [23], the Fe4S4 cluster buried in a hydrocarbon environment, which we 
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Figure 37. An Fe& cluster buried in a hydrocarbon 
vironment. 

en- 

s 
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Figure. 38. A 4-rung Mobius ladder contained in the molecular graph of Figure 37. 

have drawn in Figure 37, can actually be rotated by 90" to obtain its mirror 
image. 

2.6 Using Automorphisms to Prove Intrinsic Chirality 

Recall that a molecular graph or molecular cell complex is intrinsically chiral if 
every embedding of it is topologically chiral. We saw examples of molecular 
graphs and cell complexes which each contained a Mobius ladder that could be 
used to prove that the structure was intrinsically chiral. However, not every intrin- 
sically chiral molecular graph or cell complex contains such a Mobius ladder. We 
shall now explain another method for proving that an embedded graph is intrinsi- 
cally chiral. This method uses the idea of an automorphism of a graph. An auto- 
morphism of a graph is a permutation of the vertices of the graph which preserves 
adjacency of vertices. For a molecular graph, with vertices labeled by the ele- 
ments that they represent, we will also require that the automorphism take each 
vertex representing a specific type of element to a vertex representing the same 
element. In other words, carbons must go to carbons, oxygens must go to oxy- 
gens, and so on. In order to illustrate this definition, consider the 4-rung Mobius 
ladder with numbered vertices, which is illustrated in Figure 38. There exists an 
automorphism of the 4-rung Mobius ladder that sends each numbered vertex to 
the position of the preceding numbered vertex, because this operation preserves 
adjacency of vertices. If we perform this automorphism on the embedded Mobius 
ladder of Figure 38, the vertices will be rearranged as illustrated in Figure 39. 
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Figure 39. This rearrangement of the vertices is induced by an 
I automorphism of the Mobius ladder of Figure 38. 

On the other hand, there is no automorphism of the Mobius ladder of Figure 
38 which could rearrange the vertices as illustrated in Figure 40. This is because 
the Mobius ladder of Figure 38 has vertex number 3 adjacent to vertex number 7, 
but the Mobius ladder of Figure 40 does not have these two vertices adjacent, 

Figure 40. This rearrangement of the vertices cannot be in- 
a--a 

8 duced by an automorphism of the Mobius ladder of Figure 38. 

An automorphism of a graph is said to have order equal to a number n, if n is 
the smallest number which has the property that performing the automorphism n 
times takes each vertex back to its original position. For example, consider the 4- 
rung Mobius ladder which is illustrated in Figure 38. The automorphism which 
takes each vertex to the preceding one has order eight. With this terminology we 
now have the following theorem. 

Theorem. Any nonplanar graph which has no automorphisms of order two 
is intrinsically chiral[28]. 

Using this theorem we can prove that various molecular graphs are intrinsically 
chiral. We shall illustrate by proving that the graphs of a ferrocenophane deriva- 
tive molecule [26] and the Simmons-Paquette molecule [29, 301 are both intrinsi- 
cally chiral. (Note that Liang and Mislow observed the intrinsic chirality of this 
ferrocenophane derivative as well as many other molecules [21].) 

Consider the molecular graph of the ferrocenophane derivative illustrated on 
the left side of Figure 35. We saw in Figure 36 that this graph contains a Mobius 
ladder with four rungs. By omitting one rung, the graph contains a Mobius ladder 
with three rungs. However, we cannot use the method of the previous section to 
show that this graph is intrinsically chiral because a deformation of the ferroceno- 
phane graph to its mirror image will not create a deformation of a 3-rung Mobius 
ladder to its mirror image. So instead we shall show that the conditions of the 
above theorem are satisfied. We saw in Figure 34 that a 3-rung Mobius ladder is 
a K3,3 graph, so by Kuratowski’s Theorem, the molecular graph of ferrocenophane 
is nonplanar. Now suppose that Q, is any automorphism of the vertices of the 
graph. Since there is only one oxygen atom, Q, must fix the vertex labeled 0. 
Similarly, Q, must fix the vertex labeled Fe. Since there is a unique vertex adja- 
cent to 0, this vertex must also be fixed by @. If we use the labeling of the dia- 
gram on the right in Figure 35, we can refer to this adjacent vertex as p .  Also, it 
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follows from the definition of an automorphism that @ must take a vertex of a 
particular valence to a vertex of the same valence. Now, since the vertex labeled 
p is fixed by @, the vertices labeled 7 and n must also be fixed by @. We can 
continue arguing in this way to eventually conclude that @ fixes every vertex of 
the graph. It follows that Q, is the identity automorphism. In particular, the graph 
cannot have an automorphism of order two. Now it follows from the theorem that 
the molecular graph of the ferrocenophane derivative illustrated in Figure 35 is in- 
trinsically chiral. 

Now we shall prove that the Simmons-Paquette molecular graph, illustrated in 
Figure 41 is intrinsically chiral. All of the atoms are carbons except for the oxy- 
gens which are indicated. The numbers on the vertices are meant to illustrate that 
the Simmons-Paquette graph contains a complete graph on five vertices, K5. 
Hence by Kuratowski’s Theorem, the Simmons-Paquette graph is nonplanar. The 
proof that the graph has no order two automorphisms is slightly more complicated 
than it was for the graph of ferrocenophane. In this case, we shall do the proof by 
contradiction. Suppose that the graph has some automorphism @ of order two. 
Then @ must take oxygens to oxygens and carbons to carbons. Also @ must 
take each numbered vertex to some numbered vertex since the numbered vertices 
are the only vertices of valence four. But vertex 4 is the only valence four vertex 
whose shortest path to an oxygen contains exactly two edges, and vertex 5 is the 
only valence four vertex whose shortest path to an oxygen contains exactly three 
edges. Thus @ must fix both vertex 4 and vertex 5. Now consider the action of @ 
on vertices 1, 2, and 3. If @ were to fix all three of these vertices then @ would 
fix every vertex of G. This is not possible since @ was assumed to have order 
two. Since @ does not have order three, @ must fix one of the vertices 1, 2, and 
3 and exchange the other two. We can assume without loss of generality that @ 
fixes vertex 1 and interchanges vertices 2 and 3. But this implies that @ inter- 
changes a carbon and an oxygen on either side of vertex 1. By this contradiction 
we conclude that no such order two automorphism exists. Hence by the theorem, 
the Simmons-Paquette molecular graph is intrinsically chiral. 

As these two examples illustrate, this theorem provides an easy method to 
prove that many graphs are intrinsically chiral. 
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3 Soft and Hard Molecule-Based Magnets 
with a Fully Interlocked Three-Dimensional 
Structure 

Olivier Kahn, Lahckne Ouahab, Corine Mathoni&re, 
and Humberto 0. Stumpf 

3.1 Introduction 

There are at least two ways of approaching supramolecular chemistry, The first, 
the most developed in the organic chemistry community, consists in designing su- 
pramolecular objects to test the potential of this kind of synthetic chemistry, or to 
give evidence of this potential. The objective is the object itself; the sophistication 
and the aesthetic appeal of this object are some of the motivations of the work. 
The second approach consists in using supramolecular chemistry to design new 
objects with new properties. Supramolecular chemistry is then a means or a tool. 
The object is not the ultimate target of the work, but an important step. What is 
crucial in such an approach is to go beyond the object, to transform this object 
into the subject of new scientific adventures. The work has failed if the object 
presents no original properties, whatever this object might be from a structural 
viewpoint. 

In this contribution, we would like to show how such an approach allowed us 
to synthesize both soft and very hard molecule-based magnets. This contribution 
is organized as follows: first, we define briefly the field of molecular magnetism, 
then we indicate the successive steps which led us to three-dimensional molecule- 
based magnets with fully interlocked structures. We describe these original struc- 
tures in detail. Finally, we focus on the physical properties of these objects, with 
special emphasis on the huge coercivity of one of the compounds, which confers 
a memory effect on this compound. 

3.2 Molecular Magnetism 

Molecular magnetism is still a rather new field of research - it emerged one or 
two decades ago. It deals with the synthesis and the investigation of the physical 
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properties of molecular assemblies involving open-shell units. One of the char- 
acteristic features of molecular magnetism is its deeply interdisciplinary character, 
bringing together organic, organometallic, and inorganic synthetic chemists as 
well as theoreticians from both the chemistry and physics communities, and 
materials and life-science specialists. This interdisciplinary nature confers a 
special appeal to this field. Nobody alone can make a crucial contribution. Colla- 
boration is almost compulsory. 

The heart of the discipline concerns the design and the synthesis of new molec- 
ular assemblies with bulk properties such as long-range magnetic ordering or bi- 
stability [l]. In a certain sense, molecular magnetism might be considered as the 
facet of supramolecular chemistry dealing with open-shell units [2]. In this contri- 
bution, we will be concerned by long-range magnetic ordering. Some of our find- 
ings concerning bi-stability were recently reviewed [3]. 

Let us discuss briefly some key concepts of molecular magnetism. The basic 
units used to organize the molecular assemblies are spin carriers, which might be 
transition metal complexes or organic radicals. When two spin carriers, denoted A 
and B, are close enough to each other, they might interact. The local spin quan- 
tum numbers, SA and SB, are no longer good quantum numbers. Good quantum 
numbers are those associated with the total spin of the system; they take the inte- 
ger (or half integer) values from IS, - SBl to SA + SB. In most cases, the ground 
state has the lowest spin IS, - SBl; the interaction between A and B is said to be 
antiferromagnetic. In some cases, the ground state has the highest spin SA + SB; 
the interaction is then said to be ferromagnetic. Magnetic susceptibility measure- 
ments readily reveal the nature of the interaction. When this interaction is antifer- 
romagnetic, the low-spin ground state is increasingly populated as the temperature 
is reduced, and the product XMT,  where X M  is the molar magnetic susceptibility 
and T the temperature, decreases. When the interaction is ferromagnetic, the high- 
spin state is increasingly populated as T is reduced, and XMT increases. When the 
interaction occurs between an infinite number of spin carriers instead of only two, 
in one-, two-, or three-dimensional networks, the problem is obviously more com- 
plicated. Three basic situations have to be distinguished: (i) If all the spin carriers 
are identical, and the interactions between nearest neighbors are antiferromagnetic, 
xMT decreases and tends to zero as T is reduced. (ii) If all the interactions be- 
tween nearest neighbors are ferromagnetic, whatever the nature of the spin car- 
riers, xMT increases as T is reduced, reaches very high values at low temperature, 
and eventually might pass through a maximum as a result of magnetic saturation 
effects. (iii) If antiferromagnetic interactions occur between two different spin lat- 
tices, with SA # SB, the system is said to be femmagnetic [4]. In such a case, 
zMT first decreases as T is reduced, passes through a rounded minimum at a finite 
value, then increases rapidly as T is further reduced. These three situations are 
shown schematically in Figure 1. 

Antiferro- or ferromagnetic interactions do not necessarily lead to long-range 
magnetic ordering. The crucial point is that long-range magnetic ordering is 
strictly impossible for a system consisting of isolated molecules (zero dimen- 
sional) or of isolated chains (one dimensional). It might occur for a system con- 
sisting of isolated layers (two dimensional), if the spins are not strictly isotropic. 
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Figure 1. Antiferromagnetic, ferromagnetic, and femmagnetic spin structures. 

On the other hand, long-range magnetic ordering is the normal behavior of a 
three-dimensional spin network [5]. Therefore, a molecule-based magnet must be 
designed such that it creates interactions along the three directions of space. 
Furthermore, these interactions must have good nature - they must be either ferro- 
magnetic or antiferromagnetic between non-equivalent spin lattices. These require- 
ments define the rules of the game. 

3.3 Magnetic Bricks 

The design of molecule-based magnets requires the assembly of magnetic bricks 
in a controlled fashion. The bricks we play with are characterized by three fac- 
tors, namely shape, chemical functionality, and spin distribution. The first two fac- 
tors are common to all bricks (or building blocks) used in molecular chemistry. 
The third is specific to molecular magnetism. Spin distribution is a new dimen- 
sion. Let us consider the brick [Cu(opba)]’- (where opba stands for ortho-pheny- 
lenebis(oxamato)); this is shown below as a typical example [6,7]. 

This brick is planar in shape. The functionality of this brick comprises four lone 
pairs on the four peripheral oxygen atoms. The brick can, therefore, play the role 
of a bisbidentate ligand, and bridges two metal ions. Spin distribution deserves to 
be discussed in a more thorough fashion. The Cu’+ ion in square planar surround- 
ings has one unpaired electron occupying a xy-type orbital, pointing from the me- 
tal ion toward the four bond directions. This singly-occupied orbital is delocal- 
ized, not only toward the nearest neighbor nitrogen and oxygen atoms, but also 
toward the four peripheral oxygen atoms, as shown in Figure 2. This spin deloca- 
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Figure 2. Spin density distribution for [Cu(opba)]*-, as obtained by a DFT calculation. 

lization is a result of the conjugated character of the C-N and C-0 bonds of the 
oxamato groups [8]. The presence of positive spin density on the peripheral oxy- 
gen atoms might favor a pronounced antiferromagnetic interaction between the 
brick and a metal ion to which this brick is coordinated, provided that this ion 
also possesses a singly-occupied orbital with the xy symmetry. The spin distribu- 
tion shown in Figure 2 was obtained through a density functional theory (DFT) 
calculation [9]. One will notice that in addition to the positive spin densities 
found on the copper, nitrogen, and oxygen atoms, very weak negative spin den- 
sity was found in the z orbitals of the carbon atoms of the oxamato groups. This 
negative spin density arises as a result of spin polarization. 

3.4 A Game of Bricks and Pieces of Mortar 

Let us show briefly the type of game which can be played with the brick 
[Cu(opba)12-. We can first design a zero-dimensional compound. For this 
[Cu(opba)]*- reacts with two metal ions, say Mn2+, in the presence of two equiva- 
lents of a tetradentate ligand, L, preventing polymerization [lo]. This leads to the 
{LMnn[Cu(opba)]MnnL}2+ species. The high-spin Mn2+ ion has a local spin 
S,,=5/2, and the antiferromagnetic interaction between the spin carriers gives 
rise to an S=9/2 ground state spin, as shown schematically below. 

If the reaction is performed between the brick [Cu(opba)12- and the Mn2+ ion 
playing the role of mortar, without the tetradentate ligand L, a one-dimensional 
compound might be obtained. The precise structure might be controlled by the ex- 
perimental conditions. For instance, when the reaction is performed in DMSO in 
the presence of a few drops of water, the octahedral environment of Mn2+ is com- 
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pleted by two water molecules in trans positions [7]. The chain, formula 
MnC~(opba)(H~0)~.DMS0, is then linear as shown in Figure 3 (top). If, on the 
other hand, the same reaction is performed in the total absence of water, DMSO 
plays the role of ligands. It occupies two coordination sites in cis positions in the 
manganese coordination sphere and the apical site in the copper coordination 
sphere [6]. Because, of the cis coordination of DMSO and its size, a linear struc- 
ture is no longer possible, and the chain, of formula MnCu(opba)(DMS0)3, takes 
a zigzag shape, as represented in Figure 3 (bottom). Both compounds, 
MnCu(opba)(HzO)z. DMSO and MnCu(opba)(DMSO)3, are one-dimensional fem- 
magnetic materials. Plots of zMT against T have a minimum at approximately 

0 Mn 
0 c u  
0 0  
s N  
Q C  

Figure 3. Shcture of the linear chain MnCu(opba)(H20)2.DMS0 (top) and of the zigzag 
chain MnCu(opba)(DMS0)3; for clarity only the coordinating oxygen atoms of DMSO are 
represented (bottom). 
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d symbolizes Cu(opba) 

Figure 4. Formation of a honeycomb two-dimensional lattice by crosslinking of zigzag 
chains. 

120 K, then a rapid increase as T is reduced below this temperature. In the former 
compound, the ferrimagnetic chains interact very weakly within the lattice in an 
up-down fashion, and the material shows a long-range antiferromagnetic ordering 
of the ferrimagnetic chains at TN=5 K. Applying a field equal of 5 kOe results in 
a transition from the antiferromagnetic state to a ferromagnetic-like state in which 
the chain spins are aligned along the field direction. The compound is a metamag- 
net. The latter compound is a quasi perfect one-dimensional fenimagnet. Down to 
1.7 K there is no indication of three-dimensional ordering. The interchain interac- 
tions are negligibly weak. 

The zigzag chain structure of MnCu(opba)(DMS0)3 might suggest a means of 
further increasing the dimensionality. It consists in replacing the two DMSO mol- 
ecules bound to a manganese atom by the [C~(opba)]~- brick, which results in a 
crosslinking of the chains, as shown schematically in Figure 4 [6, 111. The layers 
which are formed are negatively charged, so that counter-cations must be in- 
volved in the process. Reacting [Cu(opba)12- with M2+ ions in the stoichiometry 
3 : 2 and in the presence of two monovalent cations, cat+, affords a compound of 
formula cat2M2[Cu(opba)13. S where S stands for solvent molecules (DMSO and 
water). The reaction has been investigated for M=both Mn and Co. So far, no 
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Figure 5. Structure of a layer in EtradzMzCu3 (M=Mn or Co). 

single crystal suitable for X-ray diffraction has been obtained. However, there is 
no doubt that the structures are two-dimensional, and resemble those described 
below (see Figure 5), except that they consist of one and not two graphite-like 
networks. These compounds are all femmagnets. They have the characteristic 
minimum of xMT. Whatever the nature of the cation cat+, all the compounds with 
M = Co exhibit a long-range magnetic ordering, with spontaneous magnetization 
below a critical temperature of approximately 30 K. Compounds with M=Mn are 
also magnets, with critical temperatures of approximately 15 K when cat+ is a 
large cation (tetraethyl and n-tetrabutylammonium). They behave as metamagnets 
with long-range antifenomagnetic ordering in zero field around 15 K when cat+ is 
a small cation (alkali-metal ion or tetramethylammonium). 
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3.5 Structure of Molecule-Based Magnets Containing 
Three Spin Carriers, with a Fully Interlocked 
Structure 

In the preceding section we spoke about zero-, one-, and two-dimensional 
compounds. We remember that magnetic ordering is essentially a three-dimen- 
sional property. It was then evident that we would pursue our efforts to in- 
crease the dimensionality further. These efforts led us to compounds with the 
structures described in this section. The initial idea was twofold - frst, we 
wanted to use a cation, cat+, in the compounds cat2M[Cu(opba)]3.S which 
would have the capability to bridge two transition metal ions belonging to two 
adjacent layers; secondly we wanted to use a paramagnetic instead of a dia- 
magnetic cation cat+ to increase the magnetic density of the compound. This 
led us to work with radical cations of the type: 

R 

belonging to the nitronyl nitroxide family. The unpaired electron is shared equally 
between the two N-0 groups, and it has been known for quite some time that 
these radicals can bridge two transition metal ions through the two oxygen atoms 
of the nitroxide functions. We worked with both the methyl- and ethylpyridinium 
radical cations, denoted Merad+ and Etrad+, respectively [12, 131. Here, we will 
limit ourselves to the results obtained with Etrad+. More precisely, we will 
focus on two compounds, namely (Etrad)2Mn2[Cu(opba)]3. (DMSO)o.5.0.25 H20 
and (Etrad)2C02[Cu(opba)]3 - (DMSO)I,5 0.25 H20, hereafter abbreviated as 
Etrad2M2Cu3, with M=Mn or Co [14]. 

The general architecture of these compounds is that there are two equivalent 
two-dimensional networks, denoted A and B, each consisting of parallel honey- 
comb layers. A layer is made up of edge-sharing hexagons with a M2+ ion at 
each corner and a Cu2+ ion at the middle of each edge, as shown in Figure 5. 
Two nearest neighbor metal ions are bridged by an oxamato group. The mean 
length of an edge is 10.8 A, and the mean separation between opposite corners is 
21.5 A. These layers stack above each other in a graphite-like fashion; M2+ ions 
of a layer project at the centers of hexagons belonging to adjacent layers. The 
mean interlayer separation is 14.8 A. 
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Figure 6. Two views showing the interpenetration of the two networks, a and b, in 
Etrad2M2Cu3 (M = Mn or Co). 

The two networks, A and B, make a dihedral angle of 71.8" for Etrad2Mn2Cu3 
and 73.2" for Etrad2C02Cu3, and interpenetrate each other with a full interlocking 
of the hexagons, as shown in Figure 6. In a, where for clarity the radical cations 
and the solvent molecules are omitted, a layer of one of the networks, say A, lies 
parallel to the sheet, and four layers of the network B are nearly perpendicular to 
this sheet. A Cu2+ ion of a hexagon B is located very near the center of a hexa- 
gon A, and vice versa. The topology might be seen as a three-dimensional wire 
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netting. The networks A and I3 are further connected through the radical cations, 
as we will discuss below. 

Let us now describe the surroundings of the metal ions. The M2+ ion is bound 
to six oxygen atoms belonging to three oxamato groups. The structure presents 
perfect alternation of A and d chiral sites, noted M1 and M2 in Figure 7. How- 
ever, these M1 and M2 sites are not related through a mirror plane, so that it 
would not be quite correct to speak of a racemic composition. There are three 
crystallographically independent Cu(opba) units, and within each hexagon two 

. .  

Figure 7. View showing the coordination spheres of two M2+ sites (M=Mn or Co), occu- 
pying two nearest neighbor comers of a hexagon. 



3.5 Structure of Molecule-Based Magnets Containing Three Spin Carriers 47 

O M  
8 cu 
O S  
o c  
0 0  
O N  

-- 

Figure 8. View showing the details of a hexagon A along with the copper atom belonging 
to a hexagon B, located near the center of the hexagon A. This view emphasizes the pres- 
ence of C~2*-Etrad+-Cu3~-Etrad+ chains connecting the networks A and B. 

crystallographically equivalent units are opposite each other. Each copper atom 
has square-based coordination with two nitrogen and two oxygen atoms belong- 
ing to two oxamato groups. Cul is bound to one DMSO molecule, with Cul-0 
apical bond length equal to 2.26 A for Etrad2Mn2Cu3 and 2.17 A for 
Etrad2C02Cu3. Both Cu2 and Cu3 are bound to two radical cations through 
oxygen atoms. The apical Cu-0 bond lengths range from 2.63 to 3.14A for 
Etrad2Mn2Cu3, and from 2.70 to 2.94 A for Etrad2C02Cu3. This latter compound 
contains an additional DMSO molecule which is non-coordinated. The details of a 
hexagon A are represented in Figure 8. Let us mention that very similar com- 
pounds can be obtained in which the Cul atom has 4+2 coordination, instead of 
4+ 1, with two DMSO molecules occupying the apical sites. Such a structure has 
been described for the compound synthesized from Merad+. 

We describe now how the radical cations connect further the two networks, A 
and B. Nearby the center of a hexagon A, one can see a Cu3 site belonging to a 
hexagon B. This cu3B atom is bound to two Etrad+ radical cations, each belong- 
ing also to the coordination sphere of a cu2A atom. This affords cU2~-Etrad'- 
C~3~-Etrad+ chains, as shown in Figure 8. similarly, each cu3A atom is located 
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near the center of a hexagon of B, and is connected to two cu2B atoms through 
the Etrad+ units, which affords C~3*-Etrad+-Cu2~-Etrad+ chains. These chains 
run along the [112] and [1T2] directions of the monoclinic lattice (space group 
Cc). The chain directions make an angle of 71.8" for Etrad2Mn2Cu3, and 73.2" 
for Etrad2C02Cu3. Finally, let us mention that there are more solvent molecules 
(DMSO and water) than are detected by X-ray analysis. These additional solvent 
molecules are probably disordered in the tunnels limited by the interlocked quasi 
perpendicular layers. 

3.6 Magnetic Properties 

In the introduction we emphasized that the chemical object itself was not our 
final aim. This object was designed to exhibit specific properties, in this example 
long-range magnetic ordering with spontaneous magnetization below a certain 
temperature. Therefore, it would not make much sense for us to describe the 
structures without explaining how these structures influence the magnetic behav- 
ior. Of course, most readers of this book are little concerned by the theory of mo- 
lecular magnetism, and we will present the results very simply and qualitatively. 
Perhaps, this will inspire some readers to learn more about the key concepts of 
molecular magnetism. We will discuss successively the temperature dependence 
of the magnetic susceptibility both in dc and ac modes, and the field dependence 
of the magnetization. 

3.6.1 The Temperature Dependence of Magnetic Susceptibility 

Magnetic measurements can be performed in dc (direct current) or ac (alternating 
current) modes. In the dc mode a static magnetic field H is applied, and the in- 
duced magnetization, M, is studied as a function of this magnetic field and of 
temperature. In low field the magnetic susceptibility, xM, is defined as MIH. In 
the ac mode the static field is usually zero, and a very weak oscillating field is ap- 
plied with a certain frequency, 125 Hz in this example. The response is defined as 
aM/aH, and might have both in-phase and out-of-phase responses. An out-of- 
phase response is usually observed in a magnetically ordered phase when the spin 
dynamics does not follow the oscillation of the field. On the other hand, in a 
paramagnetic phase, this out-of-phase response is expected to be zero. 

The temperature dependencies of XMT for Etrad2Mn2Cu3 and Etrad2C02Cu3 are 
shown in Figure 9. For both compounds xMT passes through a minimum, at 
120 K and 75 K, respectively. These minima are characteristic of the femmagnetic 
regime. The S M  spins (SM=5/2 if M=Mn, and SM=3/2 if M=Co) tend to align 
along the field direction, and the Sc,= 1/2 spins tend to align along the opposite 
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T / K  Etrad2Mn2Cu3 and Etrad2C02Cu3. 

direction. The question we are faced with is the orientation of the radical spins 
&.ad= 1/2. The answer cannot be deduced easily from the curves of Figure 9. On 
the other hand, the nature of the interaction between Cu2+ ion and radical cation 
occupying the apical position might be deduced from the magnetic properties of 
the precursor (Etrad)2[Cu(opba)] utilized for the synthesis of Etrad2Mn2Cu3 and 
Etrad2C02Cu3. The structure of this precursor is shown in Figure 10. One of the 
Etrad+ cations is bound to Cu2+ through an oxygen atom occupying an apical po- 
sition, whereas the other Etrad+ cation is rather isolated. The plot of xMT against 
T for (Et~-ad)~[Cu(opba)] reveals a ferromagnetic Cu2+-Etrad' interaction [ 141. 
Most probably, the nature of the interaction is retained in the two magnets. In 
other words, the &@ad spins tend to align opposite to the S, spins. 

Figure 10. The precursor (Et~-ad)~[Cu(opba)]. 



50 3 Soft and Hard Molecule-Based Magnets 

4000 

3500 

7 3000 ' 2500 

- 
8 ,g 2000 
W - 1500 
2 

1000 

500 

0 
15 20 25 30 

T i  K 

250 10 

200 8 
- 

x= - 
150 6 i 

X 5 
. 5 $ 
z 100 4 3  

50 2 

0 0 
15 20 25 30 

TIK 

Figure 11. Top: FCM and REM curves 
for EtradzMn2Cu3. The applied field is 
20 Oe. The figure also shows the deriva- 
tive dFCMldT. Bottom: plots of in-phase, 
khl, and out-of-phase, X" against T for 
Etrad2MnzCu3. The vemcal line corre- 
sponds to the extremum of dFCMIdT. 
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The long-range magnetic ordering for Etrad2Mn2Cu3 and Etrad2C02Cu3 are re- 
vealed by the temperature dependencies of the field-cooled magnetization (FCM) 
and remnant magnetization (REM) curves in the dc mode, and by the in-phase, 
xh, and out-of-phase, i&, susceptibilities in the ac mode. The results are dis- 
played in Figure 11 for Etrad2Mn2Cu3 and Figure 12 for Etrad2CozCu3. Let us 
first consider the manganese derivative. The FCM curve is measured by cooling 
the sample within a field of 20Oe. This curve increases very rapidly at 24K, 
then reaches a plateau. The derivative curve, dFCMIdT, has an extremum at 
22.8 K, corresponding to the critical temperature, T,. The REM curve is measured 
by cooling the sample within a field of 20 Oe, then warming it in strictly zero 
field. This curve vanishes above T,. The &,,, curve is similar to the FCM curve, 
with a rapid increase between 24 and 21.5 K. The xk curve becomes non-zero be- 
low 22.3 K, and increases rapidly as T is reduced to 21.5 K. 

Let us now consider the cobalt derivative. The FCM curve increases rapidly be- 
low 38 K, and reaches a plateau below 28 K. The derivative, dFCMIdT, has its ex- 
tremum at 36.2 K, whereas the REM vanishes at a slightly higher temperature, 
37.2 K. The xh and i& curves have peak-like shapes, with maximum values at 
37 K and 36.7 K, respectively. The critical temperature of this compound is taken 
as T,=37 K. 
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3.6.2 Field Dependencies of the Magnetization 

We have seen that both Etrad2Mn2Cu3 and Etrad2C02Cu3 exhibit spontaneous 
magnetization below Tc=22.8 and 37 K, respectively. In the magnetically ordered 
states, the S, spins align in one direction and the Sc, and spins along the 
opposite direction. These compounds are ferrimagnets. The main difference be- 
tween them is the field dependence of the magnetization. Let us here remember 
that a magnetic hysteresis loop is usually observed for a magnetic material. When 
applying a sufficiently large magnetic field, the magnetization becomes saturated. 
When the magnetic field is switched off, the magnetization does not vanish, but 
takes a remnant value. To suppress the magnetization, it is necessaq to apply a 
coercive field in the opposite direction. The coercivity confers a memory effect on 
the material. A magnet is said to be soft or hard according to whether the coer- 
cive field is weak or large. We want to show that Etrad2Mn2Cu3 is a soft magnet, 
and Etrad2C02Cu3 an exceptionally hard molecule-based magnet. 

The field dependence of the magnetization for Etrad2Mn2Cu3 is rather peculiar. 
As expected for a magnet, the zero-field susceptibility (dM/dH)H=o at 5 K is very 
large. A magnetization of about 4 N/3 (Bohr magneton mol-') is obtained within a 
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Figure 13. Field dependence of the magne- 
tization for two samples of Etrad2Co2Cu3: 
(0) the largest crystals; (0) the smallest 
crystals. H I kOe 

few tens of Oe. As the field is increased further, instead of showing a saturation, 
M increases smoothly. This behavior was attributed to the ferromagnetic nature of 
the Cu2+-Etrad+ interaction. At low field the SEmd spins are aligned in a direction 
opposite to that of the resulting magnetic moment of the system. As the field in- 
creases, the SEmd spins rotate and tend to align along the field direction. In other 
respects, the field dependence of the magnetization in the magnetically ordered 
phase presents a coercive field smaller than 10 Oe. This compound is a soft mag- 
net. 

Let us now consider Etrad2C02Cu3. Figure 13 shows the hysteresis loop at 6 K 
for two different samples consisting of crystals of different average sizes. The 
black dots were obtained with the largest crystals; the coercive field is found as 
8.5 kOe, already indicative of strong coercivity. The white dots were obtained 
with crystals whose volume is approximately 50 times smaller, and the coercive 
field is about 25 kOe. With crystals of intermediate size a coercive field of about 
16 kOe was obtained. It follows that Etrad2C02Cu3 might be considered as a very 
hard magnet. The coercivity, however, is not an intrinsic property. It depends on 
both chemical and physical factors [ll, 151. These two aspects are illustrated here. 
As far as the chemical (intrinsic) factors are concerned, the key role is played by 
the magnetic anisotropy of the spin carriers. The high-spin Co2+ ion in a distorted 
octahedral environment has strong magnetic anisotropy whereas the Mn2+ ion in 
the same environment is almost perfectly isotropic. This chemical difference 
between Etrad2Mn2Cu3 and Etrad2C02Cu3 explains why the latter compound is 
much more coercive than the former. Structural factors such as grain size also 
play a quite important role. 
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3.7 Some Further Considerations 

Etrad2Mn2Cu3 and Etrad2C02Cu3 are molecule-based magnets with a three-dimen- 
sional structure. The three-dimensional character is achieved through the interpe- 
netration of two nearly perpendicular layered networks. From both structural and 
magnetic viewpoints the connection between the two networks is realized by ni- 
tronyl nitroxide radical cations. It was well established that the nitronyl nitroxide 
radicals can bridge metal ions through the two N - 0  groups. The neutral nitronyl 
nitroxides, however, are weak bases and link metal ions only when these ions are 
made electron-attractive, for instance, with hexafluoroacetylacetonato ligands [ 161. 
Because the Cu2+ brick, [Cu(opba)12-, is anionic, we thought that using a nitronyl 
nitroxide cation could favor the Cu2+-radical+ interaction. What actually happens 
is that the separation between two opposite cu2+ ions in a M&Ug hexagon nicely 
fits the presence of two radical units to ether with a Cu2+ ion belonging to an- 

%+ other hexagon, affording Cu2+-Etrad+-Cu -Etrad+ chains. Therefore, the key fac- 
tors favoring the interlocking of the two networks are: (i) electrostatic interactions 
between [Cu(opba)12- anions and radical cations; (ii) the size of the radical cation 
as compared with the size of the hexagonal cavity; (iii) the bridging ability of the 
nitronyl nitroxide. 

The magnets described in this work are among the very few two- or three-di- 
mensional molecular structures with complete interlocking of independent infinite 
networks. Other examples are silver tricyanomethide [17], trimesic acid [18], dia- 
quabis(4,4’-bipyridine)zinc hexafluorosilicate [ 191, zinc bis(tricyan0methide) [20], 
and bis( 1,2-di-(4-pyridyl)-ethylene-bis(thiocyanato)iron(II) [2 11. Interlocking of 
rings in discrete supramolecular units is much more developed [22-251 and most 
of this book is devoted to this topic. 

As far as the structure of the interlocked magnets are concerned, we would like 
to discuss further the chirality aspect. Within each hexagon there is a perfect alter- 
nation of A and d metal sites located on either side of a Cu(opba) unit. However, 
two adjacent chiral sites are not related through a mirror plane. Actually, the im- 
age of an M site with the A(d)  configuration belonging to the network A is an M 
site with the d(A)  configuration belonging to network B. The presence of the two 
configurations, A and A ,  within each layer is essential for obtaining layers. If all 
the M sites had the same chirality, the hexagons of the honeycomb topology 
could no longer be closed, and the structure of each network would be three-di- 
mensional with helicoidal symmetry. Such helicoidal structures have been re- 
ported for the first time by Decurtins and coworkers in the chemistry of the oxala- 
to-bridged polymetallic species [26, 271. 

At this stage it is probably worth making a few remarks on the synthesis and 
crystal growing of our magnets. The syntheses are exceptionally critical. First, the 
purity of the precursor, (Etrad)2[Cu(opba)], is crucial. Furthermore, the experimen- 
tal conditions leading to the magnets Etrad2Mn2Cu3 and Etrad2C02Cu3 need to be 
very carefully and precisely adjusted. In addition to the desired compounds, the 
reactions might lead to chain compounds of formula MCu(opba)-S and non-char- 
acterized two-dimensional compounds in which the networks are probably not in- 
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terlocked. The most critical parameters, in addition to the purity of the precursor, 
are the concentration and the temperature. The reactions were performed in a tem- 
perature-controlled room. Finally, it must be stressed that, although Etrad2Mn2Cu3 
and Etrad2C02Cu3 are isomorphous, their syntheses and the methods of growing 
single crystals were quite different. 

As already pointed out, the peculiar structure of our compounds is not funda- 
mental in itself. What is of interest to us is the physics arising from the peculiari- 
ty of the structure. Both Etrad2Mn2Cu3 and Etrad2C02Cu3 are molecule-based 
magnets. They belong to a rather new class of materials. This work confirms that 
molecule-based compounds might behave as hard magnets with strong coercive 
fields. Etrad2C02Cu3 has one of the strongest coercive fields reported so far for 
molecule-based materials. The possibility of designing such materials with wide 
magnetic hysteresis loops was not obvious, at least to us. Actually, some time ago 
we thought that the softness of the molecular state would prevent our synthesizing 
very coercive magnets. We were not correct; there is no contradiction between 
soft lattices and hard magnets. The key factor of the coercivity for Etrad2C02Cu3 
is the presence of the ve anisotropic Co2+ spin carrier. This, however, is not the 
only factor. The Co -containing two-dimensional magnets of formula 
cat2C02[Cu(opba)],-S have coercive fields at 5 K weaker than 5 kOe [ll]. The 
three-dimensional character of Etrad2C02Cu3 resulting from the interlocking of 
two quasi-perpendicular graphite-like networks contributes to the coercivity. 

2 

3.8 A Few Words to Conclude 

In writing this contribution, our goal was threefold, namely: (i) to reply the kind 
request of the guest editor; (ii) to describe some original molecular structures rele- 
vant to the topic of this book; (iii) to stress again that for us it is increasingly impor- 
tant to go beyond the design of chemical objects, and to create new systems with 
novel properties. These properties might be related to material or life sciences, to 
catalysis, to environmental sciences, to many other subjects. The important point 
is to confer a new dimension, the property dimension, on the system. 

For quite a few years we have been concerned with the use of molecular sys- 
tems in memory devices. Whatever the final objective might be, a fundamental re- 
quirement for the system is to have an hysteresis effect with regard to a given per- 
turbation. When it is so, a transition between two electronic states takes place for 
a certain value of the perturbation, Pcf ,  when the perturbation increases, and for 
another value of the perturbation, Pel, when the perturbation decreases, with Pcl 
c Pcf.  Between those two critical values, the state of the system depends on its 
history or on the information which has been stored. It is of course well known 
that a hard magnetic material might be used for storing information. Our work 
provides evidence of the possibility that molecular chemistry might provide com- 
pounds of that kind. 
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4 Transition Metal-Incorporating Catenanes 

Makoto Fujita 

4.1 Introduction 

In this chapter, the preparation of metal-incorporating catenanes by self-assembly 
is discussed. Self-assembly phenomena have provided new concepts and meth- 
odologies for constructing highly ordered and functionalized molecules and mate- 
rials [l]. In particular, the use of transition metal ions to direct the self-assembly 
processes has become a rapidly growing discipline and triggered extensive studies 
on the formation of such complex structures as helicates, chains, ladders, grids, 
macrocycles, catenanes, and cages [2]. In order to exploit this rapidly growing 
field, it is necessary to understand non-covalent interactions (e.g. aromatic interac- 
tions, hydrogen-bonding, metal coordination, etc.) because cooperation of a vari- 
ety of non-covalent interactions is essential in the design and realization of well- 
organized self-assembling molecular systems. 

Interlocking compounds incorporating metals are good target for this purpose 
because there are many factors to be studied for understanding their self-assembly 
processes: i.e., cooperation of different bonds (covalent, coordinate, and non-cova- 
lent), thermodynamic balance (entropy in relation to enthalpy), and electronic and 
steric matching. Actually, recent extensive studies on non-covalent interactions 
have enabled chemists to design and realize the self-assembly of interlocked com- 
pounds which used to be the target of synthetic challenge [3]. Among several 
methods developed recently, metal-mediated self-assembly strategy provides a 
very efficient method for the construction of catenanes. In this chapter, such self- 
assembled catenanes incorporating metal ions are discussed with emphasis on the 
cooperation of coordinate bonds and weak interactions. The preparation of fully 
organic catenanes via self-assembly process, particularly those developed by Sau- 
vage [4], Stoddart [5 ] ,  Hunter [6],  Vogtle [7], Leigh [8], and others [9], is of 
course attracting considerable current interest and is well described in other chap- 
ters (Figure 1). 
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(Sauvage. 1983) 

R (Stoddart, 1988) 
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Figure 1. Examples of organic catenanes. 

4.2 Interlocked Compounds Containing Metals 

Another fascinating approach to catenanes via self-assembly involves metal-coor- 
dination which templates or directs the assembly of catenane frameworks. After 
brief discussions on the recent examples of metal-containing catenanes and related 
topologically interesting molecules (Sections 4.2.1-4.2.3), the focus will be on the 
self-assembly of Pd(II)-linked catenanes (Sections 4.2.4 and 4.2.5). 
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4.2.1 Metal-Containing Rotaxanes 

As the first example of metal-containing interlocked compounds, Co(III) rotaxane 
2 was prepared through self-assembly by Ogino in 1981 [lo]. In this study, spon- 
taneous threading of a- or P-cyclodextrin (CD) on a molecular thread followed by 
capping with a Co(II1) complex at both termini gave rise to the self-assembly of 
metal-containing rotaxane 2. a-CD gave rotaxanes in higher yields than P-CD. 
The best yield (19%) was obtained from a-CD and 1,12-diaminododecene. 

1 4 +  

2 

4.2.2 Metal-Templated Synthesis of Catenanes 

Metal templating is a powerful method for constructing cyclic structures [ 11, 121. 
In 1983 molecular assembly around the tetrahedral coordination geometry of cop- 
per (I) was successfully employed by Sauvage in the template synthesis of cate- 
nane complex 3, which can be converted to organic catenane 1 (Figure 1) by re- 
moving Cu(1) ion (Eq. 1) [4a]. This template strategy has shown its remarkable 
applicability in the synthesis of various interlocked compound families [4]. A re- 
cent topic using the metal-template strategy is the electrochemically swinging 
catenane 4 which exists as 4a with the stable tetrahedral geometry of Cu(1) but 
transforms into 4 b upon electrochemical oxidation of Cu(1) to Cu(I1) in favor of a 
trigonal bipyramidal rather than a tetrahedral coordination environment (Eq. 2) 
~ 3 1 .  

1 
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Q) =cu+ 
4a 

= cu2+ 

(2) 
4b 

4.2.3 Organometallic Catenanes and Rotaxanes 

Fe(II)-containing rotaxane 5 has been studied by Macartney [14]. The pentacyano- 
ferrate (II) group, which has strong affinity for aromatic N-heterocycles, was em- 
ployed as a stopper in this work. The stability of the u-CD-ligand inclusion com- 
plex enables the quantitative preparation of rotaxane 2 in aqueous solution, as evi- 
denced by NMR. Interestingly, an NMR study revealed that the a-CD ring was 
threaded on the a,w-diaminoalkane even after a bulky Fe(II) stopper was put at 
both terminals, because the Fe(II)-pyridine bond is momentarily dissociated. Orga- 
nometallic rotaxane 6 [15] and catenane 7 [16] with carbon-magnesium bonds 
were recently reported. These complexes were shown to be in equilibrium with 
unthreaded complexes suggesting that the Grignard Mg-C bond dissociated mo- 
mentarily. Another interesting organometallic catenane is 'gold catenane' 8 re- 
ported by Mingos [17]. The structure of 7 was determined by X-ray crystallogra- 
phy and shown to possess both 7' and 7' coordination modes. The gold-gold dis- 
tances within the rings lie in the range 3.22-3.35 A, suggesting the presence of 
weak interactions between the metal atoms. A systematic study was reported on 
the self-assembly of helicates and catenanes 9 through complexation of benzimi- 
dazole-based ligands and transition metals [ 181. Because tetrahedral coordination 
geometry about Ag(1) is chiral, two diastereomers of 9 exist; these are in rapid 
equilibrium in solution but were isolated separately as crystals and nicely charac- 
terized by X-ray crystallography. The template synthesis using Cu(1) was also ap- 
plied to the synthesis of metal-containing rotaxane 10 [19]. 
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4.2.4 Self-Assembly of a [2]Catenane Incorporating 
(en)Pd(II) Units 

4.2.4.1 Quantitative Self-Assembly of a Coordination Catenane 

In 1994, metal-containing catenane 13 was found to self-assemble from small 
component molecules 11 and 12 [20, 211. This unique molecule was shown to be 
in rapid equilibrium with monomer ring 14, reminiscent of the trick of well- 
known 'magic rings' (Scheme 1) with some characteristic aspects. First, whereas 
previous catenane syntheses have taken the synthetic step of threading a ring on a 
thread followed by linking the end of the thread, this approach involves the spon- 
taneous generation of a catenane from two preformed molecular rings. Second, 
the catenane is formed spontaneously in quantitative yield without synthetic diffi- 
culty. Third, molecular rings can be linked and unlinked depending on solution 
conditions. 

In this and the following sections self-assembling catenanes incorporating 
(en)Pd(II) units in their backbones are emphasized [21]. Discussion will be fo- 
cused on the rational design, self-assembly, mechanistic aspect, and chemical ma- 
nipulation of the transition metal-linked catenanes. 

11 

H~N' 'NY 
I 

13 
- 

Scheme 1. Self-assembly of [2] catenane 13. 

2 
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Figure 2. X-ray crystallographic structure of catenane 13 (left: ball-and-stick representa- 
tion; right: CPK representation). 

The synthesis of catenane 13 is impressively simple. By just mixing Pd(N03h(en) 
(11) and pyridine-based bridging ligand 12 in an aqueous solution, [2]catenane 13 
and its component ring 14 are self-assembled spontaneously. Because of the rever- 
sibility of the pyridine-Pd(lI) coordinate bond, a rapid equilibrium between these 
two species was observed. Because of the presence of this equilibrium, the ratio be- 
tween catenane 13 and monomer ring 14 could be controlled by adjusting the con- 
centration of the species. At higher concentration, the ratio shifted so that two mol- 
ecules produce one molecule and catenane 13 became an overwhelmingly dominant 
species over 50 mM concentration. The NMR spectrum of 13 is quite characteristic 
of the catenane structure - the inside and outside units of 13 are observed to be 
non-equivalent with a remarkably high-field shift of the inside phenylene that ap- 
pears at 6=5.3 ppm. In addition to satisfactory NMR data, electrospray ionization 
mass spectrometry (ESI-MS) also supported the molecular weight of 13. Finally, 
the solid structure of 13 was confirmed by the X-ray crystallographic analysis of 
the analogous platinum catenane 15 (Figure 2) [22]. 

Even if the structure is unambiguously characterized, the self-assembly of cate- 
nane 13 still remains mysterious. The major question about this phenomena might 
be “what promotes the self-assembly of catenanes?’ It is suggested that the self- 
assembly of catenane 13 is well explained in terms of ‘double-molecular recogni- 
tion’ by which two molecules of 14 bind each other in their cavities. Such an ex- 
planation is consistent with a remarkable medium effect that enabled the modula- 
tion of the equilibrium ratio 13:14 in the range >99:1 to <1:99. Thus, the employ- 
ment of a more polar medium (D20 solution of NaN03) increased the ratio of 13 
to >99% even at a low concentration, because of enhanced hydrophobic interac- 
tion during catenane formation. In contrast, the proportion of 13 diminished when 
a less polar medium (CD30D-D20) was used. Selective stabilization of 14 by ad- 
dition of sodium @-methoxyphenyl)acetate, a specific guest for 14, also reduced 
the ratio 13:14. 
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4.2.4.2 Mechanism of the Rapid Interconversion: Mobius Strip Mechanism 

For catenane formation from two separate rings, the most reasonable explanation 
involves dissociation of a ring, threading another ring on the thread, and recon- 
nection of the ends of the thread (Scheme 2a). However, careful mechanistic con- 
sideration of the rapid interconversion suggested a ‘Mobius strip mechanism’ 
which involves molecular topology reminiscent of the well-known Mobius strip. 

The equilibrium between catenane 13 and monomer ring 14 is so rapid that 
attempts to observe the transfer process from one to another have to date been unsuc- 
cessful. Actually, the rapid interconversion was confi ied by NMR truncated driven 
nuclear Overhauser effect (TOE) experiments [23] which show the existence of 
chemical exchange between the monomer and the catenane. Careful consideration 
of the NMR spectroscopic experiments and a few other experiments gave us two 
significant insights into the mechanism - an intermediate must be involved in the 
interconversion between 13 and 14 and reversible coordinate bonds must be in- 
volved in both rings. These facts strongly supported an alternative ‘Mobius strip 
mechanism’ involving two sequential ligand exchanges between two molecular 
rings concomitant with twisting of the rings around each other (Scheme 2b) [24]. 
This somewhat tricky mechanism is fully consistent with the above requirements. 

b 

Scheme 2. Possible mechanisms of the rapid slippage of two molecular rings: a, conven- 
tional mechanism; b, transmetallation mechanism. Note that these schemes give only the 
topology of the pathways. Thus the second transmetalation in mechanism b might happen 
between any Pd-N bond. 

4.2.4.3 Irreversible Interlock of Molecular Rings 

Another observation which is difficult to explain is the irreversible formation of a 
catenane from two preformed monomer rings. As already discussed, catenane 13 
is in equilibrium with monomer ring 14. If the labile coordinate bond can be fro- 
zen after the catenane is assembled, one can obtain a complete catenane that 
never dissociates into two rings. 
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'I locked 'I 

(kinetically inert) 

" released " 
(kinetically labile) 

Figure 3. Schematic representation of the concept of the molecular lock. 

Such a one-way formation of a catenane was achieved in a platinum(II) coun- 
terpart system by employing a concept of 'molecular lock' [22, 251. An inert co- 
ordinate bond which temporarily becomes labile under external stimuli can be 
termed as molecular lock because one can release and freeze molecular structures 
by turning the stimuli 'on' and 'off (Figure 3). A platinum(II)--pyridine (Pt(I1)- 
Py) coordinate bond can be a thermally switchable molecular lock because it is 
irreversible ('locked') under ordinary conditions, but becomes reversible ('re- 
leased') in highly polar media at elevated temperatures. Incorporation of the mo- 
lecular lock into a macrocyclic backbone made it possible to interlock two molec- 
ular rings irreversibly according to the schematic sequence in Scheme 3. Initially, 
a molecular ring is on the lock (A). Then, the lock is released by adding salt and 
heating (B), to enable the self-assembly of a catenated framework (C). Finally, 
this framework is locked by removing the salt and cooling (D). 

A B C D 

Scheme 3. Schematic representation of the irreversible formation of catenane 15. Pro- 
cesses: (a) release (salt + heating); (b) self-assembly, (c) locking (salt + cooling). 

Experimentally, sodium nitrate was added to an aqueous solution of molecular 
ring 16, and the solution was heated at 100°C. Then, the equilibrium between 16 
and its catenated dimer 15 is pushed by the polar media toward the catenane. 
After self-assembling in a high yield, catenane 15 was isolated as a C104 salt in a 
high yield (Eq. 3). It was confirmed that catenane 15 thus obtained did not 
dissociate into two rings in aqueous solution because its framework had been 
locked. 
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1 4+ n 
H2N, ,NH2 

100 "C, 24 h - 
5M NaN03 

2 

16 

I 

15 

1 

4.2.4.4 Electronic Effects in the Self-Assembiy of Pd(II)-Linked Catenanes 

To study the electronic interactions between the two rings of 14, its fluorinated 
analog was examined. It was found that the fluorinated macrocycle 17 [26] is also 
in equilibrium with [2] catenane 18 though the equilibrium ratio tends to lie to- 
ward 17 (Scheme 4) [27]. The spectroscopic behavior of 18 in NMR is quite sim- 
ilar to that of 13 - i.e., two non-equivalent PyCH2C6F4CH2Py units, each of 
which is symmetric, are observed and the proportion of 18 increased with increas- 
ing concentration. Because the components became insoluble at higher concentra- 
tions (>lo mM Pd), exclusive formation of 18 could not be achieved. 

Catenane formation from fluorinated ligand 19 is apparently more effective 
than that from 12. This difference is most probably because of attractive edge-to- 
face or CH-n interaction working in catenane 13, as observed in the crystal struc- 
ture of platinum-incorporated catenane 14 (Figure 2). In this structure, we can ob- 
serve efficient edge-to-face aromatic contacts between two phenylene units or a 
phenylene and a pyridine ring. 

We also examined the formation of mixed catenane 20 from three species 11, 
12, and 19. When we combined these three compounds in 2:l:l ratio we ob- 
served several upfield-shifted C6& signals around 6 5.0-5.5 assignable as the in- 
side phenylene of mixed catenanes. This result indicated that, although catenanes 
were formed, the two ligands 12 and 19 were completely scrambled in the cate- 
nane structure. Thus, there seemed no selectivity in the formation of a specific 
combination such as 20 with alternate c& and C6F4 rings, although the selec- 
tive formation of catenane 20 was expected because a stable benzene-perfluoro- 
benzene 1:l complex was known [28]. The complete scrambling is probably be- 
cause of the high entropy price of the highly ordered structure of 20. 
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4.2.5 Made-to-order Assembling of Pd(I1)-Linked Catenanes 

4.2.5.1 Quantitative Formation of Catenanes 

As discussed in the last section, the driving force for the self-assembly of cate- 
nane 13 is the efficient aromatic contact between two monomer rings. Therefore, 
we designed a rectangular molecular box 21 containing Pd(II)-pyridine coordinate 
bonds. 

from Rectangular Molecular Boxes 

2+ 

I 0 0 

21 

A force field calculation redicted that this box would have an appropriate in- 

ic box 21 are expected to slide into a catenated dimer. In fact, when we combined 
11 and ligand 22, we observed the formation of a single component, catenane 23 

terplane separation (ca. 3.5 8: ) in the cavity. Therefore, two molecules of inorgan- 

(Eq. 4) ~ 9 1 .  

11 

t 

22 
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Figure 4. X-ray crystallogrpahic structure 
of catenane 23 (CPK representation). 

The structure of 23 was determined by X-ray diffraction (Figure 4) and careful 
examination of NMR and ESI-MS. From the crystal structure, we can find very 
efficient stacking of four aromatic rings that significantly stabilize the catenane 
structure. In fact, the stability of 23 in solution was remarkable. The dissociation 
of the catenane into component rings was not observed even at low concentration 
or in less polar media (D20-CD30D, 1 : 1). It is noteworthy that the observation of 
the molecular ion of 23 by ESI-MS showed that the catenane is still stable at MS 
concentrations ( ~ 0 . 1  m). The structure of catenane 23 is characterized in terms 
of topological chirality [29] - i.e., clockwise and anti-clockwise interlocking of 
the second rings on to the first ring gives rise to the enantiomers of 23. Because 
of this chirality, otherwise equivalent proton coupling on the same aromatic rings 
became non-equivalent. The observation of topological chirality is reliable evi- 
dence for the solution structure of the catenane. The crystal structure also shows 
that the catenane framework is very tight. However, we successfully expanded the 
cavity by inserting an additional phenylene ring into the ligand framework. Thus, 
we observed the quantitative self-assembly of a relatively flexible catenane 25 
from 11 and ligand 24 (Eq. 5) .  Again, interplane separation of ca. 3.5 8, seems 
essential for the efficient stacking of four aromatic systems in the catenated struc- 
ture. 

4.2.5.2 Selective Formation of Catenanes 
from Three Species-Eight Components 

Successful self-assembly of catenanes 23 and 25 and their remarkable stability im- 
ply that rectangular box structures for the component rings are very effective for 
catenation. Thus, we also designed the construction of rectangular frameworks 
from a set of 11 and two different ligands. Surprisingly, these three-component 
systems worked very well and we observed highly efficient three-component- 
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4y 
24 

25 

eight-species self-assembly (4~1+2x26+2~27 and 4xl+2x29+2x30) into catenanes 
28 and 31 in quantitative yields (Eqs. 6 and 7) [30]. The rectangular structures 
have van der Waals interplane separation of ca. 3.5 8, in the component rings, an 
ideal distance for binding an aromatic ring in the cavity. 

27 

The remarkable thermodynamic stability of catenane 28 overcame a combination 
problem which should arise in self-assembly from a larger set of components. At 
least, formation of three component rings 32-34 is possible because their thermo- 
dynamic stability is comparable. Nevertheless, catenane 28 self-assembled as a 
sole roduct. This result shows that, having an ideal van der Waals separation 

cavity with another copy of itself. Actually, the efficient aromatic stacking of four 
(3.5 R ) in its framework, only rectangular box 34 can be stabilized by filling its 
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\ /  \ /  \ /  .CP-? 

30 

32 33 

aromatic rings is evidenced by X-ray crystallographic analysis of catenane 28 
(Figure 5). 

4.2.5.3 Scope and Limitations 

Another question on the self-assembly of metal-linked catenanes is whether it is 
possible to design various catenane molecules rationally on the basis of the same 
principle. To elucidate the major factors that control the self-assembly of inter- 
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Figure 5. X-ray crystallographic structure 
of catenane 28 (CPK representation). 

Table 1. The prediction of the catenane formation on the hasis of force-field calculationa. 

27 

macmcycle 

cavity yes 

yes catenation 

Ligand(s) N X N  

27 

macrocycle 

cavity yes, but loo large 

catenation no 

Y e s  

Y". 

no 

no 

yes 

yes 

no 

no 

no 

no 

a MM2 parameters supplied by the CAChe system (version 3.5, SonyRecktronix) were employed for 
the refinement. 
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locked molecules, a series of pyridine-based bridging ligands were examined for 
the self-assembly of catenanes (Table 1). 

Because neither covalent nor coordinate bonds exist between component rings, 
the assembly of 13 lies on a very delicate thermodynamic balance. As simple de- 
rivatives of ligand 12, two ligands 35 (a monomethylene homologue of 12) and 
36 (a bismethylene homologue of 12) were treated with (en)Pd(NO& (11). De- 
spite the small structural differences in these ligands, we observed a dramatic 
change in the efficiency of catenane formation. Whereas ligand 12 gave catenane 
13, no catenane formation was observed from methylene-homologs 35 and 36 - 
from ligand 35 a dinuclear macrocycle was self-assembled as the sole product 
whose structure was assigned as head-to-head type 37 or head-to-tail type 38. 
Upon treatment of 11 with 36 we observed the assembly of two products which 
were tentatively assigned as mono- and dinuclear macrocycles 39 and 40. 
Although biphenylene derivative 26 has almost the same conformational freedom 
as 12, it did not give a catenane upon treatment with 11; instead, we observed the 
assembly of macrocycle 41 concomitant with the formation of considerable 
amount of oligomeric products. Terphenylene derivative 29 also gave an oligomer 
mixture. 

n 1 4+ 

(>p*/N- / \  N' / 

\ 
H2 H2 3'*+ 38 4+ 

39 
1 4+ 

40 41 
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From the results summarized in Table 1 we can conclude that the self-assembly 
of Pd(I1)-linked catenanes is predictable. When the component rings have a cavity 
with an appropriate interplane distance (ca. 3.5 A), catenanes are obtained effi- 
ciently (e.g. from ligands 12, 22, 24, 26+27, or 29+30). If, however, the cavity is 
too large or too small, catenanes are not assembled (e.g. from 26, 27, 35, or 36). 
Thus two conditions must be satisfied if metal-incorporating catenanes are to be 
obtained by self-assembly. Firstly, component rings should contain reversible co- 
ordinate bonds. Second, both component rings should have interplane separation 
of approximately 3.5 in the cavity. 

4.3 Conclusion 

Catenanes are no longer the synthetic challenge of current chemistry because of 
the recent development of highly efficient metal-mediated strategies, i.e. templat- 
ing and self-assembly. In this chapter we have concentrated our attention on the 
metal-directed self-assembly of catenanes. This approach has several advantages 
in the design, preparation, and functionalizing of catenanes: (1) Self-assembly 
generally gives catenanes in quantitative yields under mild conditions. (2) Transi- 
tion metals involved in the frameworks of catenanes may lead to interesting 
photo, redox, magnetic, andor thermal properties. (3) Switchable catenanes, par- 
ticularly in its motion, can be easily designed on the basis of the versatile proper- 
ties of transition metals. (4) Even the linking and unlinking of component rings 
can be controlled because of the reversibility of coordinate bonds. 

For future development of catenane synthesis by metal-mediated self-assembly, 
the following aspects might be worth studying. First, self-assembly of [n] cate- 
nanes (n23) such as oligocatenanes in which n is controlled, or is a large number, 
and cyclic oligocatenanes still remains synthetic challenge. Of course, self-assem- 
bly of more complexed catenane families such as a trefoil knot, multicatenanes, 
and three-dimensionally interlocked systems would be particularly interesting. 
Second, to obtain metal-incorporated catenanes by self-assembly, different kinds 
of weak interactions that stabilize catenated frameworks may be employed. 
Although the self-assembled catenanes which are the main topic in this chapter in- 
volve efficient organic interactions (hydrophobic or aromatic contact), other driv- 
ing forces (e.g. hydrogen-bond, donor-acceptor interaction, etc.) might be com- 
bined to induce the self-assembly of metal-incorporated catenanes. Furthermore, 
application of these catenanes to the construction of molecular devices, switches, 
and machines might be a long-term but a quite fascinating challenge for the next 
generation. 
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5 Catenane and Rotaxane Motifs 
in Interpenetrating and Self-penetrating 
Coordination Polymers 

Stuart R. Batten and Richard Robson 

5.1 Introduction 

Until recently assemblies consisting of two or more independent infinite lD, 2D, or 
3D structures that interpenetrate were rare, but examples are now being reported 
with ever-increasing frequency. Catenane andlor rotaxane associations, infinitely re- 
peated in an orderly manner, are an intrinsic feature of these entanglements. 

Hydrogen bonding and metal-to-ligand bonding are the two major means 
whereby individual building blocks are connected together within the infinite 
structures that interpenetrate. In this chapter we focus on metal-ligand bonded sys- 
tems, coordination polymers in other words, although the basic topological princi- 
ples described apply equally well to hydrogen-bonded nets. 

This chapter is not intended to be in any way comprehensive, but rather to 
highlight some aspects of interpenetrating networks of relevance to the subject of 
this book - catenanes and rotaxanes in particular. Readers seeking a fuller treat- 
ment of various topics merely touched upon here are directed at appropriate 
points below to a recent detailed review [l]. Only ordered, structurally regular, 
and crystallographically characterized systems will be covered. 

5.1.1 Nets 

A useful concept in the consideration of framework structures and, in particular, in 
the consideration of their various modes of interpenetration, is that of a net. A net is 
a collection of points with some clearly defined connectivity. We shall be concerned 
with infinite nets and shall refer to the interconnected points as nodes and to the 
connecting units either as connecting rods or simply as connections or rods. For a 
fuller account of nets the reader is referred to monographs by Wells [2]. 

A simple example of a 2D net is that shown in Figure 1, referred to as the 
(6,3) net. The symbol (n ,p )  is used to designate a net in which all nodes are di- 
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Figure 1. Two geometrically different forms of the 
(6,3) net. 

rectly connected to p other nodes in such a way that all the shortest circuits in- 
volve n nodes. Figure 1, showing two geometrically different but topologically 
identical versions of the same (6,3) net, illustrates the general point that nets can 
be stretched or compressed and their nodes geometrically deformed to any extent, 
and yet, provided connections are not broken and new connections are not 
formed, the topology is considered to remain unchanged. 

One of the factors contributing to the topological characterization of a net is 
the size of the smallest circuits that include each of the p@-1)/2 pairs of connec- 
tions radiating from a p-connected node. This sounds complicated, but in practice 
is quite simple, as can be demonstrated by considering another 2D net encoun- 
tered below that is shown in Figure 2; this is the 4-connected net whose geometri- 
cally most regular form is a square grid. Of the six pairs of connections radiating 
from a node, the four making 90" angles take part in 4-gon shortest circuits and 
the other two, making 180" angles, take part in 6-gon shortest circuits. These 
facts are incorporated into the so-called Shlafli symbol for the net, in this case 
4462, which indicates that around the 4-connecting node there are four 4-gon 
shortest circuits and two 6-gon shortest circuits. The main, non-superscripted 
numbers in the Shlafli symbol refer to the sizes of the smallest circuits and the 
superscripts refer to the number of pairs of rods radiating from the node that are 
involved in those particular types of circuit. The sum of the superscripts then 
must equal p @-1)/2. Wells arbitrarily chooses to ignore circuits involving co-lin- 
ear pairs of connections, giving the net in Figure 2 the symbol (4,4). For simplic- 
ity we shall do likewise below. 

Figure 2. The (4,4) net. 



5.1 Introduction 79 

Turning to 3D nets, one of the simplest is that conveniently referred to as the 
diamond net, shown in Figure 3. All nodes are equivalent and 4-connecting and 
in the geometrically most regular form are tetrahedral. This net is given the sym- 
bols (6,4)-a or @-a, indicating that every node is 4-connecting and that all six 
pairs of rods radiating from a node are involved in 6-gon smallest circuits; the a 
in the symbol indicates that this is the most symmetrical of a number of topologi- 
cally different 66 nets. A characteristic structural motif in the diamond net, re- 
ferred to below, is the so-called adamantane unit, highlighted in Figure 3 .  

5.1.2 Interpenetration of Nets 

Some general points about interpenetrating networks can be illustrated by the ex- 
ample of Zn(CN)*, which was structurally characterized over half a century ago 
[ 3 ] .  It consists of two independent diamond-like nets with the &-a topology, in 
which zinc provides the tetrahedral nodes and cyanide provides linear connections 
between nodes. These two equivalent but independent nets interpenetrate as 
shown in Figure 4, such that the nodes of one net are located at the centers of the 

(b) 

Figure 4. (a) Two interpenetrating adamantane units in the structure of Zn(CN)*. Circles 
represent Zn and connections between Zn atoms are provided by linear bridging cyanides. 
(b) A single cyclohexane-like Zn6(CN)6 ring catenated by six distinguishable rings. 
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adamantane units of the other net. The cyan0 connecting rods radiating from the 
central zinc project through the four cyclohexane-like windows of the surrounding 
adamantane unit, as can be seen in Figure 4a. All cyclohexane-like 6-gons are 
equivalent. Passing through each is a rod of the other framework which in turn 
forms part of six distinguishable cyclohexane-like rings as shown in Figure 4b. 
This is catenation on the grand scale. The two frameworks can be disentangled 
only by wholesale breaking of connections. 

In this article we shall use the term z-fold interpenetration to describe systems 
with z independent nets - Zn(CN)2 therefore displays 2-fold interpenetration. 

One of the characteristic features of all interpenetrating systems is the repeated, 
orderly appearance of rings belonging to one infinite structure through which 
components of independent infinite structures are entangled in such a way that the 
individual nets can be disengaged only by breaking connections. Assemblies in 
which the rods of an infinite chain or network are encircled by rings which them- 
selves are finite and molecular and not part of some independent infinite struc- 
ture, interesting as they are, do not fall in the category of interpenetrating struc- 
tures. The very interesting possibility, presently unrealized for any crystallographi- 
cally characterized system, in which individual rings in an infinite polycatenane 
are themselves finite and molecular, likewise do not fall in the category of inter- 
penetrating networks. 

The degree to which nets we choose to regard as separate are truly independent 
is variable and debatable. Nevertheless, the approach adopted below of breaking 
down complicated interpenetrating structures into nets we choose to describe as 
‘independent’, even though significant interaction between nets is clearly evident 
in some cases, remains a useful, powerful and simplifying aid to understanding. 

5.2 Interpenetrating 1D Polymers 

For interpenetration of 1D polymers to be possible the individual chains must 
contain rings. Two obvious and different ways such chains could be achieved are 
by linking rings together by ‘single’ rods and by linking them together by pairs 
of rods to generate a ladder-like structure. Independent chains could then interpe- 
netrate in a catenane fashion in the case of the ladder-like polymers or in either 
catenane or rotaxane fashion in the case of chains containing both rings and ‘sin- 
gle’ rods. We know of only three examples that can be assigned to this 1D inter- 
penetration category, but it seems highly likely this list will be considerably ex- 
tended in the near future. 

In [Cu:(CH3CN),l3](PF&, the li and 1,4-bis(4-pyridyl)butadiyne, structure 1, 
acts as a 2-connecting unit and C u ,  being coordinated by one pendant CH3CN 
and by pyridines from three 1 ligands, acts as a 3-connector [4]. Undulating lad- 
der-like chains are thereby formed in which both ‘rungs’ and ‘uprights’ are pro- 
vided by 1. The ladders are arranged with their axes parallel such that any one is 

B 
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associated by infinitely repeated catenane interactions with four other chains, two 
on one side and two on the other as shown in Figure 5. The product of this poly- 
catenation therefore is a 2D sheet. 

Figure 5. Interpenetrating ID ladders in the 
structure of [Cu*(CH,CN),l,](PF6)2. Circles 
represent Cu. Any one ladder is associated by 
catenane associations with four others. 

The bridging ligand 2 gives a polymer [Cd223(N03)4], which, like the example 
above, contains ladder-like chains in which both ‘rungs’ and ‘uprights’ are pro- 
vided by the ligand [5]. From the topological point of view each Cd acts, like the 
Cu’ above, as a T-type 3-connecting node, its 7-coordinate environment being 
completed by two bidentate and pendant nitrate ligands. In this case half the 
chains are parallel and the other half are inclined equally to the first. Any individ- 
ual ladder is associated by catenane interactions with an infinite number of in- 
clined ones, such that any one ring has the ‘uprights’ of four independent inclined 
ladders passing through it, as shown in Figure 6. These two examples provide a 
very nice contrast; both involve 3-connecting metallic nodes and in both cases 
any one ring is associated by catenane interactions with components of four other 

ladders, but in one case the ladders are all parallel giving a 2D composite whilst 
in the other the ladders are inclined giving a 3D composite. 

Ligand 3 gives a coordination polymer of composition [Ag233](N03)2 which 
contains 1D chains in which rings are linked together by ‘single’ rods as in Fig- 
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Figure 6. Interpenetrating ladder-like chains in 
[Cd223(N03)4]. The T-type 3-connecting centers 
represent Cd. Every ring has the 'uprights' of four 
separate ladders passing through it. 

Figure 7. (a) A single chain in [Ag2331(N03)2. 
Larger circles represent Ag, smaller circles re- 
present C and N. (b) A schematic representa- 
tion of the multiple rotaxane associations. 

ure 7a [6]. Each such chain is interlocked with an infinite number of others by 
multiple rotaxane associations, whose topological essence is shown in Figure 7 b, 
giving a 2D composite. Every rod passes through the ring of another chain and 
every ring encircles a rod of another chain. Some interpenetrating structures dis- 
cussed below can be correctly described either as polyrotaxanes or as polycate- 
nanes and deciding which is the better description is not straightforward, but no 
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such uncertainty exists in the case seen in Figure 7, which unquestionably is of 
the polyrotaxane type, catenane interactions simply not being present. 

5.3 Interpenetrating 2D Networks 

Two major categories of interpenetrating 2D network can be discerned - one we 
shall refer to as ‘parallel interpenetration’ and the other as ‘inclined interpenetra- 
tion’. Inclined interpenetration inevitably leads to a 3D interlocked composite, 
whereas in all cases but one very recent one, parallel interpenetration yields a 2D 
composite. 

5.3.1 Parallel Interpenetration of 2D Frameworks 

5.3.1.1 Interpenetrating Pairs of Sheets 

The individual 2D networks must have some appropriate element of undulation, 
often corrugation, for parallel interpenetration to be possible. A schematic repre- 
sentation of two corrugated sheets participating in 2D parallel interpenetration is 
shown in Figure 8; each passes through the other an infinite number of times. 
The first, classic example of 2D parallel interpenetration, namely, Ag(tcm), where 
tcm- is the tricyanomethanide ion C(CN);, was described by Konnert and Britton 
over thirty years ago [7]. Two identical (6,3) nets, in which the 3-connecting cen- 
ters are provided alternately by 3-coordinate Ag and the central C of tcm-, inter- 
penetrate as shown in Figure 9. The corrugations within the sheets which make 
the interpenetration possible arise from a combination of a distinctly non-planar, 
pyramidal geometry at the silver centers and significant bending at the nitrogen 
centers. The topological essence of the interpenetration, seen in projection, is re- 
presented in Figure 9b. All 6-gon rings are equivalent and any one is associated 
by catenane interactions with two others from the second sheet. It is possible to 
attach ligands, such as acetonitrile and phenazine, to the Ag centers, which there- 
by become 4-coordinate, without disrupting the interpenetrating sheet arrangement 
[8]. With acetonitrile the separation between double sheets is thereby increased 

Figure 8. Parallel interpenetration of undu- 
lating sheets. 
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Figure 9. (a) Interpenetrating undulating (6,3) nets in the structure of [Ag(tcm)J. Circles in 
order of decreasing size represent Ag, N and C. (b) Topological essence of the inter- 
penetration. 

and in the case of phenazine, which acts as a bridging ligand between sheets, two 
interpenetrating 3D networks are formed. 

In the structure of [Cd(4-pic),{ Ag(CN),J2](4-pic) (where 4-pic is 4-methylpyri- 
dine), shown in Figure 10, (4,4) nets interpenetrate in a manner closely analogous 
to that in which the (6,3) nets interpenetrate in Ag(tcm) 191. The 4-connecting 
nodes are provided by Cd, and all are equivalent. Each Cd is connected to four 
others via Ag(CN); bridges, generating the (4,4) net. The metal centers are octa- 
hedral with two trans picoline ligands which can be regarded as mere appendages 
to the 2D net. The corrugations that make the parallel interpenetration possible 
have their troughs and crests parallel with one diagonal of the Cd4 rhombuses (as 
seen in projection) within the net. 

Alternative modes of interpenetration for (6,3) and (4,4) nets, topologically dif- 
ferent from those seen in Figure 9 and 10 above, can be envisaged, and real ex- 
amples of some of these are known. Thus, for example, an interesting variant on 
the mode of (6,3) net interpenetration seen in Ag(tcm) is apparent in the structure 
of the semiconductor S-(BEDT-TTF)2[Cu2(CN){ N(CN),},] (where BEDT-'MY is 

Figure 10. Parallel interpenetrating (4,4) nets in the structure of [Cd(4-~ic)~{ Ag(CN)2}2] 
(4-pic) where 4-pic, i.e. 4-methylpyridine, is pendant and is omitted. Cd therefore is the 
apparently 4-connecting (actually 6-coordinate) center shown here. Each Cd is connected 
to four others by bridging Ag(CN);. Circles in order of decreasing size represent Cd, Ag 
and CN. 
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Figure 11. The parallel interpenetration of 
(6,3) nets in the [CU~(CN>{N(CN)~}~I- 
polyanion. Large circles represent Cu, 
small circles C and N. 

bis(ethy1enedithio)tetrathiofulvalene) [ 101. This contains anionic layers of com- 
position [Cu:(CN){ N(CN)2)2]- with { (BEDT-'ITF)z)+ cations located between the 
sheets. The anionic layers consist of two independent and interpenetrating (6,3) 
nets in which Cu' provides the 3-connecting nodes and both CN- and N(CN); act 
as 2-connectors. A bend at the central N of the N(CN), 2-connector provides the 
element of undulation that makes possible the mode of interpenetration shown in 
Figure 11. This is topologically distinct from the interpenetration mode seen in 
Ag(tcm) as inspection and comparison of Figures 11 and 9 will reveal. Any one 
6-gon ring in the structure in Figure 11 is associated by catenane interactions with 
four rings of the second framework, in contrast with the Ag(tcm) structure in 
which each ring is catenated by only two rings of the other framework. 

A mode of parallel interpenetration of two (4,4) nets topologically different from 
that in Figure 10 is seen in [Cu(tcm)(bipy)], where bipy is 4,4'-bipyridine [ll]. In 
this case the tcm- ligands act as bent 2-connectors, as shown in Figure 12. 

The bis-imidazole ligand 3 with zinc nitrate gives a coordination polymer of 
composition [Zn32](NO& - 4.5 H20 which contains layers comprising two 
independent 2D nets, interpenetrating in the parallel manner [12]. This is an 
interesting structure in the context of catenanes and rotaxanes because both sorts 
of association are present. The individual nets, represented schematically in 
Figure 13a, are based on (6,3) but a second bridging ligand is present within 
certain pairs of zinc nodes which thereby become 4-coordinate. Two such nets 
then interpenetrate in the manner represented schematically in Figure 13b, 

Figure 12. Two parallel interpenetrat- 
ing (4,4) nets in the structure of 
[Cu(tcm)(bipy)]. Large circles 
represent Cu, small circles represent C 
and N. 
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Figure 13. (a) Schematic representation of a single 2D net in [Zn32](N03)2.4.5H20. Zn 
provides the 4-connecting nodes and 3 provides connections between nodes. (b) Schematic 
representation of the two interpenetrating nets in [ Z n 3 ~ ] ( N 0 ~ ) ~  .4.5H20. 

Figure 14. Schematic representation of the two 
parallel interpenetrating (4,4) nets in 
Fln43](C104)2 showing the polyrotaxane-polycate- 
nane associations. 6-connecting nodes are provided 
by 6-coordinate Mn and node-to-node connections 
by ligand 4. 

generating polyrotaxane columns discernible in Figure 13b. This structure is 
clearly closely related to that of [Ag233](N03)2 (Figure 7), which unquestionably 
is a polyrotaxane, but [Zn32](N03)2. 4.5 H20 could equally well be considered as 
a polycatenane, because the smallest rings of one net are involved in catenane 
associations with the second-smallest rings (Zn,) of the other net. Little is to be 
gained by argument regarding which description should take precedence; the 
structure simultaneously has both polyrotaxane and polycatenane character. 

The coordination polymer formed by the ligand N,N’-p-phenylenedimethylene- 
bis(pyridin-4-one), 4, of composition [Mn43](C104)2 consists of two (4,4)-based 
nets that interpenetrate in the parallel fashion [13]. As for [Zn32](N03)2.4.5 H20, 
above, a second bridging ligand is present between certain Mn nodes whereby 
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Mn242 rings are formed and the metal centers become 6-connecting. A schematic 
representation of the polyrotaxane-polycatenane way they interpenetrate is shown 
in Figure 14. [Ag233](N03)2, [Zn32](N03), .4.5 H2O and [Mn43](C104)2 can be 
considered as members of a progression in which the connectivity of the metal 
center increases from 3- to 4- to 6-connected respectively and in all of which 
(metal),(ligand), rings participate in rotaxane interactions. 

4 

5.3.1.2 Parallel Interpenetration of more than Two Sheets 

Examples are known in which more than two independent sheets interpenetrate in 
the parallel fashion. The coordination polymer Cd22j(N03)4, where 2 is closely 
related to 2 but with a central C6F4 ring in place of the C6H4 [5] contains three 
independent interpenetrating (6,3) nets and six (6,3) nets interpenetrate in 
Ag(TEB)CF3S03, where TEB is 1,3,5-tris(4-ethynylbenzonitrile)benzene [ 141. In 
both cases the mode of interpenetration is closely related to that seen in Ag(tcm) 
(Figure 9) in that the imaginary removal of any one of the three nets from the Cd 
example or of any four of the nets from the Ag(TEB) example leaves a 2-fold in- 
terpenetrating system topologically identical to that in Figure 9 b. 

5.3.1.3 Parallel Interpenetration of Sheets Other than (6,3) and (4,4) 

We know of only two examples of parallel 2D interpenetration involving nets 
other than (6,3) and (4,4). One is Hittorf's phosphorus, in which two 8,. 10 nets, 
composed entirely of phosphorus atoms, interpenetrate [ 151. The other example, 
considered in the next section, differs from all the other parallel interpenetrating 
cases in that the composite formed is a three-dimensional interlocked structure. 

5.3.1.4 Parallel Interpenetration of 2D Nets 
to Give a 3D Interlocked Composite 

The ligand Si(4-~yanophenyl)~, tcps, with AgPF6 gives crystals of composition 
Ag3(t~p~)2(PF6)3 - solvent which contain 2D nets each of which consists essen- 
tially of two puckered (6,3) component nets linked together as shown in Figure 
15a [16]. The 4-connecting nodes seen in Figure 15a are provided by Si, the 3- 
connecting nodes by one type of silver center and the connections between the 
(6,3) components are provided by a second type of silver with a linear 2-coordi- 
nate geometry. In addition to showing the 3,4-connected topology of the individu- 
al 2D nets, Figure 15a also indicates how one such net interpenetrates a second. 
Any one 3,4-connected 2D net is, in fact, interpenetrated in parallel manner by 
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Figure 15. (a) Two of the 2D nets that undergo parallel interpenetration in the structure of 
Ag3(tcps)2(PF6)3, where tcps is Si(Ccyanophenyl)4. Smaller circles represent the Si centers 
of the 4-connecting tcps ligands and larger circles represent two sorts of Ag', some 3-con- 
necting and some %-connecting. For clarity only two independent and interpenetrating 2D 
nets are shown in (a), but in fact any individual 2D net has four others interpenetrating it 
as shown in (b), in which the central 'heavy' net is interpenetrated by two nets from above 
and two nets from below. 

four nets of the same type, two on one side of it and two on the other, as shown 
in Figure 15 b, whereby the interlocked structure extending in the third dimension 
is formed. It is interesting to note that although the above combination of tcps 
and the d" metal Ag' is a relatively minor variant on an earlier system consisting 
of C(4-cyan0phenyl)~ with d" Cu', the outcome is entirely different, a single 
non-interpenetrating diamond-related net with very large channels being formed in 
the latter case [ 171. 

5.3.2 Inclined Interpenetration of 2D Frameworks 

In the inclined mode of interpenetration any one sheet has an infinite number of 
inclined ones passing through it to produce an interlocked 3D composite in the 
manner represented in Figure 16. In contrast to parallel interpenetration, each 
sheet passes through an inclined one just once along a line of intersection of the 
two planes. All examples of inclined interpenetration known at present involve 
either (4,4) or (6,3) nets. 

The structure shown in Figure 17, in which mutually perpendicular square grid 
sheets are interlocked is observed for the compounds [M(4,4'-bipy)2(H20)2](SiF6), 
where M is Zn, Cd or Cu, and [Cd(4,4'-bipy)2(H20)(OH)](PF6) [18]. The metal 
centers are octahedral with pyridine donors from four bipy ligands in a square- 
planar arrangement and with two trans water ligands (or, for cd-PF6, one water 
and one hydroxide). The Cd centers therefore provide the 4-connecting nodes for 
the (4,4) net and bridging bipy ligands connect node to node. The Cd-PF6 system 
is interesting in that solvent mixtures only slightly different from those used to 
obtain the interpenetrating [Cd(bipy)2(H20)(OH)](PF6) yield non-interpenetrating 
[Cd(bipy)2(H20)2](PF6)2 .4H20 - 2bipy. The latter consists of a stack of parallel 
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Figure 16. 

square grid sheets, each very similar 

Inclined interpenetration of 2D sheets. 

Figure 17. Inclined interpenetration 
(actually perpendicular) of two (4,4) nets 
in [M(4,4'-bipy>2(H*O>2](SiF6). 
4-Connecting nodes are provided by M 
which has two pendant trans H20 ligands 
not shown here and connections between 
nodes are provided by 4,4'-bipy. 

to those in the interpenetrating, polycate- 
nated structure, but each corral-like Cd4(bipy), ring now encloses two uncoordi- 
nated bipy molecules in a pseudo-rotaxane fashion. This example demonstrates 
how fine a balance may dictate whether an interpenetrating structure or some al- 
ternative is formed. Several other coordination polymers, considered in the fuller 
review [l], consist of (4,4) nets that interpenetrate in a manner topologically iden- 
tical to that adopted in the above 4,4'-bipy derivatives. 

Cui(pyrazine)s(SiF6) contains (6,3) nets in which each Cu' is attached by bridg- 
ing pyrazines to three other metal centers [19]. The nets then participate in the in- 
clined mode of interpenetration shown in Figure 18. Any one 6-gon ring is in- 
volved in catenane associations with two rings of an inclined sheet. A particularly 
noteworthy system consisting of (6,3) nets that interpenetrate in a manner 
topologically identical to that shown in Figure 18 is the molecular magnet of 
composition { Mn:[Cun(opba)]3 }2X+ where Cun(opba)'- is the orthophenylene- 
bis(oxamato)copper(I) dianion and X+ is the organic radical cation 2-(4-N-meth- 
y1pyridinium)-4,4 ,5,5 -tetramethy limidazoline- 1 -0xyl-3 -oxide [ 201. 

5.3.2.1 More Than One Sheet Passing Through Any Ring 

Examples are known in which the rings are large enough and the rods slim en- 
ough to allow more than one sheet to pass through each ring. The structure of sol- 
vated [Cd(py)2{Ag(CN)2)2] (py is pyridine) contains (4,4) sheets in which Cd is 
connected by four bridging Ag(CN); units to four other Cd atoms [21]. Two trans 
py ligands, which can be regarded as appendages to the net, complete an octahe- 
dral metal environment. Parts of two inclined sheets pass through every ring 
which is involved in catenane interactions with two rings from each of the two in- 
clined sheets, as shown in Figure 19. 
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Figure 18. Inclined interpenetration of (6,3) 
sheets in the structure of Cui(pyrazine)=,(SiF6). 
Circles represent Cu and connections between Cu 
atoms are provided by pyrazine. Sheets passing 
through rings at the top, bottom, front, and back 
of the collection shown here have been omitted 
for clarity. 

Figure 19. Schematic representation of the 2D inclined 
interpenetration of (4,4) sheets in the structure of 
[Cd(py)2{ Ag(CN)2)21, py is pyridine. Each window of 
each sheet, all of which are equivalent, has parts of 
two other sheets passing through it. Circles represent 
Cd atoms. 

A related example involving (6,3) rather than (4,4) nets, in which any 6-gon 
has components of two independent inclined sheets passing through it is note- 
worthy in the context of this book in that the connecting rods themselves are en- 
circled in rotaxane fashion by bead-like cucurbituril components, as in structure 5. 
The 3-connecting nodes of the (6,3) nets are provided by Ag' each of which is 
linked to three others by bridging ligands of type 5 [22]. 

In principle (4,4) nets in three mutually perpendicular planes could interpene- 
trate as considered in reference 1, but no examples of this are known at present. 

The structure of [Cu(4,4'-bipy)X], X is C1, Br, or I, provides an example of in- 
clined (6,3) interpenetration in which every ring has components of three indepen- 
dent inclined sheets passing through it [23]. Binuclear halide-bridged (CuX), 
units play the role of the 3-connecting nodes, each being connected to a neighbor- 
ing (CuX), node by two side-by-side bipys and to two other neighbors by single 
bipys. The mode of interpenetration is represented schematically in Figure 20 in 
which the connections consisting of side-by-side bipys are represented by two par- 
allel lines. Of the three sheets passing through any ring the mode of catenation of 
the central one is different from that of the other two, as inspection of Figure 20 
will reveal. 
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Figure 20. Structure of [Cu(4,4’-bipy)X], X is C1, Br, or I. Circles represent Cu. Each ‘short’ 
connection shown here is provided by two p2 X- bridges. ‘Long’ connections are provided by 
bipy, some of which are present in close side-by-side pairs. The 3-connecting nodes of the 
(6,3) net are located at the mid-points of the Cu(X)2Cu 4-gons i.e. at the mid-points of the 
‘short’ connections shown here. A 6-gon of one horizontal sheet is shown here in heavy black 
and three independent inclined nets are seen passing through it, a central one represented by 
fine lines and a front and a back one by ‘open’ connections. 

5.4 Interpenetrating 3D Networks 

We classify the modes of interpenetration of 3D nets in terms of the topologies of 
the individual nets. 

5.4.1 Interpenetrating 3-Connected 3D Nets 

With one exception, which has the (8,3)-c topology, all known examples of inter- 
penetrating 3-connected 3D nets are of either the (10,3)-a or the (10,3)-b type. 



92 5 Catenane and Rotaxane Motifs 

5.4.1.1 Interpenetrating (10,3)-a Nets 
In its geometrically most regular form, shown in Figure 21, the (10,3)-a net has 
cubic symmetry and angles at nodes are all 120". 4-Fold helices run parallel to 
the axes. All the helices have the same handedness, making the net as a whole 
chiral. Wells foresaw, before real examples were known, that the (10,3)-a net is in 
principle capable of participating in interpenetration not only with an identical net 

Figure 21. The (10,3)-a net in its most symmetrical 
form, i.e. cubic, displayed on a cubic grid. 

Figure 22. Two distorted interpenetrating (10,3)-a 
nets in the structure of [Ag2(2,3-dimethylpyra- 
zine)3](SbF&. Circles represent Ag. 

of the same hand but also with a net of the opposite hand. [Ag2(2,3-dimeth- 
ylpyra~ine)~](SbF~)~ consists of two somewhat distorted (10,3)-a nets of opposite 
handedness that interpenetrate as shown in Figure 22 [24]. Both modes of 
interpenetration (i.e. any net being interpenetrated by nets of the same hand as 
well as by nets of the opposite hand) co-exist in cubic crystals of composition 
[Zn62,3(SiF6)(H20)2(CH30H)] (where 6 is 2,4,6-tri(4-pyridyl)-1,3,5-triazine) in 
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which eight independent (10,3)-a nets, four of each hand, interpenetrate [25]. The 
structure of the mineral eglestonite can be regarded as four interpenetrating 
(10,3)-a nets, two of each hand [l]. Solvated &(btC)&Y)6, where btc is 1,2,3- 
benzenetricarboxylate, contains four (10,3)-a nets, all of the same hand [26]. 

5.4.1.2 Interpenetrating (10,3)-b Nets 

The (10,3)-b net in its geometrically most regular form, which is tetragonal, is 
shown in Figure 23a. All angles at nodes again are 120". The cage-like unit 
shown in Figure 23b is a structural motif that is characteristic of the (10,3)-b net 
in the same way as the adamantane cage is characteristic of the diamond net. Just 
as the nature of the interpenetration of diamond nets can most simply be under- 
stood by focusing on the way one adamantane unit is interpenetrated by others, 
interpenetration of (10,3)-b nets can best be appreciated by looking at the way 
one cage of the type seen in Figure 23b is interpenetrated by others. 

Figure 23. (a) The (10,3)-b net in 
its most symmetrical form (tetra- 
gonal). (b) A '(10,3)-b cage'. 

Examples are known in which two, three and six independent (10,3)-b nets in- 
terpenetrate. It has long been appreciated that the mineral neptunite consists of 
two interpenetrating polysilicate nets with the (10,3)-b topology and more re- 
cently two interpenetrating (10,3)-b nets were observed in the structure of sol- 
vated Zn362C16 [l, 111. Two topologically different modes of 3-fold (10,3)-b inter- 
penetration are seen in [Ag2(pyrazine)3](BF4>, [27] and Ag(4,4'-bipy)N03 [28]; 
they are represented in Figures 24 and 25 respectively. In both cases silver pro- 
vides the 3-connecting nodes, but in the former example all the connecting rods 
are bridging pyrazines, whilst in the latter every silver is connected to three others 
by two bridging bipyridine ligands and by one direct metal-metal interaction. Fig- 
ure 25 b shows a version of the interpenetration mode idealized to facilitate com- 
parison with that in Figure 24. Two modes of 6-fold interpenetration that differ in 
a manner related to the way in which the 3-fold examples in Figure 24 and 25 
differ are discussed at greater length in the more comprehensive review [l]. 
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Figure 24. Three interyenetrating ‘(10,3)-b cages’ from separate nets in 
the structure of [Ag2(pyrazine)3](BF4)2. Circles represent Ag atoms. 

Figure 25. (a) Three interpenetrating (10,3)-b nets with T-shaped 3-connecting nodes in 
the structure of [Ag(bipy)]N03. Circles represent Ag atoms. ‘Long’ connections are via 
bridging bipy units and ‘short’ connections are direct Ag . . . Ag interactions. (b) An ideal- 
ized version of the mode of interpenetration of three (10,3)-b nets, of the type seen in 
[Ag(bipy)lN03. 

5.4.1.3 Interpenetrating (8,3)-c Nets 

In Na[Ti2(PS&] the Tiw centers act as 3-connecting nodes, being chelated by 
three bidentate PS:- ligands which in turn act as p2-ligands [29], generating an 
extended net with the (8,3)-c topology [l]. Two of these then interpenetrate [l]. 

5.4.2 Interpenetrating 4-Connected 3D Nets 

5.4.2.1 Interpenetrating Diamond-Like Nets 

By far the largest class of interpenetrating structures involves diamond-related 
nets. 2-Fold interpenetration in the case of Zn(CN)2 has already been considered 
and many examples varying in the degree of interpenetration from 2-fold to 9- 
fold are referred to in the comprehensive review [l]. The mode of 9-fold interpe- 
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Figure 26. Representation of the structure of [Ag(4,4-biphenyldicarbonitrile)*](PF6) con- 
sisting of nine interpenetrating diamond-like nets. Circles represent Ag. The dinitrile ligand 
links Ag to Ag. 

netration seen in [Ag(4,4'-biphenyldi~arbonitrile)~](PFs) [30] is shown in Figure 
26; any one 6-gon in this structure is involved in catenane associations with forty- 
eight other 6-gons! 

5.4.2.2 Interpenetrating Quartz-Like Nets 

Quartz, which is chiral, has a 6482 topology (Wells uses the designation 6482-b, 
reserving 6482-a for the more symmetrical NbO net discussed below). In the struc- 
tures of [M{Au(CN),}2], M is Zn or Co, M provides the 4-connected centers and 
Au(CN); acts as an approximately linear bridging group to generate quartz-like 
nets [31]. Six such nets, all of the same hand, then interpenetrate [31]. 

5.4.2.3 Interpenetrating Pts-Like Nets 

PtS itself consists of equal numbers of square planar (Pt") and tetrahedral (S2-) 
4-connecting centers, each connected to four of the other type to give a net with 
the 4284 topology. The porphyrin derivative 7 with 4-cyanophenyl substituents in 
the four meso positions gives a coordination polymer with Cu' which has a PtS- 
like topology, the porphyrin providing the square-planar unit and Cu' providing 
the tetrahedral unit [32]. Two of these nets interpenetrate as in Figure 27. Signifi- 
cant attractive forces between the nets are apparent insofar as they hug each other 
tightly, leaving large solvent-filled spaces. 

5.4.3 Interpenetrating 6-Connected 3D Nets 

5.4.3.1 Interpenetrating a-Po-Like Nets 

The net conveniently referred to as the a-Po net (41263 topology) consists essen- 
tially, in its geometrically most regular form, of a simple cubic grid in which all 
nodes are connected to six octahedrally disposed neighbors. Examples of 2-fold 
and 3-fold interpenetrating a-Po-like nets are known. 
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Figure 27. Two interpenetratinq PtS-like nets in the structure of solvated [Cu1(7)](BF4). 
Tetrahedral centers represent Cu atoms (larger circles), and square planar centers (smaller 
circles) represent the cun atoms at the centers of the 7 units. 

Nb6FI5 contains Nb6F12 clusters in which the Nb centers are at the comers of a 
regular octahedron with angular p2 bridging fluorides along its twelve edges [33 ] .  
An a-Po net, as shown in Figure 28, is formed from these clusters by linking 
each one octahedrally to six others via linear p2  bridging fluorides. The 6-con- 
necting nodes of this net then are to be found at the centers of the Nb6 octahedral 
clusters. Two such nets interpenetrate such that the nodes of one net are located at 
the centers of the cubes formed by eight nodes of the other net. Connections of 
one net protrude through all the ‘square’ windows of the other and any one 4-gon 
ring is catenated by four others. Several other halides have essentially this 2-fold 
interpenetrating a-Po topology [ 11. 
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Figure 28. One of the two a-Po-related nets in the struc- 
ture of Nb6F15. Large circles represent Nb. Small circles 
represent angular bridging F within a cluster, and circles 
of intermediate size represent F bridging cluster to cluster 
in a linear manner. 

Two other cubic structures, which at first sight appear complicated, but which 
can be visualized rather simply in terms of 2-fold interpenetrating a-Po nets, like- 
wise contain 6-connecting nodes to be found at the centers of large but symmetri- 
cal cage-like clusters. The first of these is solvated [C~364](ClO~)~, shown in Fig- 
ure 29 in which the units analogous to the Nb6F12 clusters above are cU664 cage- 
like clusters consisting of Cu atoms at the comers of an octahedron with half of 
the triangular octahedral faces occupied by ,~3-6 ligands [34]. Octahedral c U 6 6 4  

cages are linked together by shared Cu vertices. The second related cubic struc- 
ture, also a coordination polymer of ligand 6, is solvated [Zn(CN)(N03)62,3], 
shown in Figure 30 [35]. The individual cage-like clusters, the centers of which 
provide the 6-connecting nodes of the a-Po net, consist of six ZQ(CN)~ square 
units, readily identifiable in Figure 30, arranged with their normals parallel to the 
cubic axes and linked together by p3-6 ligands. Thereby are formed very large 
cage-like units containing six ZQ(CN)~ squares and eight 6 ligands with their 
normals parallel to the solid diagonals of the cubic unit cell. These cages are 
joined together into the a-Po net by shared ZQ(CN)~ squares. Two such a-Po 
nets then interpenetrate as in Figure 30. Every 6 unit makes close face to face TC 
contact with another belonging to the other network, each 6 unit being rotated 60" 
relative to its partner around their common normal. This is a noteworthy interpe- 
netrating system because prison cells of exceptionally large size are formed. Each 

Figure 29. Two interpenetrating a-Po- 
related nets in the structure of solvated 
[Cu364](C104),. Larger circles represent Cu. 
Three spokes radiating from a trigonal cen- 
ter (small circles) represent ligand 6. 
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Figure 30. Two interpenetrating a-Po-related nets in the structure of solvated 
[Zn(CN)(N03)6u3]. Larger circles represent Zn, smaller circles represent the centers of the 
6 ligands. Short Zn . . . Zn connections represent ZnCNZn. The cages of the ‘white’ net pro- 
jecting through the front and back faces of the ‘black’ net have been omitted for clarity. 

of these is bounded by eight impenetrable centrosymmetric 62 pairs, becoming 
thereby completely sealed off from its neighbors. The cages are large enough to 
enclose of the order of twenty molecules of solvent - a unique system. 

A number of cyano-bridged coordination polymers with Prussian Blue-related 
structures, in which extended ‘linear’ Ag(CN); or Au(CN); bridges take the place 
of the C N  bridges of the prototype, show 3-fold interpenetration [l]. A typical 
example is that of Rb[Cd{Ag(CN)2}3] consisting of Rb+ cations and a 3-fold in- 
terpenetrating polymeric anion, whose structure is shown in Figure 31. 

A 3-fold interpenetrating a-Po structure closely related to that shown in Figure 
31, is seen in solvated [Cd33](C10&, in which the p2 ligand 3 replaces the p2 
Ag(CN); l i g a ~ ~ d . ~ ~  

5.4.3.2 Interpenetrating 6-Connected Nets Unrelated to a-Po 

The net with the 4966 topology, shown in its geometrically most regular form in 
Figure 32a, consists essentially of trigonal prismatic nodes joined together with 
their 3-fold axes parallel. [Eu(Ag(CN)2) 3(H20)3] contains 9-coordinate Eu in 
which three trigonally disposed water ligands occupy an ‘equatorial belt’ with 
three N-donors from Ag(CN)s bridging ligands above the belt and three others be- 
low, arranged in a trigonal prismatic fashion [37]. We realized that this structure 
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Figure 31. Threefold interpene- 
tration of a-Po-related nets in the 
structure of Rb[Cd{Ag(CN)2}31. 
Circles in order of decreasing 
size represent Cd, Ag, N, and C. 
Intercalated Rb atoms are 
omitted for clarity. 

Figure 32. (a) A simple 6-connected 3D net (4966) formed by linking nodes with trigonal 
prismatic geometry. A single net in [ E u { A ~ ( C N ) ~ ) ~ ( H ~ O ) ~ ]  has this topology. (b) Three nets 
of the type shown in (a) that interpenetrate in [ E u { A ~ ( C N ) ~ ) ~ ( H ~ O ) ~ ] .  Circles represent Eu. 
Linear connections represent EuNCAgCNEu links (shown in full in the central net). 

involves 3-fold interpenetration, as shown in Figure 32b, of 4966 nets of the type 
shown in Figure 32a [l]. 

5.4.4 Interpenetrating 3D Nets Each Containing Two v p e s  
of Nodes with Different Connectivities 

The net conveniently referred to as the rutile net consists of 6-connecting, essen- 
tially octahedral nodes, each connected to twice as many 3-connecting, essentially 
trigonal nodes - this is an example of a 3,6-connected net. The series of isostruc- 
tural ‘binary’ metal-tcm compounds, [M(tcmh] (tcm- is the tricyanomethanide 
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Figure 34. Two interpenetrating 3,s-connected nets in the structure of [Ag(tcm)(dabco)]. 
Circles in order of decreasing size represent Ag, N, and C, respectively. 

anion, C(CN); and M is Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd and Hg), consist of two 
rutile-related nets that interpenetrate in the manner shown in Figure 33 [ll, 381. 

The compounds [Ag(tcm)(L)] (in which L are the bridging ligands pyrazine, 
1,4-diazobicyclo-[2.2.2]-octane (abbreviated to dabco), and 4,4‘-bipy) consist of 
planar hexagonal grid [Ag(tcm)] sheets connected together into a 3D net by bridg- 
ing ligands L that link silvers in adjacent sheets. The silver centers thereby 
become 5-connecting and the central tcm carbons remain 3-connecting to give a 
3,5-connected net, two of which then interpenetrate in the manner shown in Fig- 
ure 34 for the dabco example [8, 111. 
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5.4.5 Interpenetrating 3D Nets 
with Different Chemical Compositions 

5.4.5.1 Interpenetrating Nets of the Same Topology 
but Different Chemical Composition 

Crystals of composition K2[PdSelo] consist of two interpenetrating diamond-re- 
lated nets of different composition [I, 391. In both nets the 4-connecting centers 
are provided by Pd” in an essentially square planar coordination environment of 
four anionic Se donors. In one net the metal centers are interconnected by Sei- 
bridging ligands and in the other the bridging ligands are Seg-. Although the im- 
mediate coordination environment of the metal is square-planar, the twisted char- 
acter of the bridging ligands enables the metal centers to play the role of pseudo- 
tetrahedral 4-connecting node required for the diamond net. The same Pd.. .Pd 
separation within the two nets is achieved by the Seg- ligand adopting a much 
more twisted conformation than the Sez- ligand. 

Figure 35. The interpenetrating pyrochlore structure 
in Hg2Nb207. Circles in order of decreasing size re- 
present Hg, Nb, and 0. Interpenetrating adamantane 
units of the [Nb20$], net (black bonds) and the 
[Hg202+], net (‘open’ bonds) are shown. 

Some oxides of the pyrochlore type can be described in terms of two different 
interpenetrating diamond-like nets. Hg2Nb207, which we use here to illustrate the 
general features of this t pe of interpenetration, can be viewed in terms of sepa- 
rate [Hg:O2+], and [Nb, Og-1, nets [ 1,401. The mercury-based diamond net is re- 
latively simple, the tetrahedral nodes being provided by oxides and the 2-coordi- 
nate linear metal centers linking node to node, much as in Cu20. The basic tetra- 
hedral units from which the diamond-like [Nb206 1, net is constructed are 
“ b 4 0 6 ’  adamantane-like cages, which are linked together by shared Nb centers. 
The nature of the interpenetration is represented in Figure 35 which shows two in- 
terlocked adamantane units, one from the Nb-based net and the other from the 
Hg-based net, a tetrahedral node of each located at the center of an adamantane 
unit of the other in a manner analogous to that seen in Figure 4a for the simpler 
example of Zn(CN)2. 

Y 

v 2- 
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5.4.5.2 Interpenetrating 3D Nets of Different Topology 

The structure of Bi3GaSb2OI1 can be described in terms of three interpenetrating 
nets, two with diamond-like topology and one with the NbO-like topology [41]. 
The NbO-like net, designated 6482-a by Wells, is shown in its geometrically most 
regular form in Figure 36, which, like the diamond net with which it interpene- 
trates in Bi3GaSb2011, is cubic. The NbO-like net in this most regular form could 
be described in terms of square planar centers each linked to four others with a 
90" twist along each connection. The square planar nodes of the NbO-like compo- 
nent in Bi3GaSb2OlI are found at the centers of (GalIf3Sb&)206 clusters, each of 
which is linked to four others with a 90" twist along each cluster to cluster con- 
nection. The tetrahedral nodes of the two diamond nets are found at the centers of 
cube-like B?O4 units, each of which is connected to its four neighbors by 2-con- 
necting Bi atoms, so the composition of the diamond nets is {Bi404} { l/2Bi}4 or 
Bi604. The two diamond nets and the NbO-like net interpenetrate as shown in 
Figure 37. 

Figure 36. The 6482-a NbO-like net. 

Figure 37. Schematic representation of the interpenetra- 
tion of one NbO-like Bi604 net ('0 en' connections) and 
two independent diamond-like (Ga1/3Sb&& nets (one 
'heavy' the other 'fine') in the structure of Bi3GaSbOll. 
Smaller circles represent the centers of (Ga1,3Sb2&06 
clusters, larger circles represent the centers of Bi404 
cube-like clusters. 

I! 
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5.5 Self-penetrating and Self-catenating Networks 

Examples are known of single networks that can realistically be described as self- 
penetrating or self-catenating, a category deserving mention in a book with the fo- 
cus of this one. It is of course true that if one were prepared to search for closed 
circuits that are large enough, one could find, in any extended network, rings 
through which pass collections of other components of the same network not con- 
nected directly to the nodes in the chosen ring. For example, it is possible in a 
diamond net or an a-Po net to identify pairs of ‘separate’ closed circuits that have 
a catenane-like relationship or to identify a continuous circuit describing a trefoil 
knot, but generally these rings or circuits would be very much larger than the 
smallest circuits in the net. It does appear to us that nets in which a rod compo- 
nent of the net passes through a smallest circuit of the same net constitute a spe- 
cial topological class, which we shall call self-penetrating. It should be appre- 
ciated that in a given net, paradoxical as it may sound, not all ‘smallest circuits’ 
are necessarily of the same size - the shortest circuits involving the p(p-1)/2 dif- 
ferent pairs of connections radiating from a p-connected node may and often do 
differ in size. In the context of self-penetrating systems, molecular knots can be 
regarded as particular examples that are finite. 

Cd(CNh. pyrazine consists of infinite 2D [Cd(CN),], corrugated sheets of (4,4) 
topology connected together by pyrazine ligands that bridge between metals in ad- 
jacent sheets [42]. The topological essence of the self-penetrating net is shown in 
Figure 38 in which two catenated 6-gons are highlighted. Cd(CN)2.1 (1 is 1,4- 
bis(4-pyridy1)butadiene) has a closely related mode of self-penetration [42]. In 
Cd(CN)2(4,4’-bipy) the [Cd(CNM, system adopts a 3D distorted diamond-like ar- 
rangement rather than the 2D (4,4) arrangement seen in the immediately preced- 
ing examples [43]. Rods provided by bridging bipy ligands pass through 
Cd6(CN)6 6-gons to generate the self-penetrating net shown in Figure 39. 

Figure 38. Self-penetrating, self-catenating structure of Cd(CN)*. pyrazine. Circles repre- 
sent Cd. Short connections between Cd atoms represent cyan0 bridges within the (4,4) 
Cd(CN)2 sheets and longer connections represent the pyrazines linking sheet to sheet. Two 
catenated 6-gons are highlighted. 
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Figure 39. Structure of Cd(CN)2. 4,4’-bipy. 
Circles represent Cd. ‘Heavy’ connections 
represent cyan0 bridges and ‘open’ connec- 
tions represent bipys. 

5.6 Closing Comments - Properties and Applications 

Although useful properties arising as a direct consequence of interpenetration re- 
main to be demonstrated we suspect the area is ripe for such discoveries. The lo- 
cation of components from independent networks in ordered close proximity cries 
out for exploitation, e.g. with regard to electronic interactions or secondary chemi- 
cal reactions such as polymerization. Hoffmann has proposed that possibly the 
way to obtain materials harder than diamond is to use interpenetrating frame- 
works [44] and a coordination polymer with metal-like electrical conductivity con- 
sisting of seven interpenetrating diamond-like networks is thought to owe this 
property to the interpenetration [45]. It is interesting to note that one of the more 
promising systems generated in the quest for new magnetic materials is, coinci- 
dentally, interpenetrating [20]. 

It is certain that many new framework solids, some interpenetrating, will be 
discovered or constructed by deliberate design in the near future. Many new and 
undreamt of forms of entanglement will doubtless be revealed. 
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6 Molecular Knots - From Early Attempts 
to High-Yield Template Syntheses 

Christiane Dietrich-Buchecker, GwCnael Rapenne, and Jean-Pierre Sauvage 

6.1 Introduction 

Synthetic chemistry has been experiencing an explosive renaissance, not only be- 
cause of the numerous individual reactions which have been proposed and added 
to the set of tools which constitute modern synthetic methodology [l-111 but also 
because of the nature of the target molecules whose elaboration represents a chal- 
lenge for chemists. 

If the synthesis of amazingly complex natural products is still an extremely ac- 
tive area of research, with formidable challenges [12, 131 unnatural compounds 
also represent exciting objectives for many reasons. Beyond aims related to appli- 
cations (molecular materials, pharmaceutical use, sensors, etc.), the making of a 
novel molecular system can represent an exciting challenge in itself, not only be- 
cause of the possibility of discovering the new properties of a so far unknown 
compound, but also for its attractive shape, topology, etc. In other words, the syn- 
thesis itself of the compound to be made and the hypothetical properties of the 
target molecules are two distinct incitements. 

The synthesis of interlocking ring molecular systems and knots combines both 
sets of motivation but it also adds an aesthetic dimension to the chemical prob- 
lem. Indeed the search for aesthetically attractive molecules has been a goal since 
the very origin of chemistry. 

6.1.1 Topology - From Arts to Mathematics 

The aesthetic aspect of any object is usually connected with its shape in Eucli- 
dean geometry - the object is conveniently represented by points and lines, the 
metric properties (length of a segment, angles, etc.) being of utmost importance. 
In this case, the object cannot be put out of shape. However, another interesting 
facet of beauty rests in the topological properties of the object. Among the most 
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a b C 

Figure 1. (a) A remarkable lettering example taken from the Book of Kells (8th century). 
(b) The Borromean symbol. (c) Escher: the trefoil knot [15]. 

fascinating objects displaying non-trivial topological properties, interlaced designs 
and knots occupy a special position. 

In pagan and early religious symbolism, interlocked and knotted rings represent 
continuity and eternity. They already occupied a privileged position in the art of 
the most ancient civilizations. Developed by Egyptians, Persians, and Greeks 
among others, this virtually universal art reached its zenith in the Celtic culture. 
The magnificient illuminations consisting of extremely complex interlaced designs 
and knots of the 'Book of Kells' [14], an Irish incunabulum of the 8th century, 
give evidence of the fascination that braids, wreaths and knots exert on man. 
Some views of interlaced designs and knots are presented in Figure 1. Modern art 
has also devoted special attention to knotted threads. The Dutch artist Cornelius 

51 41 

63 71 

87 8 8  8 9  

Figure 2. The first twenty-five prime knots. 
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Escher [15] is sometimes inspired by fantastic monsters and animals associated 
with impossible geometrical figures. Many of his works contain volumes and in- 
terlaces so closely related to modem molecular sciences that he is certainly one of 
the most popular artists among the community of chemists. The simplicity of his 
view of the trefoil knot makes it particularly attractive (Figure 1 c). 

In mathematics, knots and links occupy a special position. They have been the 
object of active thinking for more than a century. Interestingly, mathematical to- 
pology has recently undergone a revival of interest [16, 171 and has been able to 
link other fields of scientific investigation, for example physics, chemistry, and 
molecular biology. Any interested reader should consult a recent and accessible 
small book entitled ‘The knot book’ [18]. In Figure 2 are represented the first 
twenty prime knots. These knots are single-knotted loops, in contrast with ‘links’ 
(or catenanes, in chemistry), which are sets of knotted or unknotted loops, all in- 
terlocked together. 

Recently, Liang and Mislow have presented fascinating discussions on knots 
and links in relation to chirality [19, 201. This breakthrough should help bridge 
the gap between the mathematical topologist and molecular chemist communities. 

6.1.2 Biological Topology - DNA and Proteins 

The discovery that DNA forms catenanes and knots, some of them extremely 
complex, initiated a new field of research which has been called ‘Biochemical To- 
pology’ [21]. In 1967, Vinograd and co-workers detected in HeLa cell mitochon- 
dria “isolable DNA molecules that consist of independent, double-stranded, closed 
circles that are topologically interlocked or catenated like the links in a chain” 
[22, 231. A few years later, catenanes had been observed everywhere that circular 
DNA molecules were known [24] and the first knot was found by Liu and co- 
workers in single-stranded circular phage fd DNA treated with Escherichia coli 
o-protein [25]. In 1980, knots could also be generated in double-stranded circular 
DNA [26]. 

Catenanes and knots discovered in naturally occurring DNA or generated in vi- 
tro are molecules with a non-planar arrangement. An appropriate way of analyz- 
ing such molecules consists in defining the number, sign, and arrangement of the 
crossing points or nodes. If sedimentation analyses, agarose gel electrophoresis 
and electron microscopy enabled initial recognition of the topoisomers of DNA, 
today it is possible to give a complete unambiguous topological characterization 
of knots and catenanes, owing to improved techniques [27-291, in particular elec- 
tronic microscopy. Figure 3 shows beautiful electron micrographs of T4UvsX pro- 
tein-coated trefoil knots. 

The ever-increasing interest in the catenanes and knots of DNA stems not only 
from their widespread occurrence or from their topological novelty; determination 
of their structures provides precious information about the biological processes 
which generate them. A whole class of enzymes - topoisomerases - effects these 
topological transformations perfectly [30, 311. Their possible role in a large vari- 
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Figure 3. Electron micrographs of trefoil DNA molecules [29]. (01985 PNAS, Vol. 82, 
p. 3126). 

ety of biological functions was, and still is, intensively studied. It is today com- 
monly assumed that topoisomerases are able to solve the topological problems 
arising during replication, site-specific recombination, and transcription of circular 
DNA [26, 29, 321. 

Besides naturally occurring DNA catenanes and knots, a fascinating family of 
related molecules has recently been synthesized and described by Seeman and co- 
workers [33]. The elegant approach of this group utilizes synthetic single-stranded 
DNA fragments which are combined and knotted by topoisomerases. Many sur- 
prising and complex topologies have been produced by employing this methodol- 
ogy. 
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Interestingly, DNA is not the only biological molecular system with the privi- 
lege of forming catenanes and knots. Recently, Liang and Mislow examined X- 
ray structures of many proteins and, to the surprise of many molecular chemists 
and biochemists, found catenanes and even trefoil knots [19, 201. This remarkable 
finding addresses the general question of whether the topological properties of 
proteins have any biological significance. 

6.1.3 Historical Perspectives - Catenanes and Chemical Knots 

Turning now to pure chemistry and synthetic molecular objects, it is clear that the 
concept of catenanes has fascinated chemists for several decades. Very intuitively, 
the topology of two separate rings is trivial whereas that of the system consisting 
of the two same rings, but interlocked into one another (catenane) is of interest. 
The application of graph theory to chemistry has created a new field called 
‘chemical topology’. It must, however, be stressed that rigorous mathematical 
treatment applied to molecules has existed only since the 1980s. Walba’s use of 
graph theory for describing molecular systems now provides a unified view [34]. 

Before being put into rigorous theory, chemical topology received much inter- 
est from many scientists and several contributions of utmost importance are worth 
mentioning. 

The famous book written by Schill and published in 1971 [35] is an absolute 
‘must’. But the first written theoretical discussion to appear on ‘chemical topol- 
ogy’ was a publication by Frisch and Wasserman [36]. This general article seems 
to be the cornerstone of the field since it contains, expressed in a very chemical 
and accessible language, most of the notions which constitute the background of 
chemical topology. The idea of topological isomers was introduced in this pio- 
neering paper. It is best exemplified using a single closed curve - normal (topo- 
logically trivial) or knotted cycle (the most simple non-trivial knot being the tre- 
foil knot). The three objects a, b, and c of Figure 4 are topological stereoisomers 
- although they might consist of exactly the same atoms, and chemical bonds 
connecting these atoms, they cannot be interconverted by any type of continuous 
deformation in three-dimensional space. In addition, the compounds of Figure 4 b 
and a are topological enantiomers because the mirror image of any presentation of 
4 b is identical to a given presentation of 4 a. 

a b C 

Figure 4. The trefoil knot: a closed ring with a minimum of three crossing points. The 
rings (a), (b) and (c) are topological stereoisomers; the two knots (a) and (b) are topologi- 
cal enantiomers. 
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Two other historically important discussions are worth mentioning: (i) A very 
imaginative paper was written by Van Giilick (Eugene, University of Oregon, 
USA) at the beginning of the 1960s but, unfortunately, the manuscript was not ac- 
cepted for publication at that time. It was recently published [37] in a special is- 
sue of the New Journal of Chemistry devoted to Chemical Topology, along with 
many other contributions spanning from mathematical topology to polymers and 
DNA [38]. (ii) A review by Sokolov [39] which appeared in Russian literature. 

Although this review is mainly focused on knots, it is sometimes difficult to 
separate them completely from catenanes as far as the history of these molecules 
is concerned. The existence of molecular interlocked rings was discussed as early 
as 1912 by Professor Willstatter [35], but it was only at the beginning of the 
1960s that Frisch and Wasserman stated clearly by which routes organic chemists 
could have access to such molecules [36]: “The formation of interlocking rings 
may be accomplished by the statistical threading of one ring by a linear molecule 
which is to be formed into the second ring. Such a procedure utilizes the probabil- 
ity that the first ring, when sufficiently large, will take on a conformation which 
permits the precursor of the second to pass through. Alternatively, the two rings 
may be constructed about a central core, a procedure which should give rise to 
much higher yields of interlocking rings”. A third approach, which might be con- 
sidered as a compromise between the pure statistical method and the directed syn- 
thesis around a central core, is the Mobius strip approach. 

This distinction between statistical, directed and Mobius strip strategies is also 
applied to the synthesis of knots. 

6.1.4 The Various Routes Towards a Molecular Knot - 
Early Attempts 

6.1.4.1 Approaches Involving Randomness 

In principle, the most obvious way to obtain a molecular knot relies on the direct 
random knotting occurring in a difunctionalized single molecular strand before its 
cyclization (Figure 5). Despite the simplicity of the concept, this approach has, to 
our knowledge, never been attempted because of the low probability of a chain 
tying a knot before its ends A and B find each other and connect. 

Figure 5. Tying a knot in the course of the cyclization reaction of a linear molecule A-B 
after statistical threading. 



6.1 Introduction 11 3 

3 1 2 

Figure 6. The Mobius strip approach (three half-twists) to a trefoil knot. 

In contrast, the ‘Mobius strip’ approach, depicted in Figure 6, also suggested 
by Frisch and Wasserman in 1961 [36], seemed much more realistic. 

In this approach, it is envisaged that the target molecule 3 can be obtained, 
after cleavage of the vertical rungs of compound 2, which in turn is prepared 
from the ladder-shaped molecule 1, the ends of which are able to twist before bi- 
macrocyclization. To achieve a synthesis of a trefoil knot by this strategy, Walba 
and his coworkers [40] prepared the 4-rung diol-ditosylate molecular ladder 4 
(derived from tetrahydroxymethylethylene, or THYME) and submitted it to cycli- 
zation (Figure 7). Among the different compounds formed in this synthesis, only 
the untwisted molecular cylinder 5 could be fully characterized. Twisted isomers 
(6, 7) and specially the three half-twist isomer 8 could not be identified with cer- 
tainty. 

Randomness, strongly related to the threefold twisting required for precursors 
like 8, might be reduced or even eliminated if the starting ladder-shaped molecule 

I ?  

I 4- rung molecular ladder 

4 

Figure 7. By increasing the number of rungs and the size of a molecular ladder, the prob- 
ability of further twisting of the strip before cyclization also increases [40]. 
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contains necessarily by construction three half-twists before cyclization. In the lat- 
ter case, the Mobius strip approach might become a true directed synthesis. 

6.1.4.2 Attempts using Directed Syntheses 

A directed knot synthesis relying upon the Mobius strip principle was conceived 
by Schill and coworkers [41-501 who synthesized the doubly bridged tetraamino- 
p-benzoquinone 9. Connection of three such molecules by long chains should 
give the molecular ladder 10, precursor of the three half-twist-containing Mobius 
strip 11 (Figure 8). 

9 10 11 

Figure 8. A way of introducing three half twists in a molecular ladder, as envisaged by 
Schill and his group [41, 421. 

Nevertheless, despite the elegance of its principle, this synthesis did not yield a 
trefoil knot, because of the large number of steps required. The same authors also 
attempted the directed synthesis of a trefoil knot which relied on the use of a ben- 
zo-acetal central core [43, 441. These syntheses are closely related to those which 
this group had already used successfully to prepare various [2]- and [3]-catenanes 
[4549]. Starting from compound 12 (Figure 9) the diaminoacetal 13 was synthe- 
sized in a nine-step reaction sequence. Compound 13 appears as a key intermedi- 
ate - Euclidean geometry (bond angles, bond lengths, tetrahedral structure of the 
ketal carbon atom, lengths of the alkyl chloride chains) dictates that intramolecu- 

12 13 
pm-hmt 

1 4  

knot 

15  

Figure 9. The 6-center attempt to form a trefoil knot [43, 441. 
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lar macrocyclization will occur in a predetermined way, so that only four mono- 
meric fourfold bridged 5,6-diamino-l,3-benzodioxole derivatives are to be ex- 
pected. Among them, only the cyclization product 14 may lead to a trefoil knot 
15 after selective cleavage of the aryl-nitrogen bonds and hydrolysis of the ketal. 
Unfortunately, after cyclization of diamino compound 13, three isomeric products 
were obtained in a total yield of 1.7% and the pre-knot 14 could not be identified 
with certainty. 

As seen above, the randomness of the Mobius strip approach and numerous 
difficult steps in Schill’s directed approach were highly limiting factors in a trefoil 
knot synthesis. Both these major obstacles might be circumvented by the use of 
an unambiguous templated synthesis procedure. 

6.1.4.3 Attempts Based on Templated Synthesis 

If three half-twists are very difficult to introduce in a Mobius ladder for statistical 
reasons, one half-twist, by contrast, occurs much more frequently, as evidenced 
clearly by Walba’s high-yield first synthesis of a molecular Mobius strip [51]. On 
the basis of this observation, these authors conceived an ingenious strategy for the 
synthesis of knotted rings which requires only one half-twist of the ladder, addi- 
tional torsion being present already in the starting compound. The principle of 
such an approach, called the ‘hook and ladder’ approach, is given in Figure 10 
1521. 

/ e3, OH TSO 

16 

Figure 10. The hook and ladder 

n 

20  

approach to a trefoil knot, as proposed by Walba [51]. 

A molecular hook can be obtained by the entwining of two 1,lO-phenanthro- 
line derivatives around a copper(1) ion. Connection of the latter complex to 
THYME polyether ladders should lead to the desired ‘hook and ladder’ precursor 
16. Intramolecular cyclization of the twisted ends of 16, followed by the cleavage 
of the vertical rungs, and demetalation of the ‘hook’ part, would give the target 
trefoil 20. Another very interesting approach towards a trefoil knot can be found 
in Sokolov’s review [39]. The principle of the synthesis imagined by this author 
as early as 1973 is given in Figure 11. 
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Figure 11. Sokolov’s strategy for constructing a trefoil knot on an octahedral tris-chelate 
complex [39]. 

Three bidentate chelates disposed in a suitable fashion around an Octahedral 
transition metal used as a matrix might, after connection of their ends, lead to a 
molecular knot. Obviously, the probability that the six ends will connect (two by 
two) in the required fashion, is quite low. Nevertheless, strict geometrical control 
of the involved coordinated fragments or slight changes in the above proposed 
scheme may one day give access to a knot using this strategy. 

6.2 First Synthesis 

6.2.1 Strategy 

To overcome the weaknesses of the syntheses described so far (randomness in 
Walba’s Mobius strip approach or too many steps in Schill’s directed approach), 
we envisaged a templated synthesis towards a trefoil knot derived directly from 
the synthetic concept which had already given us an easy access to catenanes. 
The strategy of our catenane synthesis relied on the well-known specific property 
of transition metals, namely their ability to gather and dispose ligands in a given 
predictable geometry, inducing thus what is generally called a template effect. 
Such a coordination template effect was first used in two-dimensional space by 
Curtis and House in the synthesis of various tetradentate macrocyclic ligands [53, 
541 and subsequently extended to the preparation of numerous other macrocycles 
by Busch [55]. A few years later Boston and Rose took advantage of the three-di- 
mensional template effect induced by cobalt(IlI) to afford a cage-like molecule 
[56]. Their pioneering work has since been followed by many other beautiful 
achievements [57-63], among which Sargeson’s cobalt(III) sepulchrate is probably 
the most famous [64, 651. 

In the presence of copper(I), 2,9-dianisyl-1 ,lo-phenanthroline forms a very 
stable pseudo-tetrahedral complex in which the two ligands are intertwined 
around the metallic center. Because of its very special topography [66], this com- 
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Figure 12. Three-dimensional template synthesis of interlocked ring systems induced by a 
transition metal. The metal center m disposes the two f-f fragments perpendicular to one 
another. Functions f and g react to form the links. 

plex seemed to be a perfect precursor or ‘building block’ for a templated catenane 
synthesis as shown in Figure 12. 

The functionalized ligand 2,9-di(p-hydroxyphenyl)- I ,  10-phenanthroline 21, pre- 
cursor of all our catenanes syntheses, was prepared by the addition of lithioani- 
sole to 1 ,lo-phenanthroline, leading to 2,9-dianisyl-l,lO-phenanthroline, which 
was subsequently deprotected by the pyridine hydrochloride procedure [67-691. 
In the presence of CU(CH~CN)~.BF~, two ligands 21 fit together by forming the 
very stable copper(1) complex 22. The latter reacts with two g-g chains (with g-g 
being the di-iodo derivative of pentaethylene glycol) under high-dilution condi- 
tions in the presence of a large excess of cesium carbonate in dimethylformamide 
(Figure 13). By this very convenient one-pot synthesis, the expected copper(1) 
[2]-catenate 23, could be obtained in 27% yield. From then on gram-scale pre- 
parations of catenanes became realistic. 

n go* CU(cH~CN):: I-(CH2CH20),CH2CH2 I 

2 
CszCOJ, DMF. 65 “C 

on 

21 22 23 

Figure 13. One-pot preparation of the first metalocatenane (= catenate) [67]. 

It should be noted that, more recently, two different, also highly efficient tem- 
plate catenane syntheses have been developed; one of them, first introduced by 
Stoddart and coworkers [70], is based on the TC donor-n acceptor gathering effect 
between aromatic nuclei, whereas in the second, mainly developed by Hunter and 
Vogtle and coworkers, gathering and orientation of the various subunits of the fu- 
ture catenane are induced by hydrogen bonding [71-731. 

The successful synthesis of various catenanes by the strategy depicted in Fig- 
ure 12 soon brought us to imagine a molecular trefoil knot synthesis by extending 
the former synthetic concept from one to two copper(1) ions. As shown in Figure 
14, two bis-chelating molecular threads (A) can be interlaced on two transition 
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A B C 0 

Figure 14. Template synthesis of a trefoil knot (two metal centers involved). 

metal centers, leading to a double helix (B). After cyclization to (C) and demetal- 
ation, a knotted system (D) should be obtained. An important prerequisite for the 
success of this approach is the formation of a helical dinuclear complex. 

Of utmost importance is the stability of the double helix (B), which must resist 
the cyclization conditions used to obtain (C). The choice of the chemical link be- 
tween the two chelating subunits of each (A) fragment is thus crucial. Besides 
chemical stability, steric parameters and flexibility are factors that also have to be 
considered. In particular, during the reaction of (A) with the transition metal ion, 
the formation of (B) must be favored over the formation of polymeric complexes 
or the formation of a mononuclear complex produced from folding of (A) on to 
one metal center. Although the preparation of double helices from various transi- 
tion metals and bis-chelate ligands is very likely to have occurred long ago, it is 
only relatively recently that the first such system was recognized and character- 
ized [74]. Moreover, scientific interest of these arrangements was not at all ob- 
vious. One of the earliest dinuclear helical complexes was identified by Fuhrhop 
and co-workers in 1976 [74]. His pioneer complex is represented in Figure 15. 

During the 1980s several laboratories prepared and investigated double- 
stranded helical complexes, systems containing either pyrrolic ligands [75, 761 
and derivatives [77-791 (with Zn2+, Ag+, Cu’) or oligomers of 2,2’-bipyridine 
[80, 811. ‘Helicates’ [80-84] may consist of up to five copper(1) centers and these 
systems are reminiscent of the DNA double helix. 

Figure 15. The first structurally characterized double helix built around two transition me- 
tal centers from two bis-chelating open-chain fragments [74]. 
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More recently, oligobidentate ligands were also used for the synthesis of var- 
ious triple-stranded helical complexes around metals with a preference for octahe- 
dral coordination, e.g. Co(I1) [85] or Ni(I1) [86],  or around Ag(1) [87] and Ga(II1) 
ions [88]. 

6.2.2 A Synthetic Molecular Trefoil Knot - First Results [89] 

After many attempts with various linkers, we found that 1,lO-phenanthroline nu- 
clei connected via their 2-positions by a -(CH2)4- linking unit will indeed form a 
double helix when complexed to two copper(1) centers. In addition, by introduc- 
ing appropriate functions at the 9-positions, the strategy of Figure 14 could be fol- 
lowed to achieve the synthesis of a molecular knot of the (D) type. The precur- 
sors used and the reactions performed are represented in Figure 16. 

Figure 16. Precursor and reaction scheme leading to the dicopper(1) trefoil knot (Cuz(K- 
86)"). Formation of the double helix is essential; this step is the weak point of the present 
synthesis. 
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Figure 17. X-ray structure of the knot 
[C~z(K-86)]~' [93]. 

The diphenolic bis-chelating molecular thread (prepared in a few steps starting 
from 1,lO-phenanthroline and Li-(CH2)4-Li [90-921) was reacted with a stoichio- 
metric amount of Cu(CH3CN),.BF4 to afford the dinuclear precursor double helix 
together with an important proportion of other copper(1) complexes. The complex 
mixture containing the double helix was reacted under conditions of high dilution 
with two equivalents of the diiodo derivative of hexaethyleneglycol in the pres- 
ence of cesium carbonate. After a tedious purification process, the bis-copper(1) 
complex C U ~ ( K - ~ ~ ) ~ +  could be isolated in 3% yield. Its knotted topology, first 
evidenced by mass and NMR spectroscopy, was later fully confi ied by an X-ray 
structure determination [93] (Figure 17). 

Besides the knot, the major cyclization product (24%) obtained in the latter re- 
action could be identified as a dicopper complex consisting of two 43-membered 
rings arranged around the metallic centers in an approximate face-to-face geome- 
try [94]. This unknotted compound originates from a non-helical precursor which 
is in equilibrium with the expected double helix. Figure 18 describes in a sche- 
matic way the alternative cyclization reaction leading to the unknotted face-to- 
face complex and the equilibrium which interconverts the helical and the non-heli- 
cal precursors. 
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Cu2(m-43)22+ 

Figure 18. Scheme of the two main cyclization reactions leading to the unknotted complex 
and the dicopper(1) trefoil knot. 

In Figure 19 is given the ORTEP representation of the unknotted, topologically 
trivial complex Cuz(m-86)P made of two disconnected 43 rings. 

Before we obtained the X-ray structure determinations of both the knotted and 
unknotted dicopper(1) complexes, we could identify them after careful compara- 
tive 'H Nh4R and mass spectroscopy studies performed not only on the dinuclear 
complexes but also on their respective free ligands afforded by demetalation. 
Treatment of Cu2(m-43)P by a large excess of potassium cyanide led indeed 
quantitatively to a Blain 43-membered macrocycle whereas an analogous treat- 
ment of Cu2(K-S6) + led to the free knot K-86 whose topological chirality could 
be demonstrated by NMR and mass spectroscopy (Figure 20). 
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Cu2(m-43)22+ 

Figure 19. X-ray structure of the unknotted complex [ C ~ ~ ( m - 4 3 ) ~ ] ~ +  [94]. 

CUZ( K-86)?* 

Figure 20. Formation of the free trefoil knot. 
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6.3 Generalization and Improvements 

6.3.1 Formation of Double-Stranded Helical Precursors 
with Polymethylene Linkers 

The modest yield (only 3%) obtained for the original di-copper knotted 86-mem- 
bered ring being strongly related to the equilibrium (Figure 18) which intercon- 
verts the helical and the non-helical precursors, leading either to a trefoil knot or 
to its face-to-face unknotted isomer complex, we investigated the effect of struc- 
tural parameters on the course of the reaction. The combination of copper(1) as 
templating metal and 2,9-disubstituted- 1,lO-phenanthroline as chelating subunit 
seemed so appropriate in many instances for constructing interlocking rings [95] 
that we chose to retain these two species in the modified routes. The only modu- 
lar parts were thus the linker connecting the two chelates before cyclization and 
the long functionalized chain used in the cyclization step. 

We realized that improvement in the yields of trefoil knots would be determined 
by: (i) the proportion of double helix precursor formed compared with face-to-face 
open chain complex (Figure 18); (ii) the spatial arrangement of the four reacting 
ends of the helical dinuclear complex. This latter factor will reflect the extent of 
winding of the two molecular strings interlaced around the copper(1) atoms. The var- 
ious complexes synthesized and studied are depicted in Figure 21 [96]. 

All the bis-chelating ligands used for the preparation of the acyclic precursor com- 
plexes were prepared as previously described [97] and their dicopper(1) complexes 
24 to 29 made by mixing Cu(CH3CN)i with the corresponding diphenol. Unfortu- 
nately, in all cases mixtures of complexes were obtained, corresponding to the equi- 
librium of Figure 18. As a consequence, the c clization reactions leading to the di- 
copper trefoil knots c ~ ~ ( K - 8 0 ) ~ '  to Cuz(K-90) and the face-to-face dinuclear com- 
plexes Cu2(m-40)p to Cu2(m-45)p had to be performed on the crude mixture of 
precursors (double helix and face-to-face complexes). The cyclization steps were 
performed under similar conditions: the phenolic complexes 24 + 27, 25 + 28 or 
26 + 29 were reacted with the desired diiodo derivative (penta- or hexaethylenegly- 
col) in dimethylformamide, in the presence of cesium carbonate. The knotted and the 
face-to-face complexes were obtained in various proportions, depending on which 
open chain compounds were used - bis-phenanthroline and di-iodo derivative. It 
can be noted that all the preparation yields are rather low, except for some face- 
to-face complexes which can be obtained in more than 20% yield. As far as dicop- 
per(1) knots are concerned, the best result was obtained for Cuz(K-84)'+ (8% yield). 
A possible explanation is that the -(CH&- fragment linking the two phenanthroline 
units is particularly favorable either to double helix formation versus face-to-face 
precursor or to cyclization to the knot. The latter explanation seems reasonable on 
the basis of the X-ray crystallographic study on Cu2(K-84)'+ [98]. This structure 
shows indeed the helical core to be very well adapted to the formation of a knot, 
particularly with a highly twisted helix, owing to the relatively long -(CH&- frag- 
ment. 

x+ 
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[Cu2(k-80)j2* : n - 4 ; x - 16 ; Z - (CH2)4 

[Cu,(k-82)]2+ : n - 5 : x = 19 ; 2 = (CH,), 

[Cu2(k-84)]2* : n = 4 ; x = 16 ; Z - (CH2), 

[Cu2(k-aS)]2* : n = 5 ; x - 19 ; Z - (CH,). 

[Cu2(k-90)]~+ : n E 5 : x I 19 ; Z = (CH,), 

0.m 

0.5% 

8.0% 

3.0% 

2.5% 

Figure 21. The equilibrium between the helical interlaced system precursor of the trefoil 
knot and its face-to-face analogous complex leading to the face-to-face complexes. Inter- 
conversion between the two isomeric cyclic products is, of course, not possible. For the 
cyclic compounds, the total number of atoms x connecting two phenolic oxygen atoms is 
16 if n = 4 (pentakis(ethy1eneoxy) fragment) or 19 if n = 5 (hexakis(ethy1eneoxy) linker). 
Each knot is represented by the letter k accompanied by the overall number of atoms in- 
cluded in the cycle. The face-to-face complexes contain two monocycles (letter m), the 
number of atoms in each ring also being indicated. It can be noted that each knot has a 
face-to-face counterpart. For instance [C~2@-90)]~' and [C~,(rn-45)~]~' are constitutional 
isomers. They are by no means topological stereoisomers [34, 351. 
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6.3.2 A Dramatic Improvement - Use of 1,3-Phenylene Spacer 
Between the Coordinating Units 

The still modest yield (8%) obtained with the hexamethylene linker being far 
from satisfactory, we explored various other possibilities. Among them a 1,3-phe- 
nylene spacer, already used with success by others in the construction of helical 
complexes [99-1011, seemed very appealing owing to its expected chemical ro- 
bustness (necessary to survive the harsh cyclization conditions) and ease of intro- 
duction following our methodology [95]. 

The organic precursors and the reactions leading to the dicopper(1) trefoil knot 
are represented in Figure 22. 

30 R=CH3 

31 R = H  CUP( K44)p2+ 

Figure 22. Reaction scheme leading to the dicopper(1) trefoil knot Cuz(K-84)p. 

The diphenolic bis-chelate 31 was obtained in 55% yield by reacting 2-(p-ani- 
sy1)- 1,lO-phenanthroline [97] with 1,3-di-lithiobenzene in tetrahydrofuran, fol- 
lowed by hydrolysis, MnOz oxidation and subsequent demethylation under usual 
conditions (HC1-pyridine at 210°C for 3 h [97]) 

The use of a 1,3-phenylene as spacer group proved to be extremely beneficial. 
First, 30 was used as a model and reacted with Cu(CH3CN)i.P& in a mixture of 
dichloromethane and acetonitrile. Preparation of the double-stranded helix 32 
turned out to be quantitative. This complex could be crystallized from acetoni- 
trile-toluene and its structure determined by X-ray crystallography (Figure 23) 
[102]. 

The structure of 32 appears nicely wound and is therefore well adapted to the 
formation of a knot by connecting the appropriate ends of the strands. It is note- 
worthy that 32 is a rigid and compact edifice, with a much shorter Cu-Cu dis- 
tance than in previously synthesized knots (4.76 8, instead of 6.3 or 7 A) [93, 981. 
These factors are, of course, very favorable to the successful continuation of the 
synthesis. Indeed, reaction of the tetraphenolic double helix (whose structure is 
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I 32 
Figure 23. The crystal structure of 
the dicopper(1) helical precursor (32). 

certainly very similar to that of 32, as shown by 'H NMR) with two equivalents 
of the di-iodo derivative of hexaethyleneglycol, in the presence of cesium carbo- 
nate, in dimethylformamide at 60°C, afforded a single isolable copper(1) complex 
(Figure 22). The dicopper(1) knot Cuz(K-84)p was isolated in 29% yield after 
chromatography (silica gel, CH2C12-3 to 5% MeOH). It forms sea urchin-shaped 
aggregates of crystals (as BE; salt). 

Analogous to the previously synthesized dicopper(1) knots [97], Cuz(K-84)p 
gives characteristic 'H NMR and FABMS spectroscopy data [102]. In particular, 
some of the aromatic rotons of the bis-chelates are strongly shielded, which indi- 
cates that Cuz(K-84), is compact and that its helical core is geometrically very 
similar to that observed in 32. This was fully confirmed by subsequent X-ray 
structure determination. 

zp+ 

6.3.3 High-Yield Synthesis of a Dicopper(1) Trefoil Knot 
using Ring-Closing Metathesis Methodology 

After critical improvements in the preparation of the double helix [102], the next 
attractive challenge was to improve the cyclization step. 

In 1992, Grubbs and coworkers published the synthesis of a new family of me- 
tallocarbenes and developed their use as catalysts for ring-closing metathesis 
(RCM) reactions [103-1051. Gradually, these compounds were used by a large 
number of research groups [106-1081, because their utilization was close to ideal 
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Figure 24. Synthetic strategy. Two coordinating fragments bearing terminal olefins are 
gathered and interlaced around two copper(1) centers. RCM with ruthenium catalyst af- 
forded the knot. 

- not only in the excellence of the yields, but also because they were relatively 
easy to handle, compatible with various organic functionalities and also because 
the procedure takes place under very gentle conditions (ambient temperature, neu- 
tral pH). 

Our strategy (Figure 24) takes advantage of the number of reacting centers in- 
volved in the cyclization step. This number was equal to eight in the classical 
method (the four phenolic functions of the double helix and the four electrophilic 
carbons of the polyoxo chain). It has been divided by two, because only four ter- 
minal olefins are now involved. Ligand 34 was obtained in two steps from bis- 
phenanthroline 31 in a 97% yield. Reaction of 31 with 2-(2-~hloroethoxy)ethanol 
in dimethylformamide at 80"C, in the presence of base, gave ligand 33 which was 
quantitatively converted into 34 by generating the dialkoxide with NaH and react- 
ing it with an excess of ally1 bromide in refluxing tetrahydrofuran. The helical 
precursor 35 was subsequently obtained in quantitative yield by the classical 
method - addition, under argon, of Cu(1) to a solution of the bischelate 34. The 
double ring-closing metathesis reaction of the terminal olefins catalyzed by 
RuC12(PCy3)2(=CHPh) (Ph is phenyl, Cy is cyclohexyl) afforded the trefoil knot 
36 in 74% yield [lo91 (Figure 25). The only other products were oligomers aris- 
ing from intermolecular metathesis reactions. 

The dicopper(1) trefoil knot 36 was first obtained as a mixture of isomers (cis- 
cis, cis-trans and trans-trans products), because of the cis or trans nature of the 
two cyclic olefins formed. These olefins can be easily and quantitatively reduced 
at room temperature by catalytic hydrogenation yielding the knot 37. 

Combining the quantitative formation and high stability of the helical precursor 
composed of Cu(1) bisphenanthroline units with 1,3-phenylene linkers (between 
the phen moieties) and the highly efficient RCM methodology developed by 
Grubbs and coworkers, we could obtain the dicopper(1) trefoil knot 36 in seven 
steps from commercially available 1,lO-phenanthroline, with an overall yield of 
35%. It is worthy of note that, because of the efficacy of this approach, the cycli- 
zation step was no longer the yield-limiting reaction in the synthesis of topologi- 
cally non-trivial species. 

It can also be envisaged that the two olefins of 36, disposed in an antipodal 
fashion, be utilized for further functionalization or in catalytic processes. 

Because of the significant yield improvements, it became possible to study the 
specific properties of the knots related to their topology, to resolve both enantio- 
mers and also to study their coordination chemistq. 
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Figure 25. Chemical structure of the organic precursors and of the knots. 
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6.4 Trefoil Knots as Transition Metal Ligands - 
Specific Kinetic, Electrochemical, 
and Photochemical Properties 

Although the preparative yields for most of the dicopper(1) trefoil knots described 
above were modest (0.5 to 8% for the methylene-bridged knots, 30% for the phe- 
nylene-bridged knot Cuz(K-84)p) the amounts obtained were sufficient to under- 
take the study of their specific properties. 

The extensive kinetic studies of their cyanide-assisted demetalation (determina- 
tion of rates and mechanisms [llo]) as well as the study of their electrochemical 
and photophysical properties [97] enabled us to gain insight into the particular 
properties of knotted structures which appeared to be strongly determined by both 
topological and structural (i.e. geometrical) effects. 

If the properties of the various dinuclear complexes investigated appear to be 
very sensitive to both factors, we can nevertheless discriminate them roughly (and 
in a somewhat artificial way) by discussing the data obtained for the family of 
methylene-bridged knots and related unknotted complexes and, separately, those 
obtained for the phenylene-bridged knots. 

6.4.1 Topological Effect - 
The Polymethylene Bridged Complexes 

In topology, the level of entanglement of a molecule can be defined by the number of 
crossing points in its molecular graph - for the face-to-face complexes formed by 
two independent macrocycles, the number of crossing points is equal to zero 
whereas the molecular graph of a trefoil knot contains three crossing points. There- 
fore the influence of entanglement - or topological effect - on the specific properties 
of a trefoil knot will be best illustrated by the kinetic data obtained for the knots 
C U ~ ( K - ~ ~ ) ~ + ,  Cu (K-90)2+ and their related dinuclear face-to-face isomer com- 
plexes Cu2(m-4& and Cu2(m-45)p during their demetallation by KCN. 

The demetalation process was followed by absorption spectrophotometry (mea- 
surement of the decay, as a function of time and cyanide concentration, of the di- 
copper(1) complexes characteristic metal-to-ligand-charge-transfer (MLCT) bands 
in the visible region [ 11 11) which gave access to the kinetic parameters, in partic- 
ular to the second-order dissociation rate constants kCN given in Table 1.  

The data clearly show that the non-entangled face-to-face dinuclear complexes 
are demetalated according to a two consecutive, bimolecular rate-limiting step 
mechanism in an almost statistical way (Figure 26a) indicating: (i) that both 
coordination centers are nearly equivalent in the dinuclear face-to-face complexes 
and (ii) that the coordination environment remains almost unchanged in the 
mononuclear intermediate. In contrast, the knots C U ~ ( K - ~ ~ ) ~ + ,  Cuz(K-90)’+, and 
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Table 1. Kinetic, electrochemical, and photophysical properties of dicopper(1) knots containing poly- 
methylene bridges. 

Complex Kinetic 
kcN (bf-'.S-') 

Electrochemistry Luminescence 
Eo relative to SCE (V) 
for CU'/CU' a) 

to (ns) b, 

Face-to-face Two-step mechanism 

~u,(m-43)? 5 . 8 3 ~ 1 0 ~  4 . 2 9 ~  1 O3 0.55 
kN fast h N  slow 

~ u ~ ( m - 4 5 ) p  1 . 3 0 ~ 1 0 ~  2 . 8 7 ~ 1 0 ~  - 
170 
171 

Knot One-step mechanism kN 
Cuz(K-86)'+ 115.5 0.61 

C U ~ ( K - ~ ~ ) ~ +  5.6 0.75 
CU~(K-~O)~+ 44.6 - 

156 
174 
208 

a) In CHFN. 
b, In CH2Cl2, lifetime of the MLCT excited state [97] as determined by time-resolved luminescence 

measurements. 

Figure 26. Schematic representation of the demetalation process which occurs (a) in two 
consecutive distinct steps for the face-to-face complexes; (b) in an apparent single step for 
the trefoil knots complexes. 
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Cu~(K-84)~+ are demetalated in a slow and apparently single-step - after release 
of the first copper(1) ion and molecular rearrangement of the organic knotted ske- 
leton, the coordination sphere of the remaining copper(1) ion becomes more acces- 
sible to the cyanide ions so that the mononuclear intermediate dissociates in an 
exceedingly fast second step. Interestingly, the knotted topology is not only re- 
sponsible for the strong influence of one copper on the properties of the second 
copper sub-complex between the two copper(1) centers but accounts also for a 
much higher inertness toward the cyanide nucleophile - despite of chemically 
identical and structurally similar coordination polyhedra, the single rate-limiting 
dissociation step of C U ~ ( K - S ~ ) ~ +  and Cu~(K-90)~+ is, respectively, 3 and 2 orders 
of magnitude slower than the first and second demetalation steps of the corre- 
sponding face-to-face analogs which, because they are much less entangled, pre- 
sent more accessible copper(1) centers and have only to undergo limited confor- 
mational changes during the decomplexation process [94]. 

Nevertheless, closer examination of the bimolecular demetalation rate constants 
along the series Cu~(K-86)~+, CU~(K-~O)~+ ,  and C U ~ ( K - S ~ ) ~ +  leads to the conclu- 
sion that their kinetic properties (i.e. enhanced inertness toward cyanide) are not 
only influenced by their special topology but also rely strongly on structural (or 
geometrical) factors. 

The kinetic parameters of Table 1 show indeed that the three knots, although 
their topology is identical and their chemical structures relatively similar [94-981, 
behave differently in the presence of excess cyanide. In a reement with the X-ray 
diffraction studies, the more compact system, cu2(K-84f+, is the slowest to de- 
metalate ( k c ~ = 5 . 6  M-' s-'). Compared with C U ~ ( K - ~ O ) ~ +  (kcN=44.6 M-' s-'), 
shortening the external polyoxyethylenic chains by one -0CH2CHz- unit while 
keeping the length of the internal spacer constant (hexamethylenic chain) induces 
an 8-fold decrease of the demetalation rate constant which reflects the tighter cop- 
per(1) core of C U ~ ( K - S ~ ) ~ + .  More compactness, which means better shielding 
around both copper(1) centers and hence slower demetalation processes, is also 
achieved by replacing the short -(CH& internal spacer by the longer -(CH2)6- 
fragment - the length and flexibility of the latter enables the formation of a 
highly twisted helical core in C U ~ ( K - S ~ ) ~ +  and CU~(K-~O)~+ .  As a consequence, 
these two compounds are, respectively, 20 and 3 times slower to demetalate than 

It is interesting to note that the electrochemical and photophysical data ob- 
tained for the various dinuclear complexes of Table 1 fully parallel our kinetic 
studies [97]: the surprisingly high redox potential found for Cu~(K-84)~+ 
(E0=0.75 V relative to SCE) can easily be explained by its tight structure which 
does not allow an easy distortion of the original preferred pseudotetrahedral coor- 
dination geometry of copper(1) toward a square-planar geometry, the preferential 
geometry of four-coordinated copper(II). The compactness of C U ~ ( K - S ~ ) ~ +  also 
accounts for its long MLCT excited-state lifetime strongly related to the shielding 
properties of the ligand toward luminescence-quenching interactions. 

These coherent results simultaneously gained by kinetic, electrochemical, and 
photophysical studies strongly suggest that the kinetic and electronic properties of 
the knots and their unknotted analogs are not governed by the topological factors 

Cu~(K-86)~+. 
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alone. They are obviously also very sensitive to structural parameters which be- 
come prevailing when switching from the aliphatic flexible spacers between two 
phenanthroline units to the more rigid 1,3-phenylene spacer in knot Cu2(K-84)r. 

6.4.2 Structural Effect - 
The Phenylene Bridged Trefoil Knot Cu2(K-84)p 

The most spectacular effect resulting from the highly rigid and compact structure 
of Cu2(K-84)F is undoubtedly its extraordinary kinetic inertness in the cyanide 
demetalation process. Measurement of the absorbance decay of its MLCT band in 
the visible region (1=524 nm) could be performed by classical absorption spectro- 
photometry (whereas stopped-flow techniques were required for the methylene- 
bridged knots) and allowed to demonstrate that its demetalation implies two rate- 
limiting steps, well resolved in time, as schematically represented in Figure 27. 

Cut( K-84); c ~ ( K - 8 4 ) ~ '  (K-Wp 

+ I  Fast Very slow t 
kCN = 0.105 M-'.s** kCN = 3.8 X lo-' M-'.S-' 

Figure 27. Schematic representation of the two steps in the demetalation of the dicopper(1) 
knot Cu2(K-84)F. 

This two-step decomplexation reaction, which takes place in the range of hours 
for the faster step and days for the slower, can be rationalized in terms of structur- 
al effects. Release of the first metal ion reduces the conformational strain, thus en- 
abling better interaction between the remaining copper(1) and the phenanthroline 
groups coordinating this center. A picturesque explanation is that this relief of 
strain leads to significant tightening of the coordinating knot around the remain- 
ing copper(1) center. According to the observed kinetic data, the latter had to be 
almost inaccessible inside the more wound double-helical core of Cu(K-84);. Our 
assumption was fully confirmed by the 'H NMR data which indeed indicate a 
more pronounced entwining of the ligand (stronger upfield shift), and by the great 
difficulties encountered when trying to remove the second copper(1) ion with cya- 
nide - its removal requires heating for 24 h under reflux in acetonitrile and a 
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Table 2. Electrochemical and photophysical properties of dicopper(1) and heterodinuclear knots con- 
taining the rn-phenylene bridge. 

Knot Absorption Emission a) Eo relative to SCE (V) for 
.2m (nm) .2,, (nm) 50 (ns) cu= I cu' b, 

Cu2(K-84)p 519 730 200 +0.68 +0.92 
CuAg(K-84): 525 725 240 +0.69 
CuZn(K-84)r 486 950 11 +0.90 
Cuz( K-86)2+ 43 1 742 210 +0.75 

a) In CH2C12 at room temperature. 
b, In CH3CN. 

1000-fold excess of potassium cyanide. By contrast, less drastic conditions afford 
quantitatively the stable, isolable, singly demetalated species Cu(K-84); which, 
because of its free coordination site, seemed an ideal precursor for the synthesis 
of disymmetrical knotted complexes. Taking advantage of this very special feature 
we could indeed quantitatively prepare the heterodinuclear complexes CuZn(K- 
84)p and CuAg(K-84)p simply by addition of the appropriate metal salt to 
Cu(K-84); at room temperature; no scrambling of the metals could be detected 
[112]. Like the few other dinuclear helical complexes already reported by Con- 
stable's and William's groups [ 113-1 151, these heterodinuclear knots have inter- 
esting electro- and photophysical properties (summarized in Table 2). 

The electrochemical data of Table 2 show that Cu2(K-84)p undergoes two 
very distinct oxidation frocesses. Noteworth are the surprisingly high values 
found for Cuz(K-84)Y + and CuZn(K-84)$+ which indicate a strong electro- 
static interaction between the two metal centers. The presence of a divalent metal 
atom (copper(II) or zinc@)) located close to the copper(1) center undergoing the 
redox reaction renders the oxidation of this second metal difficult and thus shifts 
the Cun/Cu' redox potential substantially toward anodic values. As far as the di- 
copper knot Cu2(K-84)r is concerned, the large difference of redox potential val- 
ues for the two couples CunCun / Cu'Cu' (+0.92 V) and CunCul/Cu'Cul 
(+0.68 V), DE=0.24 V is remarkable. It corresponds to a large comproportiona- 
tion constant K,, for the following reaction: 

(CuH, Cu=) + (CU', CU') ,- 2(Cu=, CU') 

K, being larger than lo4, it should be possible to isolate and study the mixed-va- 
lence state Cuz(K-84)p. 

Special features strongly related to the compactness of the phenylene-bridged 
knots were also observed during the photophysical studies. All the compounds, as 
usual for copper(1) complexes with phenanthroline-type ligands [ 116, 1171, exhibit 
MLCT luminescence in CH2C12 at room temperature. Only one emission band, as- 
signed to the lowest MLCT excited state, is observed even for the complexes con- 
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taining two distinct chromophores [i.e. CuA (K-84)r and CuZn(K-84)$]. Het- 

very different complex subunits with, of course, distinct electronic properties. For 
instance, the zinc-containing component has a high lying, ligand localized, excited 
state which is simply a metal-perturbed (z-z*) excited state with a strong 1,lO- 
phenanthroline character. 

Related complexes, of the catenate family and containing only one metal center 
(Zn2+), have been shown to act as strong luminophores [118]. In the present sys- 
tems, no such emission is observed. This means that an almost 100% efficient en- 
ergy transfer occurs from the upper lying excited states to the lowest emitting 
MLCT level localized on the copper-complexed subunit. Another striking feature 
is the large red-shift of the emission band of CuZn(K-84): relative to those of 
the other complexes. This strong bathochromic shift is readily explained by the 
presence of the doubly positively charged cation, Zn2+. The electron-withdrawing 
effect of Zn2+ on its surrounding ligands is transmitted through the 1,3-phenyZene 
bridge to the phen nuclei coordinated to the copper(1) center. As a consequence, 
the phen ligands bonded to the copper(1) center are more likely to accept elec- 
trons, i.e., the TC* orbital levels of the phen nuclei are lowered. The obvious effect 
is to make the metal-to-ligand charge transfer easier and thus to reduce the energy 
of the corresponding electronic transition. This strong erturbation is reflected by 
the difference between Cu2(K-S4)p and CuZn(K-84);, for both absorption and 
emission MLCT bands. The emission band of the latter complex is bathochromi- 
cally shifted from 730 nm (for the dicopper compound) to 950 nm (Table 2). 

The very different energy levels of the 3MLCT excited state of the doubly posi- 
tively charged complexes Cu2(K-84)? and CuAg(K-84)p on one side and the 
triply charged species CuZn(K-84)p on the other, results in very different excited 
state lifetimes, as expected from the energy gap law [119]. The radiationless de- 
cay of the 3MLCT excited state is much faster for CuZn(K-84):, as reflected by 
the z values of Table 2. The abnormal electrochemical and spectroscopic effects 
observed for CuZn(K-84)p are consistent and both can be explained by the 
‘conducting’ properties of the phenylene spacer [ 1121. 

In conclusion, knotted ligands and their complexes have new specific proper- 
ties which originate from both the topology of the ligand backbone and the com- 
pactness and rigidity of the complexes made. 

The most easily identifiable characteristics are those related to the shape of the 
complexes, with their double-stranded helical cores. In this respect, the electro- 
chemical and photochemical properties of Cuz(K-84)g are not much different 
from those of the open-chain helical precursor or its O-methylated version. The 
strong electronic coupling between the two copper centers is clearly a conse- 
quence of the 1,3-phenylene bridges between the two complex subunits and the 
topological properties of the ligand have virtually no influence. 

Very different is the situation as far as the kinetic parameters of the complexes 
are concerned. The surprising inertness of the various dicopper(1) knots to de- 
metalation is clearly due to the knotted nature of their ligand. This is obvious 
from the data of Table 1. As far as (K-84), is concerned, the amazing kinetic sta- 
bility of its mono- and di-copper(1) complexes arises from topological and geome- 

erodinuclear complexes such as c ~ A g ( K - 8 4 ) ~  f+ and CuZn(K-84)p consist of two 

Lp 
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trical factors. The fact that the mono-copper(1) complex could be isolated is also 
of special interest since heterodinuclear complexes could be prepared and studied, 
affording interesting electrochemical and photochemical results. This would cer- 
tainly not have been possible with unknotted or open chain ligands. 

6.5 Resolution of a Molecular Knot 
into its Enantiomers 

The chirality of a molecular system can generally be analyzed in terms of Eucli- 
dean geometry, using metric elements (distances and angles) [120, 1211. Topologi- 
cal chirality is an upper level of description of a molecular object which implies 
that its molecular graph be non-planar [122-1241. Made of a single-knotted 
closed ring, the trefoil knot, which requires a minimum of three crossing points 
for its representation in a two-dimensional space, can be considered as the proto- 
typical example of an unconditionally topologically chiral object (no need to ori- 
ent nor color edges for the species to be chiral) [125, 1261. 

6.5.1 Strategy and Achievements 

The chemistry of chiral double or triple helices is a very active area of research. So 
far, two main methods have allowed to obtain these helices to be obtained as enan- 
tiomerically pure compounds. The first consists in the resolution of a racemic mix- 
ture by chromatography with a chiral eluent. Williams and his group resolved a tri- 
ple helical dinuclear metal complex by transformation of a labile cobalt(II) com- 
plex into the kinetically stable cobalt(III) complex which could be resolved by 
chromatographic elution with an aqueous solution of chiral sodium antimony1 tar- 
trate [127]. Lehn and coworkers later published the resolution of a trinuclear dou- 
ble helicate of iron(II) by the same method [ 1281. The second methodology giving 
access to enantiomerically pure helical complexes is very elegant and relies on the 
induction of a chiral group present in the ligand. Many examples of such enantiose- 
lective preparations have been reported recently. Lehn and coworkers prepared a 
chiral helicate made of a trisbipyridine ligand containing methyl-substituted 
bridges [129]. Reacting this chiral ligand with copper(1) yielded only one enantio- 
mer. Similar methodology was successfully used by the group of von Zelewsky 
who constructed a bis-bipyridyl strand incorporating pinene groups [ 130, 13 11 
and by Constable and coworkers who used bornyl-substituted terpyridines [ 132, 
1331. Siege1 and his group attached two achiral polybipyridyl strands on an opti- 
cally pure anchor which transfers its chirality on to the double helix [134]. 

Whatever the beauty of the resolved systems discussed above, it should be no- 
ticed that the enantiomers obtained after resolution are not topological enantio- 
mers but classical geometrical diastereomers. In each case, a rigid chiral function 
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is used and kept in the molecule after the various separation procedures. Very dif- 
ferent in principle is our work on catenanes and knots, whose chirality is of 
purely topological origin. 

Resolution using chiral supports in HPLC turned out to be successful for the 
separation of chiral catenates [135, 1361. Unfortunately, this technique seemed to 
be inappropriate to the resolution of the knot. 

Our template synthesis of knots implies that the target molecules are obtained 
as cationic dicopper(1) complexes. Therefore we considered the possibility of in- 
terconverting both enantiomers into a pair of diastereomeric salts [137, 1381 by 
combining them with an optically active anion. Binaphthyl phosphate (BNP-) 
[139] drew our attention because its chirality arises from the binaphthyl core, 
which is twisted. This helical structure is of the same type as that of the copper(1) 
double helix, precursor of the knot. Besides, both compounds are aromatic and, 
thus, we could expect some potentially helpful stacking interactions [87]. 

These structural similarities should enable strong interactions between the two 
moieties, possibly leading to a marked differentiation of the properties of both 
diastereomers (e.g. their solubility), making their resolution possible by selective 
crystallization. 

The principle of the resolution process and the molecular structure of the chiral 
auxiliary used are represented in Figure 28. 

To introduce the chiral auxiliary, a labile anion, unlike the classical BF;; or P& 
which cannot be exchanged, is required. Preliminary studies showed the triflate to 
be appropriate. We introduced it during the formation step of the double helix. 
One equivalent of copper(II) triflate was added to the bischelating diphenolic 
strand in a reductive medium. 'H NMR showed that the dinuclear copper(1) dou- 
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Figure 28. Principle of the resolution of the dicopper(1) molecular trefoil knot Cu2(K-84)F. 
The chiral auxiliary used is S-(+)-l,l'-binaphthyL2,2'-diyl phosphate (BNP-). 
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ble helix was formed quantitatively. The bicyclization reaction afforded the race- 
mic copper(1) knot triflate Cu2(K-84)F2 TfO- in 23% yield. 

The racemic mixture of the knot was converted into diastereomers using a 
liquid-liquid extractor taking advantage of the solubility of potassium triflate in 
water compared to the insolubility of binaphthylphosphate salts. 

The 'H NMR spectrum of the diastereomeric mixture was very striking. Each 
signal was split into two, which clearly indicated a strong difference of associa- 
tion between the chiral auxiliary and each enantiomer of the knot. This difference 
was large enough to give the two diastereomers different solubilities. Indeed we 
could crystallize (+)-Cu2(K-84)F-2(+)-BNP- in a mixture of nitromethane and 
benzene [ 1401, whereas the levorotatory knot remained in the mother liquor. 

To our knowledge, it is the first preparative resolution of topological enantiomers. 
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6.5.2 Optical Properties and Perspectives 

To obtain the pure topological enantiomers, the chiral auxiliary was easily re- 
placed by the hexafluorophosphate anion. 

The optical rotatory power was found to be very high. Considering the D-ray 
of sodium (589 nm), the optical rotatory power was + or -7000" mol-' L dm-I. 

The circular dichroism (CD) spectra of both enantiomers are shown in Figure 
29. As one would expect for such molecules, the two spectra are mirror images of 
one another. 
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Figure 29. Circular Dichroism spectra of both enantiomers (in CHZCl,); these are perfect 
mirror images. 
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Of course, it seemed also to be of great interest to obtain the enantiomerically 
pure free ligands, to investigate the properties of a molecule for which chirality 
was exclusively originating from its topology (i.e. had nothing to do with that of 
transition metal complexes). It should be mentioned here that pure classical Eucli- 
dean chirality is present in the double helix of the metalated species. We thus de- 
metalated each enantiomer using cyanide as copper(1) quencher. The optical rota- 
tory power of the free knot [(+) or (-)-(K-84),] was then + or -2000" mol-' L 
dm-'. Interestingly, the demetalated knot can be considered as two intertwined he- 
licenes and the values obtained can be compared with those measured for hetero- 
helicenes of similar structure [141-1431. 

By definition, topologically chiral molecules are those whose enantiomers can- 
not be interconverted by continuous deformation and therefore racemization is to- 
tally excluded as long as no bond in their organic backbone is broken. In addi- 
tion, the combination of this latter topological property with the high thermody- 
namic stability of copper(1) 2,9-diphenylphenanthroline complexes provides us 
with potential catalysts for enantioselective processes. 

6.6 Conclusion 

Looking back at the first discussion on non-trivial knots in the chemical literature 
(1960), it is clear that very significant progress has been made as far as their syn- 
thesis is concerned. Transition metals have proved indispensable in their ability to 
gather and intertwine string-like molecular fragments, before the appropriate ring- 
forming reactions are canied out. Despite the first positive results (1989-1990), 
nothing was really easy and it took several years to develop efficient and prepara- 
tive procedures for synthesizing molecular knots. Because the knots available to- 
day stem from coordination chemistry, most of their interesting properties are re- 
lated to transition metal chemistry. Of course, this is not true as far as pure topol- 
ogy is concerned and, in particular, topological chirality. 

Where will the chemistry of knots lead us? Today, it is of course difficult to 
know whether practical applications will be found, although one could easily 
imagine that polymers containing knotted fragments could be interesting organic 
materials or that knotted compounds able to interact in a specific way with DNA 
could display new biological properties. It remains that the field is still fascinating 
from a purely fundamental viewpoint. The challenge of making non-trivial prime 
knots beyond the trefoil knot is certainly worthwhile considering, although when 
looking at the beautiful but very complex knots of Figure 2, one can foresee great 
chemical difficulties. 

Hopefully, chemical knots will expand to other fields than transition metal 
chemistry in the future. For instance, knots with very different backbones could 
be obtained on the basis of other construction principles. In this context, the prop- 
erties of a pure polymethylene knotted ring should be fascinating, although the 
synthesis of such a compound seems to be presently out of reach. 
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Obviously, chirality is an essential property in molecular chemistry, and knots 
are exciting systems in this context. With a touch of fantasy, it could be con- 
ceived that some of the chemical processes for which chirality is essential (enan- 
tioselection of substrates, asymmetric induction and catalysis, cholesteric phases, 
and ferroelectric liquid crystals molecular materials for non linear optics. . .) could 
one day use enantiomerically pure knots. 
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7 Organic Template-Directed Syntheses 
of Catenanes, Rotaxanes, and Knots 

Frangisco M. Raymo and J. Fraser Stoddart 

7.1 Brief History and Background 

The early syntheses of catenanes and rotaxanes were based on approaches of 
either a statistical [I] or a directed [2] nature. The statistical method relies on the 
existence of very small concentrations in the reaction mixture of a species in 
which a macrocycle is threaded by an acyclic molecule. After the formation of 
(an) appropriate covalent bond(s), this threaded species is converted into a me- 
chanically interlocked molecular compound. However, because of the absence of 
any stabilizing noncovalent bonding interactions between the components of the 
intermediate and its formation being a disfavored event entropically, the overall 
yields of the resulting catenanes and rotaxanes turn out, without exception, to be 
extremely low. In the directed syntheses of catenanes and rotaxanes the multistep 
preparation of precatenanes and prerotaxanes composed of macrocyclic and acy- 
clic components linked by covalent bonds is required. Subsequently, the covalent 
bonds holding the components together are cleaved, leaving in place only me- 
chanical bonds. Although extremely elegant and challenging, these multistep syn- 
theses are laborious, time-consuming, and low yielding overall. Fortunately, the 
advent of supramolecular chemistry [3] has led to methods for generating effi- 
ciently in solution complexes incorporating macrocyclic components threaded on 
to acyclic ones, paving the way for the development of template-directed [4] ap- 
proaches to mechanically interlocked molecular compounds. Indeed, following on 
from the pioneering work of Dietrich-Buchecker and Sauvage [5]  using coordina- 
tive bonding, a number of conceptually-related supramolecular approaches to the 
template-directed syntheses of molecular knots, as well as catenanes and rotax- 
anes, have been developed [6]. 

By relying on stabilizing noncovalent bonding interactions, such as hydrogen 
bonding [7] and z-z stacking [8], a so-called [2]pseudorotaxane [9] self-assembles 
(Figure la) by threading of a preformed macrocycle on to an acyclic guest with 
(a) complementary recognition site(s). Subsequent covalent bond formation, be- 
tween the termini of the acyclic component of the [2]pseudorotaxane and two 
bulky stoppers, interlocks mechanically the macrocyclic and dumbbell-shaped 
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Figure 1. Threading (a and b) and slipping (c )  approaches to [2]rotaxanes. Clipping (not 
shown) is another synthetic approach to rotaxanes. It involves the macrocyclization of the 
ring component around the preformed dumbbell-shaped component. 

components, affording a [2]rotaxane. Alternatively, the molecular recognition of 
the starting acyclic component for the cyclic component can be ‘switched on’, 
after the covalent attachment of one stopper, yielding (Figure lb) a stable 
[2]pseudorotaxane after the threading of the preformed macrocyclic component. 
Covalent attachment of a second stopper to the other end of the acyclic compo- 
nent of the [2]pseudorotaxane affords a [2]rotaxane. If good size complementarity 
between the cavity of a preformed macrocycle and the stoppers of a dumbbell- 
shaped compound is achieved, thermal energy can be employed (Figure 1 c) to en- 
courage the slipping of the macrocycle over one of the stoppers to afford a 
[2]rotaxane stabilized by noncovalent bonding interactions between its two com- 
ponents. Similar template-directed approaches have been developed for the tem- 
plate-directed [4] synthesis of catenanes. ‘Switching on’ the recognition sites of 
an acyclic precursor, after the formation of a covalent bond in the presence of a 
preformed complementary macrocycle, affords (Figure 2 a) a so-called precatenane 
[2] - alias a [2]pseudorotaxane 191 - which, after macrocyclization, evolves into a 
[2]catenane incorporating two constitutionally-different macrocyclic components. 
Double [1+1] and [2+2] macrocyclizations (Figure 2b and c, respectively) can 
also be employed to synthesize [2]catenanes incorporating two identical macro- 
cyclic components. An analogous template-directed [4] approach to a trefoil knot 
and its isomeric trivial knot can also be envisaged (Figure 3). This molecular re- 
cognition event relies upon the self-assembly of two complementary acyclic pre- 
cursors into an intertwined complex, followed by covalent bond formation be- 
tween the termini of the acyclic species incorporated within the complex. Exactly 
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Figure 2. Template-directed approaches to (a) a hetero[2]catenane and (b and c) a 
homo[2]catenane. The terms hetero and homo indicate whether the two macrocyclic com- 
ponents of the [2]catenane are different or identical, respectively. 
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Figure 3. Template-directed approach to a trefoil knot and its isomeric trivial knot. Note 
that the starting acyclic components must incorporate terminal reactive functions which can 
only lead to intercomponent rather than intracomponent coupling. 
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which pair of termini are joined up determines the nature of the product - trefoil 
knot or trivial knot. 

7.2 Pseudorotaxanes and Rotaxanes Incorporating 
Macrocyclic Pol yethers and Secondary 
Dialkylammonium Salts as their Components 

The macrocyclic polyether dibenzo-24-crown-8 (1) binds [lo] (Figure 4) the hexa- 
fluorophosphate salt 2.PF6 with a pseudorotaxane geometry in solution and in the 
solid state. The noncovalent bonding interactions responsible for the formation of 
the [2]pseudorotaxane are [%'-H-O] and [C-H-01 hydrogen bonds usually be- 
tween the hydrogen atoms of the +NH2 and +NCH2 groups of the guest and the 
polyether oxygen atoms of the host. As a result of slow exchange on the 'H 
NMR timescale in CD,CN at room temperature, the 'H NMR spectrum of a 1:l 
mixture of 1 and 2.PF6 shows (Figure 4) sharp and well-resolved signals asso- 
ciated with the 1:l complex, as well as for the free host and free guest. By irra- 
diating the protons of the a-OCH2, p-0CH2, and y-OCH2 groups of the host in 

Figure 4. Complexation of the hexafluorophosphate salt ZPF6 by the macrocyclic poly- 
ether, dibenzo-24-crown-8 (1). The insets show (i) the 'N NMR spectrum of a 1:l mixture 
of 1 and ZPF6 in CD&N at room temperature and (ii) the solid-state structure of the pseu- 
dorotaxane [1-2]+. 
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Figure 5. The [2]pseudorotaxane [ 1.2][PF6] and the [3]pseudorotaxane [(1),.2][PF&. 

CDC13, NOE enhancements were observed for the resonances associated with the 
NCH2 protons of the guest and vice versa, strongly suggesting that the acyclic 

guest penetrates the cavity of the macrocyclic host in solution. The association 
constant (K,) of the complex [1-2][PF6] was determined in a range of solvents 
[(CD3)$0, 4 - 0  M-l; (CD3)&0, K,=360 M-l; CD3CN, K,=420 M-'; CDC13, 
Ka=27000 M- ] by a single-point 'H NMR spectroscopic determination per- 
formed at 298 K. The K, values increase as the dielectric constants of the solvents 
decrease and can be correlated with the values of the Gutmann donor numbers of 
the solvents. These observations reflect the fact that the formation of [1.2][PF6] is 
driven by hydrogen-bonding interactions. Thus, upon increasing the coordinating 
ability of the solvent, the formation of the complex is disfavored. 

The hexafluorophosphate salt %PF6 incorporates one +NH2 recognition site and 
is bound (Figures 4 and 5 )  by one macrocyclic polyether 1, affording the 1:l 
complex [1.2] [PF6]. The bis(hexafluorophosphate) salt 3.2PF6 incorporates two 
+NH2 recognition sites and is bound [ l l ]  (Figure 5 )  by two macrocyclic poly- 
ethers 1, affording the 21 complex [(1)2-2][PF& - namely, a I3lpseudorotaxane. 
As a result of the slow rates of complexation and decomplexation, the 'H NMR 
spectrum of an equimolar mixture of 1 and 3.2PF6 in CD3CN at room tempera- 
ture shows sharp and well resolved signals for both the 1 : 1 and 2: 1 complexes 
in addition to resonances for the free host and free guest. The X-ray crystallo- 
graphic analysis of [(1)2-2][PF612 revealed that, in the solid state, the [+N-H--O] 
and [C-H-.O] hydrogen bonds are supplemented by n-TC stacking interactions be- 
tween the central phenylene ring of the guest and two catechol rings - one for 
each host. 

The macrocyclic polyether bis-p-phenylene-34-crown-10 (4) has a cavity large 
enough to accommodate [ l l ]  (Figure 6) simultaneously two acyclic guests 2.PF6, 
affording the [3]pseudorotaxane [(2)2"I][PF&. In this instance, however, the equi- 

+ 
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libration between the free species and the 1:2 complex is fast on the 'H NMR 
timescale and so averaged signals are observed in the 'H NMR spectrum recorded 
in CD3CN at room temperature. Furthermore, the X-ray crystallographic analysis 
of [(2)2-4][PF6]2 revealed only [+N-H-O] hydrogen bonds between the hydrogen 
atoms of the two +NH2 groups and the polyether oxygen atoms - no [C-H--O] 
interactions were observed in the solid state. By contrast, both [+N-H.-O] and 
[C-H-01 hydrogen bonds drive the self-assembly of the 2:2 complex 
[(3)2-(4)2][PF6]4 (Figure 6) - a [4]pseudorotaxane - in the solid state. Interest- 
ingly, however, the hexafhorophosphate counterions assist in the formation of 
this complex in such a manner that P& anions are positioned in 'pockets' be- 
tween the supermolecules aligned in a head-to-tail fashion. The 'H NMR spec- 
trum of an equimolar mixture of 3.2PF6 and 4 in CD3CN at room temperature 
revealed [12] only the formation of a 1 : 1 complex: no [4]pseudorotaxane 
[(3)2-(4)2][PF6]4 was detected in solution. 

The spontaneous self-assembly of the [4]pseudorotaxane [(2)3.5] [PF& and of 
the [5]pseudorotaxane [(2)4.6][PF& was observed [13] (Figure 7) in the solid 
state when the large macrocyclic polyethers 5 and 6 were combined with the 
guest 2.PF6. The X-ray crystallographic analysis of [(2)3.5][PFs]3 revealed the 
presence of both [+N-H-O] and [C-H-01 hydrogen bonds between the guest 
cations and the polyether oxygen atoms of the host. Once again, however, the an- 
ion is not unimportant. In [(2)3.5][PF6]3, a P& anion is located in the cleft gener- 
ated by the saddle-like geometry adopted by the [4]pseudorotaxane and enters 
into [C-H-.F] hydrogen bonding with both the host and the guest cations. In the 
case of [(2)4*6][PF&, total encapsulation of one P& anion was observed in the 
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Figure 7. The [4]pseudorotaxane [(2),.513' and the [5]pseudorotaxane [(2),.614' and their 
solid-state structures illustrating the encapsulated P E  anions. 

solid state. The usual combination of [+N-H--O] and [C-H--01 hydrogen bonds 
between the host and the guest cations is accompanied by a series of [C-H-F] 
hydrogen bonds involving the hydroquinone hydrogen atoms in the host and 
benzylic methylene groups in the cationic guests. 

The threading of a macrocyclic polyether on to an acyclic secondary dialkyl- 
ammonium salt can be employed, as the first step, in the synthetic route depicted 
in Figure la. Subsequent conversion of the [2]pseudorotaxane into a [2]rotaxane 
can be achieved by the covalent attachment of large stoppers. This conversion, 
however, can only be performed successfully if reactive functional groups and re- 
action conditions compatible with the molecular recognition event are employed 
in order to avoid dismembering of the supramolecular complex before the final 
covalent bond-forming step. The hexafluorophosphate salt 7.PF6 incorporates 
(Figure 8) one +NH2 recognition site, at its center, and one azide function, at each 
end. Combining 7-PF6 with an excess of the macrocyclic polyether 1 in CH2C12 
at room temperature affords [14] the [2]pseudorotaxane [1.7][PF6]. Addition of an 
excess of di-t-butyl acetylenedicarboxylate, followed by heating the reaction mix- 
ture under reflux for 7 days, afforded the [2]rotaxane 8.PF6 with trisubstituted 
triazole stoppers in a yield of 31%. 

This threading approach was extended [14, 151 (Figure 9) to the template- 
directed synthesis of a [3]rotaxane. Combining an excess of the macrocyclic poly- 
ether 1 with the bis(hexafluorophosphate) salt 9.2PF6, incorporating two +NH2 re- 
cognition sites and two terminal azide functions, in CH2C12 at room temperature, 
afforded the corresponding [3]pseudorotaxane. Addition of an excess of di-t-butyl 
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Figure 8. The template-directed synthesis of the [2]rotaxane 8.PF6. 

Figure 9. The template-directed synthesis of the [3]rotaxane 10.2PF6. 
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Figure 10. The self-assembly of the [2]rotaxane 12.3PF6 incorporating two different recog- 
nition sites within its dumbbell-shaped component. 

acetylenedicarboxylate, followed by heating the mixture under reflux for 8 days, 
afforded the [3]rotaxane 10-2PF6 in a yield of lo%, after the formation of tria- 
zole-based stoppers. 

A [2]rotaxane, incorporating one macrocycle encircling a dumbbell-shaped 
component with one +NH2 and one bipyridinium recognition site, can be self-as- 
sembled [16] as illustrated in Figure 10. Threading of the macrocyclic polyether 1 
on to the bis(hexafluorophosphate) salt ll.2PF6 with one stopper already attached 
to one of its two ends, occurs spontaneously in CHC13 at room temperature. Sub- 
sequent addition of 3,5-di-t-butylbenzyl bromide and heating the solution under 
reflux for 4 days afforded the [2]rotaxane 12-3PF6 in a yield of 38%, after coun- 
tenon exchange. The 'H NMR spectrum of the [2]rotaxane 12.3PF6 in (CD3)2C0 
at room temperature showed the selective binding of the +NH2 recognition site by 
the macrocyclic polyether. Irradiation of the protons in positions 2 and 6 on the 
3,5-di-t-butylbenzyl ring of the stopper adjacent to the +NH2 group showed NOE 
enhancements of some of the resonances associated with the 0CH2 protons of the 
macrocycle, in agreement with the proposal that only one translational isomer ex- 
ists in solution. Addition of i-Pr2NEt deprotonates (Figure 11) the +NH2 group, 
'switching off its recognition properties. As a result, the macrocyclic polyether 
component moves and occupies the bipyridinium recognition site. The outcome is 
the appearance of a red color associated with the charge-transfer interactions be- 
tween the catechol rings and the bipyridinium unit. Addition of CF3C02H regen- 
erates the +NH2 recognition sites, resulting in the disappearance of the red color, 
because the macrocyclic polyether component moves back on to the +NH2 recog- 
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Figure 11. The reversible pH-control 
of the relative positioning of the com- 

1 2 . 2 ~ ~ ~  2PF6- ponents in the [2]rotaxane 12.nPF6. 

Figure 12. The slipping approach to the [2]rotaxane 14.PF6 and its solid-state structure. 

nition site. The [2]rotaxane 12.3PF6 is a remarkable example of a ‘clean’ odoff 
molecular-sized switch [17] which can be operated reversibly by external stimuli. 

The self-assembly of a [2]rotaxane, according to the slipping procedure de- 
picted in Figure lc, occurs efficiently if the size complementarity between the 
stoppers of a preformed dumbbell-shaped compound and the cavity of a pre- 
formed macrocycle is well matched. The slippage of the macrocyclic polyether 1 
over the cyclohexyl stoppers of the dialkylammonium salt 13.PF6 occurs [18] 
(Figure 12) slowly during several days on heating a CH2C12 solution of the sepa- 
rate components. After cooling the solution down to room temperature, the 
[2]rotaxane 14.PF6 can be isolated in a yield of 90%. ‘H NMR spectroscopy re- 
vealed that the [2]rotaxane 14.PF6 does not dissociate into its two constituent 
components 1 and 14.PF6 in CDC13-CD3CN (3:l) at room temperature, even after 
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several weeks. However, if (CD&SO - a solvent with a large Gutmann donor 
number - is employed, dissociation of 14.PF6 into 1 and 13.PF6 occurs quantita- 
tively in 18 h at room temperature, simply because the intercomponent hydrogen 
bonding interactions are destroyed by this highly coordinating solvent. 

7.3 Pseudorotaxanes, Catenanes, Rotaxanes, 
and Knots Incorporating n-Electron-rich 
and Deficient Components 

The tetracationic cyclophane cyclobis(paraquatppheny1ene) ( 15.4PF6) binds [ 191 
(Figure 13) most of the dioxyarene-based acyclic polyethers 16-22 with pseudoro- 
taxane geometries in solution as well as in the solid state. The noncovalent bond- 
ing interactions responsible for this molecular recognition event are (i) [C-He-01 
hydrogen bonds (between the hydrogen atoms in the a positions, with respect to 
the nitrogen atoms, on the bipyridinium units and the polyether oxygen atoms), 
(ii) 7r-7z stacking interactions (between the complementary n-electron-rich and de- 
ficient aromatic units), and (iii) [C-H.-7r] edge-to-face T-type interactions [20] 
(between the aromatic hydrogen atoms of the guest and the p-phenylene spacers 
of the host). In the case of the 1,4-dioxybenzene-based guests 16-18, the associa- 
tion constant (K,) of the corresponding 1:l complexes in MeCN at 298 K de- 
creases (16, Ka=2200 M-'; 17, K,= 15 M-l; 18, K,=o M-l) on replacing the hydro- 
gen atoms on the aromatic ring of the guest with fluorine substituents which 
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Figure 13. The self-assembly of [2]pseudorotaxanes incorporating the tetracationic cyclo- 
phane 15.4PF6 and the acyclic dioxyarene-based polyethers 16-22. 
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Figure 14. The self-assembly of [2]pseudorotaxanes incorporating the bis(hexafluorophos- 
phate) salt 23.2PF6 and the macrocyclic dioxyarene-based polyethers 4 and 24-29. 

effects a reduction in the electron density on the aromatic ring. Similarly, the Ka 
values of the 1:1 complexes formed between 15.4PF6 and the dioxynaphthalene- 
based guests 19-22 change (19, Ka>5000 M-'; 20, Ka=378 M-l; 21, Ka= 177 M-'; 
22, Ka=221 M-l) as a result of varying the substitution pattern on the naphthalene 
ring. 

The bipyridinium salt 23-2PF6 is bound [19b,c, 211 (Figure 14) by some but 
not all of the dioxyarene-based macrocyclic polyethers 4 and 24-29 with pseudo- 
rotaxane geometries in solution and in the solid state. The noncovalent bonding 
interactions responsible for the formation of these [2]pseudorotaxanes are the ex- 
pected (i) [C-H-0] hydrogen bonds and (ii) n-n stacking interactions. The Ka 
value of the complex formed between the macrocyclic polyether 4 and the bipyri- 
dinium guest 23-2PF6 is 240 M-' in MeCN at 298 K. The macrocyclic polyether 
25 with four fluorine substituents attached to each of the two 1,4-dioxybenzene 
rings does not bind 23-2PF6. Varying the substitution pattern on the dioxynaphtha- 
lene recognition sites of 2 6 2 9  results also in dramatic changes in the Ka values, 
which range from 470 to 1190 M-' in MeCN at 298 K, with the highest value ob- 
served for the macrocyclic polyether 26 and the lowest for 27. 

By exploiting the stereoelectronic complementarity of appropriate dioxyarene- 
based macrocyclic polyethers (4 and 24-29) and bipyridinium-based building 
blocks, the [zlcatenanes 32.4PF6-38-4PF6 were prepared [ 19, 22, 231 (Figure 15), 
by following the template-directed synthetic approach depicted schematically in 
Figure 2a. Reaction of the bis(hexafluorophosphate) salt 30.2PF6 with the dibro- 
mide 31 forms one covalent bond and 'switches on' one bipyridinium recognition 
site, affording a tricationic intermediate, which is bound (inset of Figure 15) with 
a pseudorotaxane geometry by the macrocyclic polyether. The formation of a sec- 
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Figure 15. The template-directed synthesis of the [2]catenanes 32.4PF6-3S-4PF6. The in- 
sets show (i) the intermediate [2]pseudorotaxane formed during the course of catenane for- 
mation and (ii) the solid-state structure of the [2]catenane 324+. 

ond covalent bond, leading to the macrocyclization of the n-electron-deficient 
component, is highly encouraged by the templating action of the macrocyclic 
polyether which is then ‘trapped’ mechanically within the [2]catenane molecule. 
As is evident from the K, values associated with the [2]pseudorotaxanes illustrat- 
ed in Figure 13 and 14, the nature and substitution pattern of the dioxyarene re- 
cognition sites, incorporated within the macrocyclic polyethers, control the effi- 
ciencies of these self-assembly processes. Thus, while the [2]catenane 32.4PF6, 
incorporating 4 as its macrocyclic polyether component, is isolated in a yield of 
70%, the [2]catenane 33.4PF6, incorporating the fluorine-substituted macrocyclic 
polyether 24, can be isolated only in very low yield (3%). Similarly, the [2]cat- 
enanes 37.4PF6 and 38.4PF6, incorporating the 2,6- and 2,7-dioxynaphthalene rec- 
ognition sites, can be isolated only when ultrahigh pressure (12 kbar) conditions 
are employed during the catenations. By contrast, the [2]catenanes 35.4PF6 and 
36.4PF6, incorporating the 1,5- and 1,6-dioxynaphthalene recognition sites, are 
isolated in yields of 51 and 35%, respectively, even when the catenations are per- 
formed at ambient temperatures and pressures. A variable-temperature ‘H NMR 
spectroscopic investigation carried out on the [2]catenanes 32.4PF6, 33.4PF6, and 
35-4PF6-38.4PF6 in CD3CN and (CD&CO (above and below room temperature, 
respectively) has revealed the occurrence of several distinct dynamic processes in 
solution. In particular, the two dynamic processes illustrated schematically in Fig- 
ure 16 have been observed in all these [2]catenanes. Process I involves the cir- 
cumrotation of the macrocyclic polyether through the cavity of the tetracationic 
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Figure 16. The dynamic processes (Process I and Process 11) associated with the [2]cat- 
enanes 32.4PF6-38-4PF6 in solution. 

cyclophane and exchanges the ‘inside’ and ‘alongside’ dioxyarene units. Process 
II involves the circumrotation of the tetracationic cyclophane through the cavity 
of the macrocyclic polyether and exchanges the ‘inside’ and ‘alongside’ bipyridi- 
nium units. By em loying the approximate coalescence treatment [24], the free 

peratures (T,). In all these [2]catenanes, the AGE value associated with Process I 
(12.4-17.2 kcal mol-’, 279-361 K) is higher than that of Process 11 (8.9- 
12.7 kcal mol-’, 182-257 K), indicating that the circumrotation of the x-electron- 
rich macrocycle through the cavity of the x-electron-deficient tetracationic cyclo- 
phane component is the more energy-demanding process of the two. 

In the [2]catenanes 32.4PF6-38.4PF6 incorporating symmetrical macrocyclic 
polyethers with two identical dioxyarene units, Process I is a degenerate process 
and involves (Figure 17) the equilibration in solution of two identical species. By 
contrast, the [2]catenanes 39-4PF648-4PF6 which incorporate unsymmetrical 
macrocyclic polyethers possessing two different dioxyarene units [ 19b,c, 251 are 
expected to equilibrate between two translational isomers in solution. However, 
only translational isomer A (Figure 17), in the case of the [2]catenanes 40.4PF6 
and 42.4PF648.4PF6, exists in (CD3)2C0 over a range (200-300 K) of tempera- 
tures, as observed by ‘H NMR spectroscopy. In the case of the [2]catenane 
39.4PF6, a small amount (A:B=95:5) of the translational isomer B was observed 
under the same conditions. By contrast, in 41-4PF6, although the ratio between 
the translational isomers A and B is 65:35 in (CD&CO at 243 K, it changes to 
3565 in (CD3)2S0 at the same temperature. 

energy barriers (AG,) ! for both processes were determined at the coalescence tem- 
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Figure 17. The degenerate forms A and B of the [2]catenanes 32.4PF6-384PF6 and the 
translational isomers A and B of the [2]catenanes 39.4PF648.4PF~. 

The template-directed approach employed to self-assemble the [2]catenanes 
32.4PF648-4PF6 has been extended [26] (Figure 18) to the self-assembly of 
[nlcatenanes incorporating up to as many as seven interlocked macrocyclic com- 
ponents. The [3]catenane 52.4PF6 was synthesized by reacting the bis(hexa- 
fluorophosphate) salt 49.2PF6 with the dibromide 50 in the presence of the macro- 
cyclic polyether 51. Subsequent reaction of the bis(hexafluorophosphate) salt 
30.2PF6 and the dibromide 31 in the presence of the [3]catenane 52-4PF6 at ambient 
temperature and pressure gave the [5]catenane 53.12PF6 - namely, Olympiadane - 
along with an octacationic [4]catenane (not shown in Figure 18) in yields of 5 and 
3 1 %, respectively, after counterion exchange. Repeating the same reaction under 
ultrahigh pressure (12 kbar) conditions affords the [7]catenane 54.20PF6, a hexa- 
decacationic [6]catenane (not shown in Figure 18), and the [5]catenane 53-12PF6 
in yields of 26, 28, and 30%, respectively, after counterion exchange. The 
[nlcatenanes 52.4PF6 (n = 3), 53.12PF6 (n = 5), and 54.20PF6 (n = 7) were character- 
ized unequivocally by single crystal X-ray structural analyses. 

The threading approach, illustrated schematically in Figure lb, has been em- 
ployed [27, 281 (Figure 19) to self-assemble the [Zlrotaxane 56.4PF6. After the 
covalent attachment to the bis(hexafluorophosphate) salt 30.2PF6 of one tris(t-bu- 
tylpheny1)methane-based stopper 55, one bipyridinium recognition site is 
'switched on' and threads through the cavity of the macrocyclic polyether 4, af- 
fording a [2]pseudorotaxane intermediate. Subsequent covalent attachment of a 
second tris(t-butylpheny1)methane-based stopper gives the [2]rotaxane 56.4PF6 in 
a yield of 18%, after counterion exchange. As a result of the presence of two bi- 
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Figure 18. The template-directed syntheses of the [3]catenane 52.4PF6, the [Slcatenane 
53.12PFs, and the [7]catenane 54.20PF6. 

Figure 19. The template-directed synthesis of the [2]rotaxane 56.4PF6. 

pyridinium recognition sites within the dumbbell-shaped tetracationic component 
of 56.4PF6, a degenerate process involving the 'shuttling' of the macrocyclic 
polyether ring from one bipyridinium 'station' to the other occurs (Figure 20) at a 
rate of ca. 300000 s d  in (CD3)2CO at 298 K, as revealed by variable-temperature 
'H NMR spectroscopy. 
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Figure 20. The 'shuttling' process associated with the [2]rotaxane 56.4PF6 in solution. 

By reversing the role of the recognition sites, the [2]rotaxane 58.4PF6, incor- 
porating a bipyridinium-based tetracationic cyclophane encircling a dumbbell- 
shaped component with two different n-electron-rich 'stations', was synthesized 
[29] (Figure 21) following the template-directed approach developed [30] for the 
synthesis of the prototypical 'molecular shuttle'. The preformed dumbbell-shaped 
component 57 templates the two-step reaction of the bis(hexafluorophosphate) salt 
30.2PF6 with the dibromide 31. The second covalent bond formation, leading to 
the macrocyclization of the tetracationic cyclophane, is accompanied by the gen- 
eration of a 'mechanical' bond which constrains the dumbbell-shaped and macro- 
cyclic components within one molecular entity only - namely, the [2]rotaxane 

Figure 21. The template-directed synthesis of the [2]rotaxane 58-4PF6. 
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Figure 22. The reversible electrochemical and chemical control of the relative positioning 
of the components of the [2]rotaxane 58.4PF6 in solution. 

58.4PF6 - which can be isolated in a yield of 19%, after counterion exchange. 
The ‘shuttling’ of the macrocyclic component from one n-electron-rich ‘station’ to 
the other is fast on the ‘H NMR timescale at room temperature and averaged sig- 
nals for the two translational isomers of 584PF6 are observed in the ‘H NMR 
spectrum, recorded in CD3CN at this temperature. On cooling a CD3CN solution 
of 58.4PF6 down to 229 K, the ‘shuttling’ process becomes slow on the ‘H NMR 
timescale and separate signals for the two translational isomers can be distin- 
guished in the ‘H NMR spectrum. At this temperature, the tetracationic cyclo- 
phane resides preferentially on the benzidine ‘station’, the ratio between the two 
translational isomers being 84:16. Addition of CF3C02D (Figure 22) to the 
CD3CN solution of 58.4PF6 causes dramatic changes in the ‘H NMR spectrum. 
The reason is that protonation of the benzidine ‘station’ presumably leads to elec- 
trostatic repulsion between the resulting dicationic species and the tetracationic cy- 
clophane, forcing the macrocyclic component to reside exclusively on to the bi- 
phenol ‘station’. Neutralization of the solution with C5D5N restores the original 
equilibrium by deprotonating the benzidine ‘station’. The ‘shuttling’ of the tetra- 
cationic cyclophane along the linear portion of the dumbbell-shaped component 
can be controlled also by the electrochemical oxidation of the benzidine ‘station’. 
Thus, the one electron oxidation of the benzidine unit generates a radical cation, 
thus, forcing the tetracationic cyclophane to reside exclusively on the biphenol 
‘station’, again as a result of electrostatic repulsion. Reducing the radical cation 
back to the neutral species restores the original equilibrium by regenerating the 
recognition properties of the benzidine ‘station’. 
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Figure 23. The slipping approach to the [2]rotaxanes 63-2PF646.2PF6. 

The slipping approach, which is depicted schematically in Figure lc, has been 
employed [27, 3 11 (Figure 23) to self-assemble [2]rotaxanes incorporating the 
macrocyclic polyether 4 and bipyridinium-based dumbbell-shaped components. 
Bis(t-butylpheny1)-p-R-phenylmethane-based groups were employed as the stop- 
pers. The R substituent was varied systematically from H, to Me, then to Et, and 
finally to i-Pr to find the ideal size complementarity between the stoppers and the 
cavity of the macrocyclic polyether 4. Heating a solution of 4 and one of the 
three dumbbell-shaped compounds 59-2PF6, 6O.2PF6, and 61.2PF6 - where R is 
H, Me, and Et, respectively - in MeCN for 10 days gave the corresponding 
[2]rotaxanes 63.2PF6, 64.2PF6, and 65.2PF6 in yields of 52, 45, and 47%, respec- 
tively. However, when the dumbbell-shaped compound 6Z2PF6, incorporating 
large i-Pr substituents as the R groups, was employed under otherwise identical 
conditions, no rotaxane was obtained. Thus, while optimum size complementarity 
between the macrocyclic polyether 4 and the bis(t-butylpheny1)-p-R-phenyl- 
methane-based stoppers is achieved when R is H, Me, and Et, a steric barrier is 
encountered for the slippage process when R is i-Pr. 

The template-directed approach, illustrated schematically in Figure 3, was em- 
ployed [32] (Figure 24) to self-assemble the trefoil knot 69.6PF6 and its isomeric 
trivial knot 70.6PF6, both incorporating 1,5-dioxynaphthalene and bipyridinium- 
based recognition sites [33, 341. An intertwined supramolecular complex self-as- 
sembles spontaneously on combining the acyclic n-electron-rich polyether 67 with 
the n-electron-deficient tetrakis(hexafluorophosphate) salt 68.4PF6 in DMF at 
room temperature. The subsequent nucleophilic substitution of the terminal 
benzylic chlorides of 67 by the pyridyl nitrogen atoms of 68-4PF6 affords the tre- 
foil knot 69.6PF6 and the trivial knot 70.6PF6 in very low yields (<l%) after 
counterion exchange. The two isomers were separated by high-performance liquid 
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6PF 

+ 

Figure 24. The template-directed synthesis of the trefoil knot 69.6PF6 and of its isomeric 
trivial knot 70.6PF6. 

chromatography (HPLC) and characterized by liquid secondary-ion mass spec- 
trometry (LSIMS). The LSIMS spectrum of the trefoil knot 69.6PF6 shows (inset 
of Figure 24) four peaks at mlz values of 2410, 2264, 2120, and 1974 for [M- 
PF6]+, [M-2PF6]+, [M-3PF6]+, and [M-4PF6J+, respectively, corresponding to the 
losses of one, two, three, and four P& counterions, respectively. 

The oxidative coupling of terminal acetylenes has been employed (Figure 25) 
by Sanders et al. [35,36] to self-assemble a neutral [2]catenane incorporating a n- 
electron-rich and a z-electron-deficient macrocyclic component. On combining the 
preformed macrocyclic polyether 26 with two molar equivalents of one of the n- 
electron-deficient acyclic guests 71 or 72 in DMF at 50°C, an orange-red color 
develops as a result of charge-transfer interactions between the complementary 
aromatic units of host and guest within the newly formed [2]pseudorotaxane. Ad- 
dition of a large excess of CuCl and CuC12, followed by stining the mixture in 
the presence of O2 for 2 days, afforded a [2]catenane in the form of either 73 or 
74 after macrocyclization of the appropriate n-electron-deficient component. X- 
Ray synchrotron diffraction studies, carried out on single crystals of 73, proved 
unequivocally the interlocking of the two macrocyclic components. 
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Figure 25. The self-assembly of the neutral [2]catenanes 73 and 74 and the solid state 
structure of the [2]catenane 73. 

7.4 Catenanes and Rotaxanes Incorporating Amide 
Recognition Sites in Their Components 

In search of a macrocyclic lactam able to bind p-benzoquinone, Hunter [37] re- 
acted (Figure 26) isophthaloyl chloride 75 with the diamine 76 in the presence of 
Et3N in CH2C12. The resulting diamine 77 was reacted with isophthaloyl chloride 
75 in the presence of Et3N in CH2C12 under high dilution conditions. After 
macrocyclization, the desired macrocyclic lactam was indeed obtained (5 1 %) in 
its free form. However, a second and unexpected product - namely, the homo 
[2]catenane 79 incorporating two interlocked macrocyclic lactams - was also iso- 
lated (34%) by following the template-directed route depicted schematically in 
Figure 2b. Shortly afterwards, Vogtle et al. [38] reported (Figure 26) a one-pot 
template-directed synthesis of the related [2]catenane 80. Reaction of the diamine 
76 under high dilution conditions with the bisacid chloride 78 afforded (18%) the 
[2]catenane 80 by following the route depicted schematically in Figure 2c. Subse- 
quently, the template-directed syntheses of a range of [2]catenanes, incorporating 
different R groups on the 5-R-rn-phenylene rings, were realized [39, 401 by fol- 
lowing one- and two-step procedures. This systematic investigation revealed the 
mechanism of the [2]catenane formation which involves (i) the generation of indi- 
vidual macrocyclic lactams in their free forms, (ii) the subsequent binding of the 
acyclic precursors by the macrocyclic lactams with pseudorotaxane geometries as 
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Figure 26. The hydrogen-bonding template-directed syntheses of the [2]catenanes 78 and 
80. 

a result of a network of hydrogen-bonding interactions involving the amide 
groups, and (iii) the macrocyclization at the termini of the bound acyclic species 
to afford two mechanically-interlocked identical macrocyclic lactams. 

The slipping procedure, which is illustrated schematically in Figure lc, has also 
been employed (Figure 27) by Vogtle et al. [41, 421 to self-assemble the [2]rotax- 
anes 84 and 85 incorporating amide groups in both the macrocyclic and dumb- 
bell-shaped components. After melting a mixture of the dumbbell-shaped com- 
pound 81 and the macrocyclic lactam 82, followed by cooling down to room tem- 

Figure 27. The slipping approach to the [2]rotaxanes 84 and 85. 
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Figure 28. The hydrogen-bonding template-directed synthesis of the [2]catenane 87. 

perature, the [2]rotaxane 84 was isolated in a yield of 3%. By employing the slightly 
larger macrocycle lactam 83, in which one sulfonamide group replaces one of the 
four amide groups of 82, the yield of the corresponding [2]rotaxane 85 could be 
improved to 8%. However, the [2]rotaxane 85 disassembles into its separate compo- 
nents 81 and 83 in DMF at room temperature with a life-time of ca. 80 h. 

In search of a macrocyclic lactam able to bind C02 in its free form, Leigh et 
al. [43] obtained (Figure 28) the [2]catenane 87 in a single step. Reaction of iso- 
phthaloyl chloride 75 and p-xylylenediamine 86 under high dilution conditions 
afforded the [2]catenane 87 in a yield of 20% after a double [2 + 21 macrocycliza- 
tion, as depicted schematically in Figure 2c. The interlocking of the two identical 
macrocyclic components of the [2]catenane 87 was proved unequivocally by 
single crystal X-ray structural analysis. The glycine-based compounds 88 and 89, 
incorporating terminal diphenylmethane stoppers, template [44, 451 (Figure 29) 

Ph2CH 

unu13 + H2N*NH2 86 

'I A L A  0 .. 

7"' 
0 

Figure 29. The hydrogen-bonding template-directed synthesis of the [2]rotaxanes 90 and 91. 
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the [2+2] macrocyclization of isophthaloyl chloride 75 and p-xylylenediamine 86 
in the presence of Et3N in CHC13 to form the peptide-based [2]rotaxanes 90 and 
91 in yields of 30 and 28%, respectively. Variable temperature ‘H NMR spectro- 
scopic investigations carried out on the [2]rotaxanes 90 and 91 in CDC13 revealed 
a degenerate process involving the ‘shuttling’ of the macrocyclic com onent from 
one peptide ‘station’ to the other with rates of ca. 37 000 and 5200 s- for 90 and 
91, respectively, at 298 K. By contrast, no ‘shuttling’ occurs in (CD3)2S0, as the 
peptide ‘stations’ are highly solvated and the macrocyclic component resides on 
the central lipophilic polymethylene chain. By employing mixtures of solvents 
(CD30D/CDC13), fine tuning of the rate of ‘shuttling’ was achieved by control- 
ling the degree of solvation of the two peptide ‘stations’. 

P 

7.5 Catenanes and Rotaxanes Incorporating 
Cyclodextrins as their Macrocyclic Components 

The ability of cyclodextrins to bind acyclic guests with pseudorotaxane geome- 
tries has been employed (Figure 30) by Harada et al. [46, 471 to self-assemble 
[2]rotaxanes after the threading procedure depicted schematically in Figure 1 a. 
The diamine 92 is bound by the methylated a-cyclodextrins 93 and 94 with 1 : 1 
stoichiometries in H20. Reaction of the terminal amine groups of the guest with 

H2N- NH2 + 

92 

H2N- 

0 2 N 4 S 0 3 N a  1 H20 
NO2 

02N 

Figure 30. The threading approach to the cyclodextrin-containing [2]rotaxanes 96 and 97. 
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Figure 31. The template-directed synthesis of the cyclodextrin-containing [2]rotaxanes 102 
and 103. 

sodium 2,4,6-trinitrobenzenesulfonate 95 affords the corresponding [2]rotaxanes 
96 and 97 in yields of 42 and 48%, respectively. The characteristic absorption 
bands of the 2,4,6-trinitrophenyl groups were observed in the UV-Vis spectra of 
the isolated [2]rotaxanes, confirming their covalent attachment in the form of 
stoppers. This evidence was corroborated by fast atom bombardment mass spec- 
trometry, ’H NMR and 13C NMR spectroscopies, and elemental analyses, as well 
as by the marked difference in the solubility properties of the [2]rotaxanes with 
respect to their separate components. 

A similar template-directed approach was employed (Figure 3 1) by Anderson 
et al. [48] to self-assemble azo-dye [2]rotaxanes. The azobenzene diazonium salt 
98 is bound by a-cyclodextrin 99 and also by p-cyclodextrin 100 in H20 with 
pseudorotaxane geometries. Reaction of the terminal diazonium functions with p- 
naphthol 101 affords the purple [2]rotaxanes 102 and 103 in yields of 12 and 
15%, respectively. These two [2]rotaxanes were characterized by electrospray 
mass spectrometry which revealed peaks corresponding to the loss of all four so- 
dium cations in both cases. By irradiating some of the protons of the dumbbell- 
shaped components of these [2]rotaxanes, enhancement of the resonances of some 
of the cyclodextrin protons could be observed as a result of an intercomponent 
NOE. 

Nakashima et al. [49] have self-assembled (Figure 32) a ‘light-driven molecular 
shuttle’ by relying upon the threading of one a-cyclodextrin (99) on to an acyclic 
guest, followed by the covalent attachment of two stoppers at both its ends. The 
azobenzene-based guest 104 is bound by a-cyclodextrin 99 with a pseudorotaxane 
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Figure 32. The self-assembly of the photochemically-active [2]rotaxane 106. 

geometry in H20. Reaction of the terminal pyridyl nitrogen atoms of the guest 
with 2,4-dinitrofluorobenzene 105 afforded the [2]rotaxane 106 in a yield of 30%. 
On irradiation of an aqueous solution of 106 at 360nm, the trans-azobenzene 
unit, incorporated with the dumbbell-shaped component, isomerizes to the cis iso- 
mer. As a result of the photoisomerization, the a-cyclodextrin moves from the 
azobenzene unit to one of the two ethylene spacers. By irradiating the aqueous so- 

Figure 33. The template-directed syntheses of the [2]catenanes 109 and 110 and of the 
[3]catenanes 112 and 113 as well as the solid state structure of 110. 
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lution at 430 nm, the re-isomerization from cis to trans occurs and the a-cyclo- 
dextrin moves back to encircle the trans-azobenzene unit. 

It is interesting to recall that the synthesis of a cyclodextrin-based [2]catenane 
was attempted unsuccessfully by Luttringhaus et al. [50] as early as 1958. By 
combining a-cyclodextrin 99 with an acyclic 1,4-dioxybenzene-based dithiol in 
H20, 1 : 1 complexes self-assembled spontaneously with pseudorotaxane geome- 
tries. However, the oxidation of the terminal thiol groups of the guest, incorpo- 
rated within the cavity of the cyclodextrin, to afford a macrocyclic disulfide, and 
hence a [2]catenane, did not occur. The first catenanes incorporating cyclodextrins 
were obtained [51] (Figure 33) some 35 years later by employing a similar design 
logic. Reaction of the diamine 107 with terephthaloyl chloride 108 in the pres- 
ence of the methylated P-cyclodextrin 109 and NaOH in H20 afforded the 
[2]catenanes 110 and 111 in yields of 3.0 and 0.8%, respectively, through the for- 
mation of a [2]pseudorotaxane intermediate. In addition, the two topologically 
stereoisomeric [3]catenanes 112 and 113 were also obtained both in yields of 
1.1%. They were separated by reversed-phase high-performance liquid chromatog- 
raphy and the isolated products were assigned to their particular topologies on the 
basis of their 13C Nh4R spectra and molecular symmetry considerations. 

7.6 Reflections and Opportunities 

It is clear that catenanes and rotaxanes can be made rather easily in relatively 
high yields by employing organic template-directed syntheses which rival metal- 
templated procedures in their efficiencies and versatility. Often, inexpensive start- 
ing materials can be used and, in some instances, mechanically-interlocked com- 
pounds have been obtained in a single step from commercially-available reagents. 
The efficiency of these template-directed procedures relies upon supramolecular 
assistance from a combination of cooperative noncovalent bonding interactions 
[4j]. Hydrogen bonding, n-n stacking, and/or hydrophobic interactions, between 
appropriate recognition sites incorporated by design into the precursors, govern 
these processes, leading to mechanically-interlocked compounds via intermediate 
supramolecular species, after the formation of one or more covalent bonds. Cova- 
lent bond formation is accompanied by the generation of a mechanical bond 
which holds the components of the catenane or rotaxane together. The noncova- 
lent bonding interactions which ‘live on’ in the molecules restrict the relative 
movements of the components [9], giving rise to translational isomers, when the 
constitutions of the components allow. These molecular recognition features offer 
the opportunity of engineering machine-like properties into these systems [52]. In- 
deed, a number of different dynamic processes in solution have been identified 
quantitatively and investigated in detail in both catenanes and rotaxanes. Further- 
more, the incorporation of suitable functional groups or redox-active centers [53] 
into one or more of the moving components has enabled the chemical, electro- 
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chemical, and/or photochemical control of these dynamic processes. Thus, the rel- 
ative rates of movement of the components and even their preferred geometries 
can be controlled reversibly by external stimuli. These properties, in conjunction 
with the efficient template-directed procedures which have been developed for 
their self-assembly, make catenanes and rotaxanes ideal candidates for the con- 
struction of novel self-organized systems [54] and surface-located derivatives [55]. 
Furthermore, mechanical bonds can be introduced into and around polymeric 
chains, generating novel macromolecular architectures - namely, polycatenanes 
[56] and polyrotaxanes [47, 571 - whose physical properties are dictated by the 
mechanical entanglement of their components, just as is observed in interpenetrat- 
ing polymer networks [58]. 
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8 Amide-Based Catenanes, Rotaxanes 
and Pretzelanes 

Christiane Heim, Dirk Udelhofen, and Fritz Vogtle 

8.1 Introduction 

Template-assisted reactions make use of the self-organization of two (or more) 
molecules, one being the host, the other acting as a guest [l]. By that means the 
reactants adopt a conformation that facilitates the formation of a generally macro- 
cyclic product. Although the term ‘template effect’ was introduced in the early 
sixties [2], only the enormous impetus of supramolecular chemistry [3] within the 
last two decades has led to the chemical breakthrough of this elegant strategy. 
The application of the template effect not only raises yields, but also often en- 
ables the preparation of otherwise unobtainable products. 

The progress in synthesis of catenanes, rotaxanes, and knots is exemplary for 
the effect of templates. Early syntheses of these molecules with mechanical bonds 
used statistical or multistep procedures [4]. Yields were very low and thus cate- 
nanes and rotaxanes had the standing of laboratory curiosities. The pioneering 
work of Sauvage et al. [5] and Stoddart et al. [6] introduced the template strategy 
to the synthesis of mechanically interlocked molecules by using ionic coordina- 
tion (I) and ionic n-n donor-acceptor complexes (II) combined with hydrogen 
bonding, respectively (Figure 1). In 1992 Hunter et al. [7a] and Vogtle et al. [8] 
established, independently of each other, a third, yet nonionic template effect 
founded on hydrogen-bonding and 7t-n interactions (111), the same interactions 
that are involved in many biological processes. 

The synthesis of molecules with mechanical bonds via the nonionic template 
strategy is all the more fascinating if one considers naturally occurring DNA cate- 
nanes [9] or proteins forming knotted structures [lo]. Starting from simple two- 
and one-step syntheses of catenanes by the use of neutral templates, it took only a 
few years to develop not only amide-based rotaxanes, but also nanoscale assem- 
blies of several mechanically bound building blocks, topologically chiral ‘pretze- 
lanes’ and cycloenantiomeric rotaxanes as will be described in the following sec- 
tion of this progress report. 
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I II 111 

Figure 1. Distinct approaches to the template synthesis of molecules with mechanical 
bonds: ionic coordination complex I, ionic electron donor-acceptor complex I1 and neutral 
complex III with hydrogen bonds. 

8.2 Amide-Based Catenanes 

The development of distinct template strategies via noncovalent interactions has 
made a great variety of catenane (Latin: ‘catena’ meaning ‘chain’) structures avail- 
able: metal-ligand coordination [ 113, 71-donor-acceptor interactions [6 a] and the 
combination of these two strategies [ 121 have substantially improved catenane 
synthesis. A third, nonionic approach exploiting amide hydrogen-bonding interac- 
tions will be subject of the following report. Recent approaches have also yielded 
catenanes bearing one [ 131 or two metallo-macrocycles [ 141. 

In 1991 Hunter set out to design a receptor model that mimics the binding of 
quinone in bacterial photosynthetic reaction centers [7 b]. The electronic demands 
of p-benzoquinone (1) require a host that, on the one hand, is able to undergo 
hydrogen-bonding with the carbonyl groups and, on the other hand, can interact 
via 71-71 interactions. Because isophthaloyl diamide derivatives have been known 
to recognize carbonyl oxygens through hydrogen-bonding and diarylmethane units 
offer sites for 7t-71 binding, Hunter combined these elements in the macrocycle 2 
(Figure 2). The methyl groups ensure a perpendicular arrangement of isophthaloyl 
and diarylmethane units which gives rise to a cavity that is sterically complemen- 
tary to the guest 1. 

Host 2 was obtained in 10% yield by reacting isophthaloyl dichloride (3) with 
the cyclohexano-substituted diamine 4. The association constant (K,) of host 2 
and guest 1 was determined to be lo3 M-’ in chloroform. When the synthesis of 2 
was changed to a two-step procedure, the yield could be increased to 51% and at 
the same time two new products with the same molecular mass were isolated 
(Figure 3) [15]. 

Two-dimensional NMR studies and mass spectrometry identified the isomers as 
being the cyclic tetramer 6 and the [2]catenane 7 consisting of two interlocked 
cyclic dimers. Later X-ray crystal structures confirmed these results [16, 171. 
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Figure 2. Host-guest interaction of p-benzoquinone (1) and a synthetic receptor 2. 
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Figure 3. Two-step synthesis of [2]catenane 7 according to Hunter. 

Catenane 7 exists in a well defined conformation in which two identical macro- 
cycles are interlocked and held together by six hydrogen-bonds. The crystal struc- 
ture also revealed the chirality of the ground state conformation. 

In the course of our research on basket-shaped molecules [ 181, the cyclohexyli- 
dene-substituted diamine 4 seemed, because of its excellent solubility, to be a 
good alternative to other building blocks we had used so far (e.g. diphenyl- 
methane-, p-phenylene- and naphthalene units). In 1991 we reacted diamine 4 
with 5-methoxyisophthaloy1 dichloride (8) at high dilution and obtained the tetra- 
meric macrocycle 10 in 10% yield (Figure 4) [8]. Deprotection of the methoxy 
groups followed by bridging of the hydroxy groups with a suitable spacer accord- 
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Figure 4. The synthetic strategy for basket-shaped molecules 12 led to a simple one-step 
synthesis of the tetramethoxy-substituted [2]catenane 11. 

ing to our strategy should then lead to a basket-shaped molecule 12 with excel- 
lent sites of recognition within its cavity. Besides the tetrameric macrocycle 10, 
we also obtained the dimeric macrocycle 9 and the [2]catenane 11 in 12 and 8% 
yield respectively. 

The spectroscopic data of the amide-linked catenanes revealed that the ‘cir- 
cumrotation’ [6al of the two interlocked cycles is hindered, i.e. the steric demand 
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Figure. 5. Restricted circumrotation of [2]catenane 7: the steric demand of the cyclohexane 
groups only allows a 90” rocking motion and prevents ‘inner’ (gray) and ‘outer’ isophtha- 
loyl units from exchanging (legend: Figure 3) [15]. 

of the cyclohexane groups prevents the ‘inner’ and ‘outer’ isophthaloyl units from 
exchanging (Figure 5) [15]. The conformational mobility is restricted to a 90” 
rocking motion enabling the equilibration of the two enantiomeric forms of the 
catenane. NMR experiments with lanthanide shift reagents confirmed the chiral 
ground state of catenane 7. 

The limited circumrotation played a major role in the elucidation of the mecha- 
nism responsible for catenation. Because macrocycle 2 was designed to undergo 
hydrogen bonding and n-n interactions, these forces were thought to be also re- 
sponsible for the formation of the mechanical bond between the two macromono- 
cycles of the catenane. Thus a macromonocycle like 2 or 9 would act as an inter- 
mediate concave template, and in its cavity the monoamide resulting from reac- 
tion of the dichloride (e.g. 3) with the diamine building block (e.g. 4), could set- 
tle in an orthogonal manner. We consider the monoamide being the nesting com- 
ponent (guest), because NMR titration measurements have revealed a stronger 
association of tetralactam macrocycles (host) towards monoamides than towards 
diacid dichlorides [19, 721. When the macrocycle and the monoamide are ar- 
ranged in such a manner, the second amide bond formation yields the catenane. 

Supposing this mechanism and considering the restricted circumrotation, the 
positioning of substituents on the reactants should result in stable isomeric 
[Zlcatenanes. Indeed the well-aimed variation of the substitution pattern resulted 
in three different [2]catenanes - 14-16 (Figures 6 and 7) [20, 211. When isophtha- 
loyl dichloride (3) was reacted with the methoxy-substituted diamine 13 (pathway 
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Figure 6. Variation of the substitution pattern of the reactants (3, 13, 8, and 5) allows the 
selective synthesis of the isomeric [2]catenanes 14-16. 

A) the idout isomer 14 and the outhut isomer 15 were obtained, depending on 
which of the two possible niches of the first formed macrocycle is used for the in- 
tercalation of the monoamide. The third possible ( i d i n )  isomer 16 could finally 
be formed when the substitution pattern was reversed (pathway B). The two path- 
ways differ in the embedding compound, and interestingly for route B, where the 
nesting component bears the substituent, significant steric hindrance seems to 
accompany catenane formation - catenane 14 was obtained in only 2.7% yield, 
whereas route A leads to 17% of the same catenane. 

A second experiment should prove that macromonocycles are actually the inter- 
mediate supramolecular templates in the course of catenane formation. Therefore 
macromonocycle 17 was reacted with 5 and 3, and the first [2]catenane 18 of the 
amide type consisting of two different macromonocycles was isolated (Figure 8). 
‘Unsymmetric catenanes’ like 18 can be identified unambiguously by mass spec- 
trometry, because the corresponding tetrameric macromonocycle can not be 
formed in this reaction sequence. This c o n f i i s  the presumption that catenation 
here proceeds via a macrocycle rather than via intertwining open chain units. 

The [2]catenane syntheses presented so far are very sensitive towards modifka- 
tion of the building blocks, e.g. no [2]catenane can be detected when nitro-substi- 
tuted isophthaloyl dichloride is reacted with diamine 4 [8a]. The NO2 group 
seems to disturb the template by competing with the carbonyl groups in forming 
hydrogen-bonds with the NH groups. 

The incorporation of a 2,6-pyridyl unit also prevents formation of the ‘dimer- 
dimer catenane‘, but gives the macrocyclic dimer 20 and tetramer 21 in 15 and 
33% yield respectively (Figure 9) [22]. 
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Figure 7. Mechanism of catenane formation (amide type): the guest is orthogonally em- 
bedded in an intermediate macrocycle, the concave template. Depending on the substitu- 
tion pattern of the reactants (pathways A and B) isomeric catenanes are obtained. For the 
sake of clarity the diacid dichloride is drawn here to be the nesting guest even though 
there is clear indication that the effective interactions take place between the corresponding 
monoamide and the macrocycle. 

18 

Figure 8. Synthesis of the first amide-linked [2]catenane consisting of two different macro- 
cycles. 



184 8 Amide-Based Catenanes, Rotaxanes and Pretzelanes 

w+s-*+*+ 
4 19 20 21 

Figure 9. Incorporation of 2,6-pyridyl moieties to macrocyclization affords the ‘folded’ te- 
tramer 21 and the ‘dimer-tetramer’ catenane 22. 
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Figure 10. Intramolecular hydrogen bonds between the amide hydrogens and the nitrogen 
lone pair favor an NH cis conformation, whereas isophthaloyl diamides rather adopt the 
trans conformation [22b]. 

The tetramer exhibits an interesting folded conformation (in contrast to the 
open conformation of 6) which enables the binding of two p-benzoquinone mole- 
cules. Intramolecular hydrogen bonds between the nitrogen lone pair and the 
amide protons force the 2,6-pyridyl moiety into a NH cis conformation which 
consequently leads to the observed folded structure (Figure 10). In contrast to 
this, the open conformation of 6 enables the isophthaloyl unit to adopt the usually 
energetically favored NH trans conformation to optimize the amide-amide interac- 
tions. Because of the folded structure of tetramer 21 a ‘tetramer-dimer catenane’ 
22 could be isolated in 29% yield and even traces of the corresponding [3]cate- 
nane were detected. 

A third example where the modification of the building blocks hindered catena- 
tion is shown in Figure 11 [16]. When diamine 5 is reacted with 2,5-furanedicar- 
boxylic acid dichloride (23) only macrocycle 24 is obtained, whereas catenane 
formation seems to be negligible. 

In contrast, when the substitution pattern is reversed, i.e. the 2,5-furane unit is 
incorporated in the diamine moiety 25 and reacted with isophthaloyl dichloride 
(3), not only macrocycle 24, but also the two possible isomeric catenanes 26 and 
27 are formed. This suggests that the isophthaloyl unit is a ‘better’ guest or reacts 
quicker than the furanoyl moiety. The yields obtained for 26 (20%) and 27 (8%) 
indicate that the isophthaloyl-guest in the second macrocyclization prefers the 
west-side a) niche of the host 24. Both isomers, the idout 26 and the out/out 27 
furano catenane could be crystallized and their X-ray crystal structures were 
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Figure 11. Synthesis of the isomeric furanocatenanes 26 and 27. 
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Figure 12. X-ray crystallographic analysis of the furanocatenane isomers 26 and 27. 

solved, thus furnishing the final proof for the existence of stable catenane isomers 
[16, 231. These very first X-ray crystal structures in the amide-catenane area re- 
vealed numerous hydrogen-bonds and n-n interactions (Figure 12). 

In 1995 Leigh et al. reported a catenane synthesis that is convincing not only 
because of its simplicity but also because it is accessible to a wide variety of reac- 
tants [24]. When isophthaloyl dichloride (3) was reacted with 1,4-bis(aminometh- 
y1)benzene at high dilution [2]catenane 28 was isolated in 20% yield without 
further purification by column chromatography (Figure 13). 
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Figure 13. Catenane synthesis according to Leigh et al.: simple and variable at the same 
time. 

29 

Figure 14. [Zjcatenane 29 exhibits anion complexing properties. 

The corresponding macrocycle, intended to be a host for carbon dioxide, was 
not detected, but was synthesized in 1996 by an elegant strategy via rotaxane for- 
mation (see Section 8.3, Amide-Based Rotaxanes) [25]. 

Recently Vogtle et al. in cooperation with Sessler et al. synthesized a Leigh- 
type amide-linked catenane 29 which coordinates anions (Figure 14) 1261. 

Unlike the systems reported so far by the groups of Hunter and Vogtle, the ca- 
tenanes synthesized by Leigh et al. are, depending on the steric demand of the 
substituent, distinguished by free circumrotation of the macrocycles. Nevertheless 
even the cyclohexane barrier can be overcome if the cavity of the second macro- 
cycle is expanded. This was realized successfully by Vogtle et al. when aliphatic 
chains were incorporated into the macroring (Figure 15) [27]. Various aliphatic 
diamines, e.g. 30, were reacted with 3-chlorosulfonylbenzoyl chloride (31) in the 



8.2 Amide-Based Catenanes 187 

34: n=O 28% 
35: n=l 27% 
36: t1=2 4% 
37: n=3 4% 

Figure 15. Synthesis of the partially aliphatic [2]catenane 33 with free circumrotation be- 
cause of the long aliphatic chains. 

presence of macrocycle 32 as the concave templating host. Apart from the macro- 
monocycles 34-37 catenane 33 was obtained in 21% yield whereas the corre- 
sponding [3]catenane was not detected [28]. 

The magnetic equality of the arene units of the macrocycle bearing the alipha- 
tic chains and of the methyl groups of the other macroring indicates that the inter- 
locked macrocycles can rotate freely. The cavity of the 38-membered macrocycle 
is, because of the (CH2)12 chains, large and flexible enough to let the cyclohexane 
groups pass through. 'H NMR experiments did not show any signal splitting 
when the solution was gradually cooled to -80°C. Consequently the circumrota- 
tion could not be frozen by means of temperature, nevertheless it can be restricted 
by subsequent attachment of substituents (see Section 8.4 Chemistry with Amide- 
Based Catenanes and Rotaxanes). 

Figure 16 gives an overview of the partial aliphatic catenanes that have been 
synthesized so far [28]. The chain length can be varied to a considerable extent. 
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Figure 16. Various [2]catenanes with aliphatic subunits. 
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Figure 17. Synthesis of [2]catenane 45 which is distinguished by a solvent-dependent 
translational isomerism. 

Catenane 38 was obtained even though, according to CPK models, the cavity of 
its partial aliphatic macrocycle should be too tight for catenane formation. The 
successful synthesis of catenanes containing aliphatic chains indicates that 71-71 in- 
teractions are not necessarily required for pre-organization. Instead hydrogen- 
bonding seems to be the main driving force for catenane formation. 

Partial aliphatic catenanes reported by Leigh et al. in 1996 exhibit an interest- 
ing solvent-dependent translational isomerism [29]. Stannylation of 43 converts 
the diol into 44, which is readily soluble in nonpolar solvents (Figure 17). Subse- 
quent treatment with various aliphatic 1,o-dicarboxylic acid dichlorides led to cat- 
enanes 45 and macrocycles bearing lipophilic chains. 

NMR studies showed that in polar solvents (DMSO, DMF) catenane 45 adopts 
a 'supramolecular conformation' (11) that allows the amide protons to interact via 
multiple hydrogen bonds with solvent molecules and at the same time buries the 
lipophilic chains in the center of the molecule (Figure 18). In contrast, NMR 
spectra in nonpolar solvents indicate that the aliphatic chains are situated on the 
outer sphere of the catenane, whereas the isophthaloyl units are arranged in a way 
that ensures optimal intramolecular hydrogen-bonding (I). 

This conformation resembles that determined by X-ray single-crystal structure 
analysis. Apart from a close interaction of the 71-system of the amide groups with 
the para-substituted aryl moieties, no further n-71 interactions are observed. The 
template-assisted catenane formation is on this account mainly driven by hydro- 
gen-bonding, and 71-71 interactions are of minor importance only. 

1-45 11-45 

Figure 18. Translational isomerism of 45: depending on the polarity of the environment 45 
adopts either conformation I (nonpolar environment) or conformation 11 (polar environment). 
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The preceding remarks have shown that the nonionic template synthesis based 
mainly on the formation of hydrogen bonds enables the synthesis of topologically 
fascinating catenanes from either commercially available or easily accessible com- 
ponents. Amide-based catenanes will lead to a more profound understanding of 
the weak interactions which are responsible for molecular recognition and self-or- 
ganization. This will enable chemists to aim at more sophisticated topologies, e.g. 
higher [nlcatenanes or closed chain [nlcatenanes. 

8.3 Amide-Based Rotaxanes 

After Vogtle et al. had successfully synthesized amide-linked [2]catenanes and 
elucidated the mechanism of catenation, the group set out to apply the template 
driven pre-organization of neutral building blocks also to the preparation of rotax- 
anes [30]. Rotaxanes (from the Latin words ‘rota’ and ‘axis’ meaning ‘wheel’ and 
‘axle’) consist of at least one macrocycle (wheel) strung in a bead-like manner on 
a linear component (axle) bearing bulky groups at both ends to prevent the com- 
ponents from disassembling. Basically three different approaches of rotaxane for- 
mation can be distinguished (Figure 19). 

In the clipping procedure (i) the macrocycle is formed from acyclic precursors 
around the axle. A threading (ii) process takes place when the center part of the 
axle is embedded in the cavity of the macromonocycle and capped with sterically 

n 
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+ - * - -  0 C 

threading (ii) 

slipping (iii) V 
Figure 19. Distinct approaches to the synthesis of rotaxanes. 
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demanding blocking groups. The slipping (iii) method puts a macromonocycle on 
a preformed axle at elevated temperature and yields, depending on the energy bar- 
rier, either rotaxanes or pseudorotaxanes [31]. 

8.3.1 Clipping 

Formation of amide-linked catenanes proceeds via a supramolecular assembly 
consisting of the intermediately formed macrocycle and the orthogonally em- 
bedded guest. Vogtle et al. stated that the reaction via open chain intermediates 
only can be ruled out. Consequently the application of the clipping approach em- 
ploying the building blocks that had been used successfully for catenation was 
not very promising. Indeed when diamine 46 was reacted with diacid dichloride 3 
in the presence of axle 47 no rotaxane formation was detected (Figure 20) [32]. 
Instead only macromonocycle 32 and higher cyclic and acyclic oligomers were 
formed in yields comparable to the reaction without the amide thread. Apparently 
the axle does not exert a noticable template effect on the cyclization reaction. 

+ d + 
a a#) 

3 

rotaxane formation 

not detected 

46 47 
Figure 20. No rotaxane formation is detected when the building blocks 46, 47, and 3 are 
subjected to a clipping process. 

As mentioned above, Leigh et al. were not able to synthesize the macromono- 
cycle 51 itself by simple condensation of isophthaloyl dichloride (3) and p-xyly- 
lenediamine 48 because [2]catenane formation was, for solubility reasons, highly 
favorable [24]. Accumulation of amide groups often causes insolubility because 
multiple intermolecular hydrogen bonds of high enthalpy are formed. Leigh et al. 
addressed this problem by offering intercomponent sites for hydrogen bonding - 
the cyclization was performed in the presence of amide thread 49 which contains 
blocking groups large enough to prevent the formed macrocycle from slipping off 
(Figure 21) [25]. 

NMR spectroscopy revealed extensive intramolecular hydrogen bonding which 
increases the solubility of rotaxane 50 in chloroform by the factor of lo5 as com- 
pared with macromonocycle 51. The cyclic component 51 can be set free quanti- 
tatively by trans-esterification (NaOMe in MeOH-THF). In 1997 the same group 
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Figure 21. Synthesis of macrocycle 51 via rotaxanation followed by dethreading by Leigh 
et al. 

reported the synthesis of rotaxanes containing peptide threads by the same strat- 
egy [33]. Yields were remarkably high (up to 62%), and again the mechanism 
was assumed to be driven by the template-directed pre-organization of the reac- 
tants around the peptide axle. Interestingly when 2,6-pyridyl moieties are incorpo- 
rated in the macrocycle, the hydrogen-bonding pattern is not destroyed when the 
rotaxane is dissolved in DMSO, a hydrogen-bond acceptor. Moreover no ex- 
change of the macrocyclic amide protons is detected on addition of D20. Conse- 
quently rotaxanation not only increases the solubility and thus enables the synthe- 
sis of otherwise not attainable compounds, but can also offer a possibility of pro- 
tecting the peptide thread from degradation by chemicals or enzymes. When two 
glycylglycine moieties were linked to a lipophilic spacer and the cyclization was 
performed in the presence of the thus obtained axle, [2]- and [3]rotaxanes were 
obtained [34]. The [2]rotaxanes exhibit translational isomerism depending on the 
solvent; in nonpolar solvents the wheel shuttles between the degenerate peptide 
stations, whereas it stays most of the time on the lipophilic station in a polar envi- 
ronment. The rate of shuttling can be controlled by tuning the solvent polarity. 

8.3.2 Threading 

While the above mentioned clipping method with larger wheels than the rather 
narrow 51 was not successful, the amide systems that had been developed by 
Vogtle et al. for catenane synthesis seemed ideal for submission to the threading 
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Figure 22. Synthesis of the first amide-based [2]rotaxane via the threading approach by 
Vogtle et al. 

approach. Because catenane formation (lactam-type) proceeds via an intermediate 
macrocycle, it was near at hand to trap the supramolecular complex, formed by 
the macrocycle and a suitable guest, with bulky groups to form a rotaxane. 

The syntheses of the first amide-linked rotaxanes by Vogtle et al. turned out to 
be surprisingly simple and efficient at the same time [35]. Macrocycle 32, acting 
as a concave template, and isophthaloyl dichloride (3) are mixed together, and a 
solution of the stopper component (4-aminopheny1)triphenylmethane 52 is added 
slowly. As has been stated for catenane formation the nesting guest compound is 
the monoamide, leading to intermediate 54, rather than the dichloride 3 (Figure 
22). Reaction with a second equivalent of 52 closes the mechanical bond and 
yields 11% of rotaxane 55. Temperatumdependent NMR studies (-60 to +50°C) 
disclosed no rotaxane isomers that can be pictured because of the differently sub- 
stituted isophthaloyl units of the macro-ring. 

The supramolecular complex 54 nicely embodies Emil Fischer 's key-lock prin- 
ciple [36] for molecular recognition with the macrocycle being the lock and the 
monoamide taking the part of the key in a well-defined unique orthogonal ar- 
rangement (Figure 23). 

After the synthesis of the first amide-linked [2]rotaxanes, Vogtle et al. set out 
to study the limits of molecular recognition, which in terms of Emil Fischer 
means to discover if the lock (macrocycle) is specific to a certain key, or if sev- 
eral keys (monoamide threads) fit. It turned out that - in contrast to catenane for- 
mation - rotaxane synthesis is very tolerant towards the variation of the building 
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Figure 23. Key-lock interactions assist the molecular recognition of wheel and axle in the 
threading approach. 

blocks, i.e. the axle center pieces, the macrocycles, and the stopper components. 
Figure 24 surveys aromatic axle center moieties that have been successfully incor- 
porated into [2]rotaxanes. 

The multitude of guests reveals the hospitality of the tetralactam host 32 - al- 
teration of the steric and electronic structure of the axle does not suppress the 
template-directed self-organization of the reactants. Five- [37] and six-membered 
heteroarenes 56a-d [32, 381 are well accepted, as is the para-substituted ter- 
ephthaloyl unit 56e [37]. Rotaxanation is not hindered by intra-annular substitu- 
ents such as fluorine in 56f [39]. The series of axle middle parts 568-i shows 
that additional carbonyl groups do not increase the yield [40]. This is in accord 
with the assumption that the amide bond between the axle center part and one 
stopper molecule is decisive for the self-organization of host and guest. Incorpora- 
tion of azo groups (56k,l) leads to photoswitchable rotaxanes which might be im- 
portant elements in the development of supramolecular devices [41]. Light-driven 
switching from the E to the Z configuration might hinder the translational move- 
ment of the wheel in 571 and transform the azobenzene group into a stopper, so 
that the axle is cut in half of its length with regard to the wheel’s movement. 
Likewise the integration of sulfonamide subunits (56m-o) opens up the possibili- 
ty of further modifications (see Section 8.4, Chemistry with Amide-Based Cate- 
nanes and Rotaxanes), because the sulfonamide proton can be selectively substi- 
tuted even in the presence of amide protons [37, 411. The high yield of rotaxane 
57m (48%) enabled rotaxane synthesis on the gram scale [42]. 

The diacid dichlorides used so far in rotaxane synthesis all have arene building 
blocks in common. Nevertheless, the initial amide bond formed between the 
dichloride and one stopper molecule (cf. 54) is thought to be responsible for suc- 
cessful molecular recognition of the semi-axle and the macromonocycle. Conse- 
quently olefinic and aliphatic diacid dichlorides 59a-g were subjected to the 
threading procedure to test the need for arene units (Figure 25). 
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Figure 24. Synthesis of [2]rotaxanes 57a-o with aromatic center parts. 

The reaction of fbmaryl dichloride (59a) with 52 in the presence of macro-ring 
32 resulted indeed in 26% [2]rotaxane 60a and 26% of the pure thread 61a [19]. 
The remarkably high yield of 60a indicates that arene units are not needed for 
this nonionic template-assisted reaction. When, however, the 2,4-hexadiene diacid 
dichloride (59b) was used for rotaxane synthesis the [2]rotaxane 60b, even 
though detected by mass spectrometry, could not be isolated, either at room tem- 
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Figure 25. The threading approach tolerates to some extent aliphatic and olefinic axle cen- 
ter parts. 

perature or at -30°C [40]. The same can be reported for the reaction involving 
succinyl chloride (59c) [19]. Rotaxane 60d was obtained in 4% yield by reaction 
of the cinnamic acid derivative 59d with 32 and 52 at room temperature. For the 
bis-olefinic derivative 59e the temperature had again to be reduced to -30°C to 
yield 1% of rotaxane 60e. These results point out the limits of rotaxanation via 
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the nonionic threading procedure. Nevertheless we do not ascribe the lower ten- 
dency of rotaxane formation to a drawback of molecular recognition, but to the 
increase in reactivity of aliphatic diacid dichlorides compared to aromatic diacid 
dichlorides and to the stability and solubility problems of some of them. Reaction 
of the aliphatic or olefinic acid chloride with the amine functionality of the block- 
ing group might be too fast to enable self-organization in some cases. The mono- 
olefinic derivative 59d might support this assumption - the initial amide bond is 
most probably formed on the olefinic side of the molecule, but the resulting 
monoamide, because of the lower reactivity of the aromatic acid chloride, seems 
to be sufficiently long-lived to nest in the cavity of the macrocycle, thus enabling 
rotaxanation. 

When the homologs of isophthaloyl dichloride 59f and 59g are subjected to 
the threading procedure the situation is similar. 59f leads to the corresponding ro- 
taxane in 7% yield, whereas the homologous rotaxane 60g was only detectable by 
mass spectrometry [38]. 

In 1996 Vogtle et al. reported the synthesis of the first [3]rotaxane of the amide 
type; two isophthaloyl units were linked to a,o-diamino-functionalized podand- 
like chains of different length (Figure 26) [43]. The center part 62a only yielded 
[2]rotaxane 63a (15%) and 30% of the corresponding free axle. A [3]rotaxane is 
probably not formed because of the steric repulsion of the wheels on the (too 
short) axle. Indeed when the axle middle part was elongated (62b) the [3]rotaxane 
64 was obtained in 2% yield, along with the corresponding [2]rotaxane 63b (Fig- 
ure 26). Separation of 63b and 64 was achieved by HF'LC. 

[3]Rotaxanes were also formed when the sulfonamide macromonocycle 65 or a 
mixture of 32 and 65 were applied to the synthesis, but with these compounds 
baseline separation by HF'LC could not be achieved (Figure 27) [44]. 

The successful synthesis of both symmetrical and unsymmetrical [3]rotaxanes 
revealed the strength of the threading approach - even though the neutral tem- 
plate responsible for the formation of the rotaxanes offers only weak interactions, 
two macrocycles can be mechanically bound to an elongated amide thread. 

As mentioned above, 'H NMR measurements indicated a higher association 
constant for the monoamide-macrocycle complex than for the diacid dichloride- 
macrocycle complex. Further hints of a route to monoamide intermediates like 54 
were supplied when diisocyanates 69 and 70 were subjected to rotaxane synthesis 
(Figure 28) [45]. 

Depending on the functionality of the stopper (amine 52 or phenol 71), the re- 
action affords rotaxanes with urea bonding pattern 72-74 or with carbamate units 
75. In each instance the temperature had to be raised to 40°C to ensure rotaxane 
formation and, interestingly, the free axle 76 was the only one to be isolated. This 
indicates that the low solubility of the reactants and the dumbbells can be the lim- 
iting factor in rotaxane synthesis when diisocyanates are incorporated. Molecular 
recognition is still effective, and again the decisive pattern for molecular aggrega- 
tion seems to be the initial amide bond. Furthermore the macrocycle confers solu- 
bility on the thread. 

Surveying the axle center parts presented, it can be concluded that the thread- 
ing approach is very tolerant towards the different structural and electronic de- 
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Figure 26. Synthesis of the first amide-linked [3]rotaxane 64 by Vogtle et al. 

mands of the guest. The decisive element for molecular recognition is the mono- 
amide functionality. Hydrogen bonding is essentially responsible for the self-orga- 
nization process whereas n-n interactions are thought to be of only minor signifi- 
cance. Once a substrate accomplishes these requirements, the key fits the concave 
lock (macromonocycle), and reaction with the second stopper molecule locks the 
mechanical bond between wheel and dumbbell. 

The threading synthesis accepts a wide range of axle middle parts, but also the 
macrocycles can be varied to a certain extent. Because substrates containing sul- 
fonamide subunits, e.g. 56m, have been successfully inserted into dumbbells of 
rotaxanes, their incorporation into the macrocycle was also tested. Reaction of the 
sulfonamide containing diamine 77 with 5-tert-butylisophthaloyl dichloride (78) 
yielded 48% of macromonocycle 65 and 11% of the corresponding [2]catenane 79 
(Figure 29) [46]. In contrast, the analogous synthesis of the tetralactam ring 32 
from 5 and 78 did not lead to a [2]catenane. 



198 8 Amide-Based Catenanes, Rotaxanes and Pretzelanes 

+ 

68 63b 

Figure 27. Syntheses of symmetrical 67 and unsymmetrical 66 amide-linked [3]rotaxanes. 

The widening of the ring cavity by insertion of the SO2 group is thought to be 
responsible for enabling the embedding of a phenylene ring, which bears a bulky 
tert-butyl group, in the intermediately formed sulfonamide macrocycle 65. For ro- 
taxane formation via the threading approach, the expansion of the ring size raises 
two questions: (i) is the steric complementarity of host and guest still ensured; 
and (ii) does the size of the blocking groups @-tritylaniline) still prevent the 
wheel from dethreading? For the reaction of 65 with, e.g., 56e or 56m as axle 
middle parts and 52 as stopper component, positive answers to these two ques- 
tions can be affirmed. The rotaxanes 80e and 80m could be isolated in 19 and 
20% yield respectively (Figure 30) [41, 463. 
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Figure 28. Synthesis of [2]rotaxanes with urea (72-74) and carbamate (75) units. 

77 65 79 
Figure 29. Synthesis of macrocycle 65 and the corresponding, topologically chiral sulfon- 
amide catenane 79. 

The sulfonamide macrocycle proved to be a hospitable template, and at the 
same time the sulfonamide functionality bears the possibility of further derivatiza- 
tion of [2]rotaxanes (see Section 8.4 Chemistry with Amide-Based Catenanes and 
Rotaxanes). Furthermore the expansion of the cavity did not afford a change of 
the blocking group - no disassembly of wheel and axle was detected. 
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Figure 30. The threading synthesis of [2]rotaxanes tolerates the expansion of the cavity 
and the alteration of the structure of the sulfonamide wheel 65. 
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Figure 31. The CH2-expanded macrocycle 81 affords a blocking group with larger steric 
demand than the usually used trityl group, to yield a stable rotaxane. Rotaxane 82 disas- 
sembles in solution at room temperature, whereas rotaxane 84 is stable. 

In contrast to this, the enlargement of the macrocycle by methylene groups 
(homologation) has a more dramatic effect on rotaxane formation [4d,e]. When 
the CH2-expanded macrocycle 81 was reacted with 56m and 52 the [2]rotaxane 
82 was obtained in 17% yield (Figure 31) [38, 531. 
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Chromatographic work-up revealed, however, that 82 is not stable in solution 
at room temperature but tend to disassemble. This was remarkable, because corre- 
sponding CPK models do not enable the dethreading of the macrocycle from the 
axle. More precise studies by ‘H NMR spectroscopy confirmed a first-order extru- 
sion reaction with strong solvent dependence. In polar solvents (DMF) the half- 
life of 82 is approximately 14 h, whereas in a nonpolar environment the half-life 
is increased to 115 h. The nonpolar environment ensures optimum hydrogen-bond- 
ing between wheel and axle. In contrast to this, the polar solvent offers additional 
sites for hydrogen bonding and, therefore, weakens the mechanical bond; this is 
reflected in the decrease of half-life. The steric demand of the trityl group in 82 is 
not large enough to prevent the wheel from slipping off. To obtain stable rotax- 
anes with expanded macrorings, it is thus necessary to increase the bulk of the 
stopper e.g. with tea-butyl groups (83). Substitution of 52 by 83 indeed yielded 
22% of the stable [2]rotaxane 84. 

The variation of the size of the macrocycles affords fine tuning of the steric de- 
mand of the blocking group. Beyond that the variation of the stopper groups of- 
fers possibilities of further supramolecular functionalization. Porphyrins were, be- 
cause of their bulkiness, color, and sufficient solubility, thought to be appropriate 
stopper units. Additionally they display supramolecular reactivity themselves [47]. 
On the basis of the well established template strategy the porphyrin-capped rotax- 
ane 85 and its Zn complex 86 were synthesized [48]. An ‘unsymmetrical’ (with 
regard to the blocking groups) [2]rotaxane 87 was obtained when the threading 
process was performed with a mixture of the trityl and the porphyrin stopper 
(Figure 32). 

Similar to porphyrins, calix[4]arenes are, according to force-field calculations 
and space-filling models, sterically demanding enough to act as blocking groups. 
Moreover they exhibit, if functionalized with suitable groups, complexation prop- 
erties towards metal cations, anions and neutral molecules [49]. Experiments re- 
vealed that the size of suitable calix[4]arene-blocking groups requires a minimum 
length of the axle center part. Best results were obtained when a biphenyl unit 
was used (15% of 88), whereas the otherwise successfully incorporated sulfoben- 
zoic acid derivative 56m only enabled the detection of traces of the corresponding 
rotaxane (Figure 33) [50]. 

Recapitulating the preceding remarks, the threading approach via a nonionic 
template has proved to be a powerful tool for rotaxane synthesis. Numerous possi- 
bilities of variation of the basic building blocks, i.e. axle center part, macrocycle 
and blocking group open up a wide range of rotaxane structures. Nevertheless 
threading is not unlimited - solubility or reactivity problems and the strong de- 
mand of the templating motif set bounds to this strategy. The slipping approach 
can solve some of these problems and is, therefore, a suitable supplement to the 
clipping and threading approaches. 
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Figure 32. Porphyrin blocking groups offer the possibility of further supramolecular deri- 
vatization. Amide-linked rotaxane with porphyrin blocking groups 85, its Zn complex 86, 
and an unsymmetrically capped rotaxane 87. 
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Figure 33. The steric demand of calixE41arene blocking groups can be varied by attach- 
ment of different substituents, furthermore their complexation ability introduces interesting 
properties to rotaxanes. 
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8.3.3 Slipping 

In the slipping approach a macrocycle is slipped on a preformed axle [4d,J, 311. 
This demands careful tuning of ring size and steric demand of the blocking 
group. Size complementarity must be achieved in a way that enables the wheel to 
be slipped over the stoppers at higher temperatures but obviates the reverse pro- 
cess at lower temperatures. For the ‘classical’ macromonocycles 32 and 65 that 
Vogtle et al. had used so far for the threading synthesis, triphenylmethyl-capped 
axles did not seem promising for slipping attempts since solutions of the resulting 
rotaxanes were stable when heated to 100°C. Consequently axles with sterically 
less demanding di-tert-butylphenyl stoppers, which according to space-filling 
models should allow the slipping of the wheel, were synthesized. Nevertheless ex- 
periments in high-boiling solvents, e.g. tetrachloroethane, did not yield detectable 
rotaxanes. We thought of a way of increasing both concentration and temperature 
simultaneously. Higher concentrations of the wheel and axle components should 
promote the threading process rather than the reverse reaction because the latter 
process follows first-order kinetics. 

A very simple novel slipping method meets both requirements. When the 
wheels 65 or 89 were melted together with axle 90 by heating in a tube to 350°C 
for 1 min and quenched thereafter in cold water the rotaxanes 91 and 92 were iso- 
lated in 8 and 3% yields, respectively (Figure 34) [51]. 

Rotaxane 91 disassembles when left to stand in DMF solution at room tem- 
perature with a half-life of 80 h. In contrast, deslipping of 92 is observed only at 
elevated temperatures. This reflects the different sizes of the cavities of 65 and 89 
- incorporation of the sulfonamide group expands the ring to enable extrusion of 
the axle at room temperature. An energy graph of the slipping process in the melt 
is given in Figure 35 [52]. The macrocycle first passes over the stopper, and in a 
second step it finds its ‘final attractive destination’ on the thread by forming intra- 
molecular hydrogen bonds. 

As reported above, rotaxane 82 with the expanded ring 81 disassembles in so- 
lution. The reverse process, i.e. synthesis in the melt, turned out to be successful. 

These promising results led us to believe that rotaxanes, which do not have at- 
tractive interactions between wheel and axle and cannot therefore benefit from a 
template effect, should also be accessible by a slipping process performed in the 
melt. Indeed the first tetralactam rotaxane 94 containing a pure hydrocarbon 
dumbbell 93 was synthesized in 6% yield (Figure 36) [53]. 

The synthesis of 94 is noteworthy, because no templating interactions seem to be 
required to form the rotaxane in preparative yields! The slipping approach performed 
in the melt seems to offer universal access to otherwise not obtainable rotaxanes. The 
absence of solvent not only assists this slipping by guaranteeing high concentrations, 
but also eases the reaction because no desolvation processes need to take place. 

As expected, NMR experiments revealed that the extrusion process of 94 does 
not depend on the polarity of the solvent as found for 82. Because no appreciable 
attractive interactions between wheel and axle are effective, the disassembly pro- 
cess depends only on the size ratio of the components. 
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Figure 34. A new slipping process of tailor-made wheels and axles in the melt enables 
easy access to rotaxanes and pseudorotaxanes. 

t A H  

- 
Figure 35. Schematic representation depicting the self organization of rotaxane-like entities 
using the slipping approach in the melt (high concentrations of wheel and axle). R’: Rotax- 
ane where the hydrogen bonds between wheel and axle have not yet been formed. R: Rot- 
mane with hydrogen bonds between wheel and axle. Entropy loss upon formation of the 
mechanical bond is not considered in the graph. 
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Figure 36. The synthesis of a [2]rotaxane with a pure hydrocarbon axle 93 reveals the 
strong point of the slipping process performed in the melt: the nontemplate synthesis is sta- 
tistical yet leads to preparative yields of 94. 

The amide hydrogen-bonding motif has been shown to support the clipping, 
threading, and slipping approaches to the formation of rotaxanes. The wide scope 
of the neutral template synthesis is enriched by the promising possibilities of the 
non-template synthesis performed in the melt. Numerous rotaxanes were obtained 
on a preparative scale and are available for further chemistry. 

8.4 Chemistry with Amide-Based Catenanes 
and Rotaxanes 

Amide-linked catenanes and rotaxanes, readily accessible via nonionic template 
synthesis, are molecules with fascinating topology, but their final breakthrough 
was only achieved when they became substrates for further chemical derivatiza- 
tion. A potential reaction site in the catenanes and rotaxanes presented so far is 
the sulfonamide group, because the proton can be selectively abstracted in the 
presence of carbon amide groups. Subsequent alkylation offers numerous possibil- 
ities of catenane and rotaxane chemistry. 

When macrocycle 65 is synthesized, the idout isomer of [2]catenane 79 is also 
formed in 11% yield (Figure 29) [46]. A first attempt to methylate both sulfona- 
mide groups by treatment of the DMF solution of 79 with iodomethane and potas- 
sium carbonate was successful. By bridging the two sulfonamide units with a bi- 
functional alkylating reagent, we were able to synthesize the first pretzel-shaped 
molecule [54]. Considerations of the X-ray structure analysis of amide-linked ca- 
tenanes [16] and CPK models led to the diiodo compound 95 as a suitable brid- 
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Figure 37. Synthesis of the first ‘pretzelane’ 96 by intramolecular bridging of the two sul- 
fonamide groups bearing macrocycles of [2]catenane 79. 
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Figure 38. The free circumrotation of the partial aliphatic catenane 33 can be restricted by 
attachment of bulky substituents, e.g. 98. 
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Figure 39. Intramolecular bridging of the wheel and the thread of rotaxane 80m yields 
‘[ llrotaxane’ 100. 

ging unit. Reaction of 79 with 95 at 50°C in DMF yielded 11% of the molecular 
pretzel 96 (Figure 37). ‘Salting’ of the pretzel, i.e. binding of potassium ions, 
failed however. The crown part of the bridge in 96 is probably too short to enable 
perceptible cation binding. The molecular graph of ‘pretzelane’ 96 assigns the 
molecule to the rare class of topologically chiral compounds (see Section 8.5, 
Stereochemistry of Amide-Based Catenanes and Rotaxanes). In the meantime sev- 
eral other ‘pretzelanes’ with different bridges (e.g. [CH,],) have been synthesized 
W I .  

In catenane 33, bearing a macrocycle with two aliphatic chains, circumrotation is 
unhindered even at low temperatures (-80°C) [27a]. Akylation of the sulfonamide 
group with the bulky 2,2’-bipyridine unit 98 is a means of restricting the circumrota- 
tion of this macrocycle in the corresponding catenane 99 (Figure 38). ‘H NMR stud- 
ies of 99 show, among others, signal splitting of the methyl protons at 0°C. 

The attachment of bipyridine moieties also enables the synthesis of homo- and 
heteroleptic ruthenium(II)trisbipyridyl complexes with interesting photochemical 
properties [56]. 

Sulfonamide groups incorporated in rotaxanes enable the construction of new 
topological assemblies provided with mechanically and covalently bonded sub- 
units. Methylation of a [2]rotaxane containing a sulfonamide unit in the axle re- 
vealed that the substitution reaction is not sterically hindered by the macrocycle. 
Similar to the synthesis of the ‘pretzelane’ 96, the two sulfonamide groups of rot- 
axane 80m were bridged with 95 to form 100 in 71% yield (Figure 39) [46]. The 
additional covalent bond converts the former [2]rotaxane into a ‘[llrotaxane’ and 
reduces the mobility of the wheel along the axle. Rotaxanes 80m and 100 are his- 
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Figure 40. Intermolecular coupling of the sulfonamide macrocycle of rotaxane 8Oe yields 
the wheel-bis[2]rotaxane 102. 

torically the first examples of rotaxane cycloenantiomers and are exceptional in 
that none of the axle, wheel, or bridge is itself chiral (see Section 8.5, Stereo- 
chemistry of Amide-Based Catenanes and Rotaxanes) [4a]. 

The bridging of sulfonamide groups with diiodo compounds can also be ap- 
plied to the intermolecular coupling of rotaxanes. When rotaxane 80e was treated 
with 95 under standard conditions, 76% of the wheel-bis[2]rotaxane 102 and 8% 
of the iodine-substituted rotaxane 101 were isolated (Figure 40) [46]. 101 is an 
excellent substrate for the synthesis of higher and unsymmetric rotaxane assem- 
blies. 

The first ‘unsymmetrical’ bis[2]rotaxane was reported in 1997 [42]. In a two- 
step procedure the iodine-substituted rotaxane 103 was prepared first and then 
coupled with rotaxane 80e to form 104; this is, to the best of our knowledge, the 
first wheel-bis[2]rotaxane ([3]rotaxane) with different axles (Figure 41). 

Rotaxane 80e can even be ‘trimerized’ by reaction with 1,3,5-tris(4-methyl- 
pheny1)benzene (105) [42]. Considering the steric crowding, it is remarkable that 
the resulting wheel-tris[2]rotaxane ([4]rotaxane) 106 is formed in 35% yield (Fig- 
ure 42). Extension of the strategy of coupling rotaxanes to multifunctional units 
should enable easy access to amide-linked dendritic rotaxane structures. 
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Figure 41. Synthesis of the first 'unsymmetrical' wheel-bis[2]rotaxane 104 by covalent 
linkage of 103 and 8Oe. 

So far the rotaxanes were bridged via the macrocycles, but coupling can also 
occur at sulfonamide-bearing axles. Reaction of 57m with 95 results in 48% of 
the axle-bis[2]rotaxane 107, which can be considered as a [3]rotaxane (Figure 43) 
[42]. The translational 'freedom' of the wheel along the thread is strongly im- 
peded not only by the second wheel, but also by the attached podand-like chain. 

Finally catenane 79 and rotaxane 80e were covalently bound to form the first 
amide-linked 'catrotane' 108 (Figure 44) [41]. 

The great synthetic potential of the covalent linkage of catenanes and rotaxanes 
via sulfonamide groups in such a way enables the chemist to construct larger top- 
ologically interesting assemblies and to aim at nanoscale architectures. 

A different approach to the synthesis of oligo[2]catenanes was chosen by Miil- 
len et al. in 1995 [57]. The bromo-substituted idout catenane 111 was coupled 
with appropriate comonomers under Suzuki conditions [58].  The degree of poly- 
merization was between one and five for the resulting oligomers 112 (Figure 45). 
In 1997 the same group reported the first synthesis of poly[2]catenanes of the 
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Figure 42. Synthesis of the first amide-linked wheel-tris[2]rotaxane 106 via intermolecular 
linkage. 

amide type by ester polymerization of dihydroxy-substituted [2]catenanes with 
derivatives of terephthalic acid [59]. 

The additional carbonyl group in the axle of rotaxane 57h offers a different po- 
tential reaction site. Reaction with phenyl hydrazine 113 resulted in the formation 
of the two red colored E and Z isomers of 114 (Figure 46) [40]. In this case the E 
and 2 isomers do not result from different covalently linked substituents, but from 
the mechanically bound wheel located at one half of the axle. 

Catenanes and rotaxanes have made their way from being considered laborato- 
ry curiosities to become highlights in supramolecular chemistry. The synthesis of 
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Figure 43. The intermolecular linkage of the axles of rotaxane 57m results in a decrease 
of the translational ‘freedom’ of the macrocycle‘s movement along the axle in the resulting 
axle-bis[2]rotaxane 107. 

mechanically linked molecules bearing potential reaction sites on a preparative 
scale has established them as useful building blocks for further chemistry. 

8.5 Stereochemistry of Amide-Based Catenanes 
and Rotaxanes 

The introduction of intertwined and knotted structures to chemistry necessitated 
an extension of the concept of bonding - the more flexible mechanical bond was 
added to the set of possible linkages. Likewise, the behavior of molecules such as 
catenanes and knots lies outside the scope of ‘classical’ concept of Euclidean chir- 
ality and, therefore, the topological properties of these molecules have to be con- 
sidered [60]. A molecule is topologically chiral if and only if no continuous defor- 
mation in the three-dimensional space converts it into its mirror image [60a]. In 
contrast to the Euclidean concept of chirality, which requires a certain rigidity, to- 
pological chirality allows any bending and stretching of bonds even if chemically 
impossible. Catenanes consisting of two oriented macrocycles with regard to, e.g., 
atom sequence are topologically chiral. 
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Figure 44. Synthesis of the first amide-linked ‘catrotane’ 
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co-oligomerization according to Miillen et al. 
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Figure 46. The additional carbonyl group of rotaxane 5% can be used for further derivatiza- 
tion. Reaction with hydrazine 113 yields the E and 2 isomers of the hydrazone rotaxane 114. 

79 

Figure 47. The topological chirality of catenane 79 results from the different amide-sulfon- 
amide succession in the macrocycles. 
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Figure 48. Circular dichrogram of the pretzel-shaped molecule 96 in trifluoroethanol. 
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Figure 49. The fist cycloenantiomeric [2]rotaxane - the different atom sequence of the 
wheel with respect to the unsymmetric axle creates this rare case of chirality. 
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Figure 50. Circular dichrogram of the cycloenantiomeric [llrotaxane 100 in trifluoroetha- 
nol. 

In the topologically chiral catenane 79 the succession of amide and sulfona- 
mide units defines sequence information for each macrocycle (Figure 47). Conse- 
quently one wheel gives an orientation to space and the other defines the config- 
uration [60b]. Remarkably, the enantioseparation performed by Okamoto and 
Vogtle et al. by HPLC on chiral column materials resulted in baseline separation 
with a very large separation factor a=6.95 [61, 621. 

The pretzel-shaped molecule 96 (the first 'pretzelane') was synthesized by in- 
tramolecular bridging of the two sulfonamide units of 79 with a bifunctionalized 
podand-like chain [54]. Again the enantioseparation of 96 was accomplished with 
a baseline quality separation and a large separation factor (a=5.20). Preparative 
separation of the enantiomers enabled the detection of the circular dichrogram of 
96 (Figure 48). The optical rotation values of 79 and 96 were both determined to 
be [aD]= 168" (Troger base [aD]=281"). 

[2]Rotaxane 8Om and its intramolecularly linked derivative [llrotaxane 100 are 
the first examples of rotaxane cycloenantiomers [4a]. The mirror images of 80m 
differ in the succession of amide and sulfonamide units with regard to the unsym- 
metrical axle (Figure 49). 

Again it was surprising that enantioseparation by HPLC was successful be- 
cause the conformational flexibility of the wheel and the thread entail reduced 
structural dissymmetry of the enantiomers compared with more rigid molecules. 
For the rotaxanes 80m and 100 separation factors a were found to be 1.48 and 
1.69, respectively. The circular dichrogram of the cycloenantiomeric [ llrotaxane 
100 is given in Figure 50. 
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These examples have shown that amide-linked catenanes and rotaxanes can 
bring ‘chemical life’ to the mathematical concepts of topological chirality and 
cycloenantiomerism. Further work must, however, be performed to furnish better 
insight into these forms of chirality. Determination of the absolute configuration 
of the enantiomers has yet to be achieved [63]. It will be interesting to see if 
topological enantiomers have different biological activity, as has been found for 
many compounds with Euclidean chirality. Finally the significance of naturally 
occurring topological chirality must be elucidated. In this regard amide-linked 
catenanes and rotaxanes can serve as excellent models because intra- and inter- 
molecular interactions (e.g. hydrogen bonding) resemble those in biological sys- 
tems. 

8.6 Conclusion and Outlook 

The nonionic template strategy based on hydrogen bonds and to a certain extent 
on n-n interactions has made catenanes and rotaxanes readily available. The mo- 
lecular recognition and self-organization process which is responsible for the for- 
mation of intertwined and interlocked structures is founded upon the same weak 
interactions that govern many biological processes. Amide-based catenanes and 
rotaxanes can thus serve as valuable models for complex molecular recognition 
patterns in nature. 

The great variety of incorporable building blocks also offers the synthetic che- 
mist many potential structural and functional design possibilities. The insertion of, 
e.g., photo-responsive elements, groups with further supramolecular derivatization 
potential, or sulfonamide units which enable subsequent inter- and intramolecular 
linkage of catenanes and rotaxanes might render good service in the development 
of molecular switches [64] and devices [65]. 

Nanoscale architecture has become a realistic goal if one considers the con- 
struction possibilities resulting from combination of covalent linkage and forma- 
tion of mechanical bonds. Better understanding of the effective templating interac- 
tions will enable carefully directed syntheses of larger assemblies ([nlcatenanes 
and [nlrotaxanes) up to expanding networks [66]. In this regard the directed incor- 
poration of mechanical bonds in polymers is of special interest [67]. 

Amide-linked catenanes and rotaxanes can play a major role in the study of 
rare forms of chirality, e.g. topological chirality and cycloenantiomerism [60]. 
Resolution of enantiomeric catenanes, rotaxanes, and ‘pretzelanes’ has been 
achieved by HPLC on chiral column materials, but further work must be per- 
formed to determine absolute configurations and to realize new chiral skeletons 
composed of achiral building blocks. Topological asymmetric synthesis still be- 
longs to dreams of the future yet should be kept in mind. 

Much is expected of new slipping procedures performed in the melt. Results 
with a pure hydrocarbon axle have shown that attractive interactions such as hy- 
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drogen bonds are not imperative [51]. Therefore the synthesis, although of statisti- 
cal character, seems to be controlled by the steric tuning of wheel and blocking 
group and not by attractive interactions (template effects). Careful studies of size 
complementarity will be important in this regard. Those findings should help en- 
able the synthesis of rotaxanes of all kinds - e.g. pure hydrocarbon rotaxanes - 
and enable the control of slipping and extrusion reactions. 

Summing up, it can be said that interwoven and interlocked molecules open up 
enormous possibilities not only to chemists but also to interdisciplinary research- 
ers. Non-ionic templated syntheses and the newly established non-template strat- 
egy are powerful tools for further rapid and unprecedented developments in this 
field. 

8.7 Addendum 

Lactam macrocycles like 32 have strong affinity for small inorganic anions (e.g. 
halides, nitrate) and organic anions (phenolates, thiophenolates and sulfonamide 
anions) in nonpolar solvents [68]. The capacity of lactam macrocycles to bind an- 
ions has been exploited to develop a new anion-assisted template synthesis of 
[2]rotaxanes. The nearly quantitative complexation of phenolate 115 by macro- 
cycle 32 yields ‘prerotaxane’ [32.115] [69]. This supramolecular nucleophile then 
reacts with the electrophilic dibromide 116 to form the monoether 117. Because ti- 
tration experiments with macrocycle 32 and dibromide 116 or the corresponding 
diphenyl ether did not result in any significant NMR shifts, we assume that the in- 
termediate semirotaxane [32-1171 is not stable and consequently does not serve as 
a prerotaxane. Substitution of the remaining bromide of the free semiaxle 117 by 
a second ‘wheeled nucleophile’ [32.115] yields the [2]rotaxane 118 in exception- 
ally high yield (95%) (Figure 51). 

This seems to be the first rotaxane synthesis based on an anionic template and 
latest results indicate that this new strategy can be extended to ester- and acetal- 
based axles [70]. Hence the anionic procedure represents a powerful alternative to 
the rotaxane synthesis assisted by a neutral template. 

The latest findings of amide-based rotaxanes focus on their chemistry and 
stereochemistry. The optical properties of an axle bearing chiral glucose stoppers 
are significantly influenced by rotaxanation - Cotton effects are amplified and the 
maxima of the CD spectra are shifted bathochromically [71]. 

Comparative hydrogenation experiments show that the addition of hydrogen to 
carbon-carbon double and triple bonds in rotaxane axles proceeds at a lower rate 
compared with the isolated axles [72]. Functional groups of a linear molecule can 
thus be protected by rotaxanation. 
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9 Polymer Chains in Constraining 
Environments 

J.E. Mark 

Synopsis 

The simplest class of constraints on a polymer chain involves the other chains in 
a one-phase homogeneous system. One major unresolved issue in this area is the 
nature and importance of entanglements, particularly with regard to mechanical 
properties. Issues of particular importance are differences between inter-chain en- 
tanglements and chain-junction entanglements, their contributions at elastic equi- 
librium, and how they are affected by cross-linking in a state of strain or in solu- 
tion. Some topological issues also arise in the area of sorption of linear and cyclic 
diluents into networks, and the ease of extracting the linear chains relative to ex- 
tracting identical chains which had been present during the formation of the net- 
work. If the diluents present during the end linking procedure are cyclics, then 
some of them are permanently trapped by being threaded through with one or 
more linear chains prior to network formation. The amount trapped in this way 
depends very strongly on the size of the cyclic. The experimental trapping effi- 
ciencies can be satisfactorily explained using Monte Car10 simulations based on 
the standard rotational isomeric state model for the cyclic molecules. 

The multi-phase systems of greatest interest are those in which a polymeric 
phase is constrained by being absorbed onto a surface, or trapped within a second 
constraining phase, typically a hard porous ceramic. The former is illustrated by a 
thin film of polymer coated onto a surface with which it strongly interacts, and 
the latter by a polymer chain threading its way through the cavities of a zeolite or 
nanotube. Polymers themselves do not show the required degree of cooperation 
for such threading, but monomers do absorb into such cavities and can be poly- 
merized to yield structures of this type. The hope is that such novel arrangements 
will have correspondingly novel physical properties. A second major part of this 
review therefore describes a number of recent studies of thin polymer films, and 
some attempts to prepare nanocomposites in which polymer chains thread through 
the cavities or channels of several types of inorganic material (specifically zeo- 
lites, galleries in clay-like materials, silica nanotubes, and mesoporous hexagonal 
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silicas). One goal is to determine the effects of the constraining geometry on the 
properties of the chains, in particular, their glass transition temperatures. Another 
aspect is the hope that this molecular threading will provide such intimate interac- 
tions between the polymer chains and their inorganic environment that novel rein- 
forcement effects will be obtained. 

9.1 Introduction 

One of the long-standing goals of polymer science is to achieve a rigorous molec- 
ular understanding of rubber-like elasticity [ l a ] .  In fact, the earliest theories of 
any type in the polymer area were addressed to this remarkable characteristic of 
very high deformability with essentially complete recoverability [4, 51. Some of 
the most interesting work in this area of structure-property relationships of elasto- 
mers addresses topological issues [&lo], in particular how chains constrain one 
another in highly entangled media. Much of this research is only in its initial 
stages, and is ongoing in a number of research groups [3, 11-20]. A preliminary 
description of some aspects of it could nonetheless be useful, particularly in stim- 
ulating additional efforts, and is thus the purpose of the frst part of the present re- 
view. 

There has also been considerable interest in the general theory of chains con- 
strained in two-phase systems [21-331. A more specific interest has been in the 
preparation and characterization of organic-inorganic nanocomposites, as evi- 
denced by two books devoted entirely to the topic [34, 351, and a number of 
recent review articles [36-62]. There is particular interest in those materials in 
which an organic phase is constrained in such a way as to produce novel struc- 
tures, frequently even on the molecular level. In some cases, a polymer is directly 
introduced into a constraining structure, and in others a constrained monomer is 
subsequently polymerized to obtain the final composite materials. One example of 
the preparation and characterization of such nanostructured materials involves 
the intercalation of polymers into the layered structures of some types of clays 
and related materials, by Okada [63-791, Pinnavaia [80-861, Giannelis [87-1001, 
Ogata [101-1041, and others [105-1211. An analogous situation occurs in the 
case of polymer chains constrained near surfaces [lo, 122-1371. Some work 
has also been performed on chains constrained by being threaded through 
cavities, for example in zeolites, nanotubes, and mesoporous silica [138-1481. A 
final example involves attempts by Bein [149-1521 and others [153-1551 to 
prepare ‘molecular wires’ from conducting chains constrained in cavities or in 
monolayers. 

This review focuses on how such constraints affect the properties of a polymer- 
ic material. In the case of one-phase systems, for example, the elastomeric proper- 
ties in elongation assume particular importance. In the case of two-phase systems 
in which the chains are constrained by some type of rigid framework or surface, 
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the focus is on reinforcing effects from the dispersed phase and transition tem- 
peratures of the polymer, in particular its glass transition temperature Tg. 

9.2 Chains Constrained in Homogeneous (One-Phase) 
Systems 

9.2.1 Inter-Chain Entanglements 

This type of entanglement occurs between two chains, at locations relatively re- 
mote from the cross-links that are at their ends and form the network structure. 
Such an entanglement is shown schematically in Figure 1 [20]. Such entangle- 
ments are topologically invariant, and are thus preserved upon swelling the net- 
work structure. They clearly contribute to rheological properties, as is well docu- 
mented in the literature [156]. One of the major issues in rubber-like elasticity, 
however, is the extent to which such entanglements contribute to the modulus at 
elastic equilibrium. Some experiments suggest they contribute substantially [4, 
1571, whereas others suggest they do not contribute significantly [3, 41. This is 
one of the unsolved problems in the area [4], and it seems that totally new charac- 
terization techniques will be required for its resolution. 

Figure 1. Sketch of an entanglement described as 
‘interchain’, in that the segments involved are 
remote from the cross-links (0) at the ends of the 
network chains. 

9.2.2 Chain- Junction Entanglements 
and ‘ Constrained-Junction’ Theory 

In the affne model of network deformation, the cross-links are viewed as firmly 
embedded in the elastomeric matrix, and thus as moving linearly with the im- 
posed macroscopic strain [1-4, 201. In the alternative phantom model, the chains 
are treated as having zero cross-sectional areas, with the ability to move through 
one another as ‘phantoms’ [2-4]. The cross-links in this model undergo consider- 
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I Constrained Junctions I 

Junction i Junction i + I 

Constrained Chains I 

Junction i Junction i + I 

I Diffused Constraints I 

Junction i + 1 Junction i 

Additional Refinements 

I 

Junction i Junction i + 1 

Figure 2. Types of constraint in the mo- 
lecular theories. In the earliest such con- 
straint theory (uppermost portion of the 
figure) the total effects of the constraints 
were placed on the cross-links themselves. 
In the subsequent constrained-chains theo- 
ry, they were placed at the mass centers of 
the network chains and, in the diffused- 
constraints theory, along the entire net- 
work chains. The lowermost portion of the 
figure shows how additional experimental 
information could suggest a more refined 
placement of the constraints. 

able fluctuations in space, and in the deformed state these fluctuations occur in an 
asymmetric manner so as to reduce the strain below that imposed macroscopi- 
cally. The deformation thus visualized is very nonaffine. Because of the reduction 
in the strain sensed by the network chains, the modulus is predicted to be signifi- 
cantly smaller than that predicted by the affine theory. 

Recent work suggests that the elongation of a network generally falls between 
the affhe and phantom limits, in that there are constraints on the fluctuations, but 
not of sufficient magnitude to give a fhe  deformations [3, 4, 12, 181. At low de- 
formations, chain-junction entangling suppresses the fluctuations of the junctions 
and the deformation is relatively close to the affhe limit. Modeling this by plac- 
ing the constraints entirely at the junctions, as is done in the ‘constrained-junc- 
tion’ model, is illustrated in the uppermost portion of Figure 2. The extent of 
such entangling depends on the extent of interpenetration of the network chains. 
This, in turn, depends on the number of junctions closer to a given junction than 
those joined to it directly by network chains. Experimentally observed decreases 
in modulus with increase in elongation suggest that such increases disentangle the 
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chains somewhat from the junctions, and the fluctuations increase in magnitude, 
most markedly in the direction of the deformation. This causes the chains to 
sense a smaller deformation than that imposed macroscopically, making the defor- 
mation more nonaffine. The modulus thus decreases until phantom-like behavior 
is reached in the limit of very high elongations. These constraints are also viewed 
as being significantly diminished by the dilution that occurs with swelling of a 
network structure [4]. In this sense they are quite different from the inter-chain en- 
tanglements described above. 

9.2.3 ‘Constrained-Chain’ Theory 

This refinement of the constrained-junction model is based on re-examination of 
the constraint problem and evaluation of some neutron-scattering estimates of 
actual junction fluctuations [158, 1591. It was concluded that the suppression of 
the fluctuations was over-estimated in the theory, presumably because the entire 
effect of the inter-chain interactions was arbitrarily placed on the junctions. The 
theory was therefore revised to make it more realistic by placing the effects of 
the constraints along the network-chain contours, specifically at their mass centers 
[4, 160, 1611. This is illustrated in the second portion of Figure 2. Relocating 
the constraints in this more realistic way provided improved agreement between 
theory and experiment. 

9.2.4 ‘Diffused Constraints’ Theory 

This further refinement of theory improved the constrained-chain model by distri- 
buting the constraints continuously along the chain contour, rather than at the 
chain mass center [4, 162, 1631. Diffusing the constraints in this way is illustrated 
in the third portion of Figure 2. In its application to stress-strain isotherms in 
elongation [162], it has the advantage of having only a single constraint parame- 
ter and the values obtained upon comparing theory and experiment seem more 
reasonable than those for the earlier constraint models. Applications to strain bire- 
fringence [163], on the other hand, yielded values of the birefringence that are 
much larger than those in the constrained-junction and constrained-chain theories. 

As already described, the upper three portions of Figure 2 summarize the dif- 
ferences in the way the constraints are applied in the constrained-junction theory, 
constrained-chain theory, and the diffused-constraints theory, respectively [4]. Ad- 
ditional comparisons between theory and experiment for a variety of elastomeric 
properties should be very helpful [20]. Also, neutron-scattering measurements 
conducted on series of networks having different values of the junction functional- 
ity #, which is the number of chains emanating from a junction (cross-link), 
would be extremely useful in suggesting how to position the constraints along a 
chain in refining such models, since # should have a pronounced effect on the 
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magnitudes of the fluctuations of the junctions. A possible further refinement in 
positioning which might be suggested by additional experimental evidence is il- 
lustrated in the lowest portion of Figure 2 [43. 

9.2.5 ‘Slip-Link’ Theory 

The slip-link model is essentially an extension of the more general tube model of 
entangled polymer systems [3, 4, 1641. Here, a link joins two different chains as 
shown in Figure 3 [3]. The link may slide a distance a along the contour lengths 
of the chains, thus giving rise to a deformation-dependent contribution to the elas- 
tic modulus. This tube model [I651 is a convenient tool, especially for predicting 
the viscoelastic behavior of polymer melts [156, 1661, and has been extended to 
the study of networks by several authors [167-1711. Heinrich et al. [169], for ex- 
ample, have represented the tube as a harmonic pipe and derived the correspond- 
ing stress-strain relations for an elastomer, and Graessley and Dossin [172] ex- 
tended the Doi-Edwards theory to the viscoelastic behavior of networks. Gaylord 
[173] and Marucci [174] used alternative forms of the tube model to derive the 
stress-strain behavior for networks [4]. 

Figure 3. Slip-link joining two network chains. The 
slip link is assumed to slide a distance a along the 
chains [3]. 

As is obvious from the above discussion, a very detailed understanding of en- 
tangling in elastomeric networks is required for interpretation of the elastic modu- 
lus, in particular its dependence on deformation and swelling. 

9.2.6 Some Relevant Experiments 

Two techniques can be used to prepare networks with simplified topologies [19, 
201. Basically, they involve separating the chains prior to their cross-linking by 
either stretching or dissolution. After the cross-linking, the stretching force or sol- 



9.3 Sorption and Extraction 229 

vent is removed and the network is studied (unswollen) with regard to its stress- 
strain properties in elongation. There is generally found to be a continual decrease 
in the time required to reach elastic equilibrium and in the extent of stress relaxa- 
tion upon decrease in the volume fraction of polymer present during the cross- 
linking [19]. Also, at higher dilutions there is generally a decrease in the extent to 
which the modulus decreases with increasing elongation. 

These observations can be qualitatively explained in terms of the constrained- 
junction theory. If a network is cross-linked in solution and the solvent then re- 
moved, the chains collapse in such a way that there is reduced overlap in their 
configurational domains. It is primarily in this regard, namely reduced chain-junc- 
tion entangling, that solution-cross-linked samples have simpler topologies, and 
these diminished constraints give correspondingly simpler elastomeric behavior. 

The opposite experiment involves cross-linking a network in the undiluted state 
and then studying its stress-strain isotherms in the swollen state. Such a diluent 
might be introduced to suppress crystallization or to facilitate the approach to 
elastic equilibrium. There is a complication, however, in that different solvents, at 
the same degree of swelling, can have significantly different effects on the elastic 
force [3, 20, 1751. This is apparently because of a ‘specific solvent effect’ on the 
unperturbed dimensions, which appear in the elastic equation of state. The effect 
is not yet well understood. It is apparently partly a result of the effect of the sol- 
vent’s dielectric constant on the Coulombic interactions between parts of a chain, 
but probably also a result of solvent-polymer segment interactions that change the 
conformational preferences of the chain backbone. 

Several other experiments are relevant to the effects of constraints on the prop- 
erties of polymeric chains. An example would be the changes in the properties of 
chains constrained by being elongated [132, 176-1841. Increasing the extent of 
cross-linking also imposes increased constraints, and this can increase the glass 
transition temperature Tg of the chains making up the network [185]. An extreme 
case would be increasing the extent of cross-linking to the extent of converting a 
relatively soft elastomeric network into a much harder ‘thermoset’ of very high T, 
[ 186, 1871. Similar effects occur upon increasing the stiffness of a chain by insert- 
ing ring structures into the backbone, by attaching bulky side groups onto it, or 
by joining two backbones into a ladder-type structure [3, 19, 188, 1891. 

9.3 Sorption and Extraction 

9.3.1 General Approach 

‘Model networks’ of known structure can be prepared by end-linking function- 
ally-terminated polymer chains [3, 4, 1571. Because of the nature of this network 
formation process, the molecular weight of the starting chains becomes the criti- 
cally important molecular weight between cross-links, M,. Control of M, and its 
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distribution also provides control of the pore size and its distribution when the 
network is swollen with a diluent. These materials are therefore very well suited 
for the study of sorption and extraction of diluents from network structures, and 
how these processes are affected by the constraining chains [4, 190-1921. Results 
of such studies on both linear and cyclic diluents yield extraction efficiencies and 
values of the diffusion coefficient D. Also, in the case of cyclic diluents present 
during the end-linking process, it is possible to study the extent to which such 
cyclics are trapped by being threaded with network chains [3, 8, 14, 20, 193- 
1981. These results can give information on the spatial configurations [199] of the 
cyclic molecules, the mobility of the chains being end-linked, and the effects of 
the trapped cyclics on the properties of the networks. The extreme case of cyclic 
interpenetration can yield ‘Olympic’ networks, which could have novel elasto- 
meric properties and are described further below. 

9.3.2 Linear Diluents 

If functionally-terminated chains are end-linked in the presence of chains whose 
ends are inert, the result will be a network through which the unattached chains 
reptute [200]. Networks of this type have been used to determine the efficiency 
with which unattached chains can be extracted from an elastomer, despite the con- 
straints imposed by the network chains. This is generally done as a function of 
the lengths of the diluent chains, and the extent of cross-linking of the network 
(as inversely measured by the lengths of the network chains) [190-1921. The 
polymer used for the most extensive studies of this type was poly(dimethylsi1ox- 
ane) (PDMS) [-Si(CH3)20-]. Its advantages are (i) its availability in both linear 
and cyclic forms over a wide range in molecular weight, (ii) the availability of a 
variety of reactive or unreactive end groups in the case of the linear chains, and 
(iii) the high mobility of the chains, which enables their use as diluents in sorp- 
tion measurements up to surprisingly high molecular weights [ 190-1921. 

Reference PDMS networks were prepared by end-linking functionally-termi- 
nated chains with a suitable multi-functional reagent. The dried, extracted net- 
works were then swollen to suitable values of the volume fraction v2 of polymer 
using (inert) dimethylsiloxane (DMS) diluents having molecular weights Md. A 
second series of swollen networks was prepared by having the same inert DMS 
present during the end-linking process, at the same values of v2. Both types of 
network were then extracted to determine the ease with which the various diluents 
could be removed, as a function of Md and the pore size of the network, as repre- 
sented by M,. 

The results indicated that the ease with which a diluent could be removed from 
a network decreased with increase in Md and decrease in M,, as expected. High 
molecular-weight diluents are extremely hard to remove at values of M ,  of inter- 
est in the preparation of model elastomers [3, 18, 20, 1571. Estimating the extents 
of reaction in end-linking processes from sol fraction data could be complicated 
by this difficulty. 
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It was also found that the diluents added after the end-linking were more easily 
removed, possibly because they were less entangled with the network structure, 
and this could correspond to differences in diluent chain conformations. Such 
comparisons can thus provide valuable information on the arrangements and trans- 
port of chains as constrained within complex network structures [20]. 

Some of these data can also be used to estimate values of the diffusion coeffi- 
cient D, either in sorption or in extraction [191, 1921. Of particular interest are 
differences in values obtained on these linear chains and the corresponding cy- 
clics, as described in Section 9.3.3. 

9.3.3 Cyclic Diluents 

The cyclic diluents can also be sorbed into the networks after the end-linking pro- 
cess [191] or they can be present during the process [193-1951. In the latter case, 
some are permanently trapped as will be described below, making difficult the cal- 
culation of diffusion coefficients from the extraction data. In the former case, 
however, D is readily calculable. For both the cyclic and linear chains, D was 
found to decrease with increase in Md, and with decrease in M,, as expected. The 
cyclics were found to have values of D larger than those for the linear chains, pre- 
sumably because their greater compactness facilitates their transport through the 
network structure. 

9.4 Trapping of Cyclics 

9.4.1 Experimental Results 

Some cyclics present during the end-linking procedure can be permanently 
trapped, as is shown schematically in Figure 4 [196]. Any cyclic threaded by one 
or more chains that then become part of the network structure is, of course, incar- 
cerated [193-1951. The amount trapped increases greatly with increase in the size 
of the cyclic, in a sigmoid fashion, with essentially none being trapped in the case 
of cyclics having only approximately 40 skeletal bonds or fewer, presumably be- 
cause the ‘hole’ in the cyclic is too small for even one linear PDMS chain to 
thread through it. At the other extreme, all of the cyclics were trapped in the case 
of those having approximately 500 or more skeletal bonds [196]. The results were 
found to be independent of the amount of time given to the cyclics and linear 
chains to intermingle [193], thus demonstrating the very high mobility of the 
PDMS chains. The following section describes the interpretation of these results 
in terms of the configurational characteristics of PDMS chains [199, 2011. 
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Figure 4. Sketch of the effects of having cyclics pre- 
sent during the end-linking of functionally-termi- 
nated chains to form a network structure. Cyclics 
such as a, which are not threaded by such a chain 
before its end linking will be extractable from the 
subsequently prepared network. Cyclics which have 
been threaded, such as b, would be permanently 
trapped, and thus unextractable [196]. 

These cyclics can change the properties of the network in which they are 
trapped. Because they restrict to some extent the motions of the network chains, 
they should increase the modulus of an elastomer. Some small but possibly signif- 
icant increases in low-deformation moduli have, in fact, been observed [ 1921. 
Also, when PDMS cyclics are trapped in a thermoplastic material, they can act as 
a plasticizer that is in a sense intermediate to the usual external (dissolved) and in- 
ternal (copolymerized) varieties. Interesting changes in mechanical properties have 
been observed in materials of this type [197]. 

9.4.2 Theoretical Interpretations 

To give a molecular interpretation of the trapping results, it is first necessary to 
generate [196] cyclics with the desired degree of polymerization and the known 
configurational characteristics of PDMS molecules, whether linear or cyclic. 
Monte Car10 simulations on a rotational isomeric state model [199, 201, 2021 
were performed for this purpose, and the cyclics thus generated were found to 
have the expected values of the radius of gyration relative to those of their linear 
counterparts. The coordinates of all of the skeletal atoms of the cyclics thus 
generated were then stored for what was in essence an analysis of hole size as a 
function of molecular weight. 

In a theoretical model developed for this analysis [196], values of the threading 
chain radius in the range 3.5-4.0 8, were investigated. The model was based on a 
torus which was centered around each repeat unit in the cyclic and all centers 
checked to see if they in any way impinged within the enclosed volume of the 
torus [196]. In this way, the environment of the selected repeat unit was checked 
to determine whether there was a pathway open to a linear chain, which could po- 
tentially follow a path represented by a segment of the torus and thus thread 
through the cyclic. Good agreement was found between this model and the ex- 
perimental results. 
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9.4.3 ‘Olympic’ Networks 

This trapping technique can also be used to form networks with no cross-links. 
Mixing the same types of linear chain with large amounts of the cyclics and then 
difunctionally end-linking them could give sufficient cyclic interlinking to yield 
an ‘Olympic’ or ‘chain-mail’ network [3, 193, 200, 2031, as is illustrated in Fig- 
ure 5 [193]. Attempts have been made to prepare and characterize such materials, 
because they could well have unusual elastomeric properties [204]. 

It might also be possible to use some of these techniques to prepare rotaxanes 
[205, 2061, in which cyclics are threaded by linear chains, which are then capped 
with large groups to capture the cyclics. These materials could obviously repre- 
sent an intriguing type of molecular abacus. 

Figure 5. Preparation of a ‘chain mail’ or 
‘Olympic’ network consisting entirely of 
interlooped cyclic molecules, without any 
cross-links [193]. Linear chains passing 
through the cyclics are difunctionally 
end-linked at the regions shown by the 
rectangles. The result is a series of inter- 
penetrating cyclics, which would function 
as an elastomeric network. 

9.5 Chains Constrained within Second Phases 
or at Interfaces 

9.5.1 Essentially One-Dimensional Systems 

9.5.1.1 Zeolites as Illustrative Systems 

There has been much general interest in polymer chains constrained by a second 
phase, in a variety of structures, as illustrated by a recent symposium on this top- 
ic [33]. Some particularly interesting examples of such constraining second 
phases are the zeolites, for which there is a very extensive literature, covering a 
considerable period of time [207-2131. The goal in the present application of a 
zeolite was to thread a polymer chain through its cavity, in the hope that the 



234 9 Polymer Chains in Constraining Environments 

Figure 6. Sketch of a polymer chain passing through the cavity of a zeolite. 

resulting unusual structure also leads to novel mechanical properties. Such an ar- 
rangement is shown schematically in Figure 6. 

9.5.1.2 Simple Mixing of a Polymer and a Zeolite 

In the simplest study of this type, Al-ghamdi and Mark [138] studied reinforce- 
ment of PDMS by two zeolites of different pore sizes. The zeolites were a zeolite 
‘3A’ (pore diameter 3 A) and a zeolite ‘13X’ (pore diameter 10 A), both with a 
cubic crystalline structure. They were simply blended into hydroxyl-terminated 
chains of PDMS which were subsequently end-linked with tetraethoxysilane to 
form an elastomeric network. These elastomers were studied by equilibrium 
stress-strain measurements in elongation at 25OC. Both zeolites increased the mod- 
ulus and related mechanical properties of the elastomer, but the effect was larger 
for the zeolite with the larger pore size. 

Further characterization of the mechanical properties and structures of such 
zeolite-reinforced PDMS elastomers by Wen and Mark [139] also utilized small- 
angle neutron scattering (SANS) [141, 143, 214-2201 and transmission electron 
microscopy (TEM). The neutron-scattering profiles of the pure and zeolite-filled 
PDMS networks were identical, which indicated negligible penetration of the 
polymer into the zeolite pores. The TEM pictures showed that the zeolite with the 
larger pore size had a somewhat smaller particle size, and this is probably the ori- 
gin of its superior reinforcing properties [62, 1391. 

9.5.1.3 Rolymerizing Monomer within Zeolite Cavities 

A different approach was initiated by Frisch and Xue [62, 1401 to introduce poly- 
mer into the internal pores of the 13X zeolites. The approach is similar to that 
used by Wu and Bein [150-152] to form molecular-scale wires of polyaniline or 
carbon within nanometer-sized channels. 

In the first application of this approach, liquid monomeric styrene in various ra- 
tios was added to weighed amounts of zeolite. An appropriate amount of benzoyl 
peroxide was then added to the mixture for subsequent generation of free radicals 
by thermolysis, in the polymerization of the styrene [62]. The polymerization was 
performed either directly in this form, or in the presence of the cross-linker ethyl- 
ene glycol dimethacrylate (EGDM). In the absence of the cross-linker the linear 
polystyrene (PS) chains and the zeolite were considered to form a hybrid inorgan- 
ic-organic ‘pseudo-interpenetrating polymer network’ (PIPN) whereas the cross- 
linked PS-zeolite composite was considered to have formed a fully interpenetrat- 
ing polymer network (IPN) [22 1-2231. Subsequently, related materials were 
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formed with zeolites by use of poly(ethy1 acrylate) (PEA) [62, 141-1431 and 
PDMS [ 1451. 

The linear polystyrene PS or PEA chains could be partially or wholly removed 
from the PIPNs by extraction with suitable solvents. On the other hand, no signif- 
icant weight loss was found on extensive solvent extraction of the IPNs. Charac- 
terization of these materials provided substantial confirmation that at least some 
of the polymer grew within the internal pores of the zeolite [62, 1401. The major 
results supportive of this conclusion were: 

(1) Removal of about half of the linear polymer by solvent extraction left indi- 
vidual zeolite crystals containing the remaining polymer. Scanning electron micro- 
graphs showed there was essentially no polymer between or on the zeolite 
(observable before the extraction), and resembled micrographs of the pure zeolite. 
All linear polymer could be removed on extended solvent extraction. 

(2) Solid-state 13C NMR showed significant linewidth broadening of the qua- 
ternary aromatic carbon, methine, and methylene carbons in the linear PS. This is 
consistent with the ‘internal’ PS chains in the pores of the zeolite being more con- 
fined by their environment than in pure PS (without any zeolite). 

(3) The SAXS scattering curve of the PIPN of the PEA-zeolite had two maxi- 
ma [143]. The first rather sharp peak was the same as in the pure zeolite 13X and 
corresponds to a Bragg’s law distance of 14.3 8, (the periodic inter-pore distance 
in zeolite 13X). The second (weaker and broader) peak disappeared completely in 
the scattering curve for the fully extracted PIPN (containing no residual PEA 
polymer). This weaker peak has a maximum which corresponds to the doubled 
distance (-28.6 A), which was interpreted to be due to the presence of PEA- 
filled pores in an arrangement showing some type of regularity. 

(4) Of greatest relevance were the differential scanning calorimetry (DSC) 
curves for some of the P N s  and PPNs of PS-zeolite and PEA-zeolite (where the 
zeolite crystals were present during the polymerizations, with some of them being 
threaded in a matrix of cross-linked or linear polymer). These materials had no 
glass transition temperature Tg associated with the corresponding pure polymer 
[62, 140-1421. Partially extracted samples of the PIPNs in which this matrix has 
been removed had no T,, despite weight measurements indicating that a consider- 
able amount of PS was still present! Presumably, the internal linear polymer 
chains in the pores adopt a more extended, one-dimensionally oriented conforma- 
tion (as shown in Figure 6) and thus have no bulk Tg. In qualitative terms, the 
constraints from the walls of the cavity prevent the long-range motions that would 
otherwise occur at the normal glass transition. Some chains absorbed between sur- 
faces, or even just on to them, show similar behavior, as discussed in Section 
9.5.2. 
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9.5.2 Essentially Two-Dimensional Systems 

9.5.2.1 Some Important Examples 

In this type of system, the polymer chains are constrained by a surface. They can 
lie between two hard surfaces such as in the galleries within two parallel clay 
platelets (as is illustrated in Figure 7), have one layer absorbed on to a hard sur- 
face as a coating, with the other free (as in Figure 8), they can be absorbed by 
the surfaces of ‘exfoliated’ clay platelets (Figure 9), or by the surface of a solid 
reinforcing particle completely surrounded by an elastomeric phase (Figure 10). 

9.5.2.2 Polymers Between Two Surfaces 

Polymers have been introduced into suitably modified galleries of a variety of 
clays, and related materials [63-1211. One of the most interesting results was the 
observation that PS chains intercalated in layered silicates do not have a Tg char- 
acteristic of the bulk material [87, 93, 94, 1161. This effect of two-dimensional 
surface constraints on Tg (as illustrated in Figure 7) parallels that of the three-di- 

Figure 7. Sketch of a layer of polymer chains constrained between two hard surfaces. 

Figure 8. Sketch of a coating of polymer chains constrained below by a hard surface, but 
with a free upper surface. 

Figure 9. Sketch of exfoliated layers of a clay-like material, with some of the chains con- 
strained near the surfaces of the layers. 
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Figure 10. Sketch of polymer chains in an 
elastomer constrained in the vicinity of a re- 
inforcing filler particle. The constrained 
chains are arbitrarily shown by the heavier 
lines, and are referred to in the elastomer 
literature as ‘bound rubber’ 1233, 2362381. 

mensional cavity constraints reported for chains threading through zeolite cavities 
[62, 140-1421, as illustrated in Figure 6 and described above. 

9.5.2.3 Polymeric Coatings 

There have been a number of studies of polymers at surfaces, as illustrated in Fig- 
ure 8, including some that have been tethered [lo, 122-1371. Also in this catego- 
ry are the polymer-clay composites after the previously paired platelets have been 
sufficiently separated to be independent of one another. Such exfoliated arrange- 
ments are shown in Figure 9. 

Polymers at surfaces are not yet well understood, but some trends seem to be 
appearing. The simplest case to analyze might be very thin free-standing polymer 
films, which generally have reduced values of Tg [134, 1361. The reduction may 
be because of surface enrichment of chain ends [127, 1361 or low molecular- 
weight components [ 1361. There is evidence, however, that diffusion coefficients 
are occasionally reduced [ 1351. When the polymer chains are at an interface with 
a substrate, rather than at a free surface, the situation is complicated by the nature 
of the interactions between the polymer and the surface. If these interactions are 
attractive and strong, then those chains closest to the surface are highly con- 
strained, and this could dominate polymer surface segregation effects. This is of 
particular importance if the polymeric coating is very thin, so that most of it is 
constrained in this manner. In this case, Tg can be significantly increased [125, 
129, 1331, or suppressed entirely [129], with evidence of reduced mobility [123, 
131, 1371. If, on the other hand, the interactions are repulsive, the chains closest 
to the substrate are less suppressed than they would be if the substrate were re- 
placed by additional polymer. Any increased motions would be added to the sur- 
face segregation effects already mentioned. Under these conditions, the value of 
Tg can then actually be reduced [125, 128, 129]! This is confirmed also in unex- 



238 9 Polymer Chains in Constraining Environments 

pected chain mobility, for example in observations of dewetting [126, 1301, weld- 
ing [224], and shrinkage effects [124]. 

9.5.2.4 Elastomers Bound to Reinforcing Filler Particles 

It has long been known in the rubber industry that strongly reinforcing fillers are 
covered with tightly bound chains of the elastomer [225] as is illustrated in Fig- 
ure 10. In fact it is even referred to as ‘bound rubber‘, and has been much investi- 
gated with regard to reduced chain mobility [226-2401. The fraction of the elasto- 
mer in this layer can be considerable at the filler loadings typically used, and is 
thought to be very important in maximizing the desired reinforcing effects. 

9.5.3 Essentially Three-Dimensional Systems 

9.5.3.1 General Features 

Here, the polymer chains are constrained within a volume. An example is the col- 
lection of polymer chains going through the relatively large pores of a nanotube, 
as is illustrated in Figure 11. 

Figure 11. Sketch of polymer chains passing through 
the pores of a mesoporous silica. 

9.5.3.2 ’hbules 

In contrast to chains in zeolites of very small pore diameter, PS chains in amor- 
phous silica nanotubes [241] with diameters between 400 and 160008, had val- 
ues of Tg close to that in the bulk [144]. It seems reasonable to conclude that 
only those geometries corresponding to diameters significantly less than approxi- 
mately 4008, sufficiently constrain PS chains to the extent of suppressing their 
glass transition. Nanotubes are certain to be much more intensively investigated 
in the future, because of the variety of novel properties they might exhibit. They 
have already been shown, for example, to serve as ‘quantum wires’ [242]. 

9.5.3.3 Mesoporous Silica 

The pores in these materials can be so small that they exert constraining effects 
on chains contained within them. For example, no glass transition was observed 
for PS in a mesoporous hexagonal silica [243] with a pore radius of 28 8, [144]. 
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These constraining effects apparently parallel those in the zeolite and clay sys- 
tems, as expected. 

9.5.3.4 Vycor Glass 

This material also has a porous structure by virtue of its being made by etching a 
phase-separated borosilicate glass. PS chains have also been introduced into the 
pores of this type of glass [146], but the only results to date involve mechanical 
property measurements, and scattering investigations. 

9.5.3.5 Thermoporimetry 

This area of investigation involves an analogous situation, in which small mole- 
cules of solvents are constrained within the pores of silica and related materials, 
or within polymer networks. Reducing the temperature induces crystallization of 
the small molecules, but now the crystallites are constrained to small sizes by the 
surrounding constraints, as is illustrated in Figure 12. The reduction of crystallite 
size can cause large reductions in melting point. Even more dramatic effects are 
seen with metal clusters, typically prepared for the investigation of quantum-con- 
finement effects. Much work is continuing in both these areas [32, 244-2611. 

A final analogous situation occurs in the in-situ silica generation of silica 
particles within a polymer network. At least in some cases, the particles are 
constrained in size by the network strands, in that the maximum particle size 
observed decreases with decrease in the molecular weight between cross-links 
(increase in extent of cross-linking) [262, 2631. 

Figure 12. Sketch of a crystallite constrained in size 
by the cavity in which it has grown. 
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10 Polycatenanes, Poly[2]catenanes, 
and Polymeric Catenanes 

Yves Geerts 

10.1 Introduction 

Numerous examples of catenanes 1, rotaxanes 2, and trefoil knots 3 (Scheme 1) 
have been previously reported in the literature and are still attracting considerable 
attention (see Chapters 4 and 6-8) [l-51. These aesthetically appealing molecules 
have in common that the topological bonds occurring in catenanes 1 and trefoil 
knots 2 and the mechanical bonds connecting the component parts of rotaxanes 3 
are defined at a molecular scale without ambiguity [ 1, 2, 41. 

1 2 3 

Scheme 1. Pictorial representation of a catenane 1, a rotaxane 2, and a trefoil knot 3. 

In contrast, entanglements 4 (Scheme 2), which take place between polymer 
chains in the solid state and in concentrated solutions, result from the statistical 
behavior of flexible chains and are undefined on a molecular scale [6]. Clearly, 
the textbook picture of entanglement 4 simplifies a more complex reality, arising 
from the uncrossability of chains [7-lo]. Nevertheless, the concept of entangle- 
ments is an integral part of modem polymer physics, notably in the fields of rhe- 
ology [ l l ,  121, adhesion [13], crystallinity [14], surfaces and interfaces [15], block 
copolymers [ 161, and viscoelasticity [ 171. Viscoelasticity is a direct consequence 
of the macromolecular structure of polymers which exhibit both energy dissipa- 
tion (viscosity) and energy storage (elasticity) in their mechanical properties [ 171. 
The nature and importance of entanglements in elastomeric networks has also 



248 10 Polycatenanes, Poly[2]catenanes, and Polymeric Catenanes 

4 

i 
Scheme 2. Pictorial representation of 
an entanglement 4, an interpenetrated 
polymer network 5, and a topologi- 
cally trapped macrocycie in a polymer 
network 6. 

6 

5 

been investigated experimentally in model networks containing substantial 
amounts of topologically trapped macrocycles 5 (Scheme 2) [18-241. A closely 
related example of a complex system resulting from undefined topological bonds 
can be seen in interpenetrating polymer networks (IF"), which are composed of 
two independent networks, mechanically connected to each other by mutual inter- 
penetration 6 [25, 261 (see Chapter 9). 

A totally new situation arises from the presence of defined topological bonds 
in polymer systems. The last documented example is given by polyrotaxanes 7 in 
which defined topological bonds occur between the macrocycles and the polymer 
chain (considered as infinite). The polyrotaxanes are composed of a polymer 
chain on to which a certain number of macrocycles is threaded. For short polymer 
chains, the end-capping by stoppers prevents the macrocycles unthreading from 
the chain [27, 281 (Scheme 3). Multicatenanes 8 are structurally related to polyrot- 
axanes 7 and can be viewed as cyclic analogs of polyrotaxanes [29]. 

One structural feature characterizing polyrotaxanes 7 and multicatenanes 8 is 
that the rupture of a single topological bond will not substantially affect the 
macromolecular structure of the polyrotaxane backbone. Similarly to polyrotax- 
anes 7 and multicatenanes 8, polycatenanes 9 and poly[2]catenanes 10 contain de- 
fined topological bonds. However, polycatenanes 9 and poly[2]catenanes 10 differ 
fundamentally from polyrotaxanes 7 in that the topological bonds are located 
within the chain [30]. Therefore, breaking one or several topological bonds of 
polycatenanes 9 and poly[2]catenanes 10 will result in the rapid degradation of 
the polymer. A structurally related macromolecular architecture where a defined 
topological bond occurs between cyclic polymers is provided by polymeric cate- 
nanes 11 [31-361. Polymeric catenanes 11 bear all the structural features of cate- 
nanes except that each ring is a cyclic polymer. 

The interest in macromolecular systems containing defined topological bonds, 
such as polyrotaxanes 7, multicatenanes 8, polycatenanes 9, poly[2]catenanes 10, 
and polymeric catenanes 11, is dual. First, these macromolecules represent daunt- 
ing synthetic and characterization challenges which deserve attention in their own 
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Scheme 3. Pictorial representation of 
polyrotaxane 7, multicatenane 8, polycate- 
nane 9, poly[2]catenane 10, and polymeric 

11 catenane 11. 

right. On the one hand, the synthetic difficulties arise from the size of the key 
building blocks, e.g. a catenane is already a very large monomer with a molecular 
mass over one thousand which, therefore, cannot be expected to have the same 
diffusion constant and reactivity as conventional monomers of molecular weight 
lower by one order of magnitude [4, 301. On the other hand, the characterization 
difficulties of macromolecular systems containing defined topological bonds result 
from the complexity of their constitutive monomers but also from the molecular 
weight and structure distributions, which are characteristic of polymers [30, 37- 
391. Thus, only an average description of the molecular-weight distribution is pos- 
sible in terms of number-average molecular weight distribution (M,) and weight- 
average molecular weight distribution (Mw), whereas the polydispersity index 
(M, /Mw) indicates the breadth of the molecular-weight distribution. 

Second, it is expected that these unprecedented macromolecules will give rise 
to new physical properties with respect to those of conventional flexible polymer 
chains. In particular, mechanical, rheological, dynamic, and morphological behav- 
ior, which critically depend on chain flexibility and chemical structure, will most 
probably be influenced by the presence of defined topological bonds [28, 37, 381. 
The great promise of the physical study of macromolecular systems containing de- 
fined topological bonds is that they will significantly contribute to a better under- 
standing of the nature of entanglements and their effect on viscoelastic properties 
of polymers [6, 11, 12, 17, 401. 



250 I0 Polycatenanes, Poly[2]catenanes, and Polymeric Catenanes 

This chapter, devoted to polycatenanes 9, poly[2]catenanes 10, and polymeric 
catenanes 11, is intended to provide an overview of synthetic achievements and 
challenges as well as a prospective discussion of some physical aspects. 

10.2 Polycatenanes Linked by Topological Bonds 

The synthesis of polycatenanes requires, like the synthesis of catenanes, the pre- 
orientation of the macrocycle precursors into a favorable geometry before cycliza- 
tion (Scheme 4) [5]. This pre-orientation is commonly achieved via a template, re- 
sulting from n-donor-acceptor interactions, hydrogen-bonding, and coordination 
bonds [l-3, 5, 411. The use of a template in catenane synthesis is the subject of 
Chapters 4 and 6-8 and will not be treated further in this section. The aim of this 
section is to present the state of the art of the various synthetic approaches lead- 
ing to the polycatenane polymers and networks. 

A 

12 13 14 

0 =template 

Scheme 4. Principle of the utilization of a template to pre-orient macrocycle precursors. 

Only a few synthetic attempts to prepare polycatenanes 9 have yet been re- 
ported. Several synthetic routes, including polymerization at an interface and in 
solution, have been proposed, but none has been proven [l,  39a, 42, 431. The 
principal reason for this failure is that cyclization involving large macrocycles 
generally proceeds with low yield [39]. Two reasons can be invoked to account 
for this low cyclization yield. First, high dilution conditions which are required 
for cyclization reaction result in low concentration of the reactive species and, 
thus, low reaction rates are unavoidable. This latter point is further aggravated by 
the low diffusion constant of large macrocycle precursors. The combined effect of 
size and concentration on cyclization rate creates plenty of time and opportunity 
for side reactions. Second, large macrocycle precursors lose degrees of freedom 
upon cyclization, rendering the reaction particularly unfavorable on entropic 
grounds. 

Conceptually, the macromolecular architecture of polycatenanes 9 bears many 
similarities to that of ladder polymers 15, depicted in Scheme 5. Therefore, cer- 
tain similarities also exist between synthetic strategies leading to both polycate- 
nanes 9 and ladder polymers 15. Conceptually, two synthetic routes may be envi- 
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9 15 

Scheme 5. Pictorial representation of polycatenane 9 and of ladder-type polymer 15. 

saged for the synthesis of polycatenanes 9, i.e. the multifunctional polycondensa- 
tion and the stepwise polycondensation [44 a]. 

The first synthetic strategy towards polycatenanes 9, the multifunctional poly- 
condensation, relies on A2B2-type monomers and their condensation in a one step 
process (Scheme 6). The main disadvantage of this synthetic strategy is the possi- 
bility of crosslinking and branching during the polymer building process, which 
results from the independent formation of two covalent bonds required for the clo- 
sure of each constitutive macrocycle of the polycatenane. The obtained polymer is 
likely to be an undefined network, containing some rotaxane and catenane units, 
depicted schematically as 17, instead of a truly linear polycatenane 16. Although 
the multifunctional polycondensation approach towards polycatenanes 9 seems to 
be the simplest, no experimental attempt has yet been described [l, 391. 

14 

\ 
16 

17 
0 = template 

Scheme 6. The multifunctional polycondensation synthetic strategy to polycatenane. 
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The principle of the second synthetic approach to polycatenanes, i.e. stepwise 
polycondensation, has been proposed by Shaffer and Tsay, but not experimentally 
demonstrated [42, 431. This approach has the advantage over multifunctional 
polycondensation that a linear polymer is formed before cyclization (Scheme 7). 
However, the second step, which consists of the cyclization of n macrocycles 
along the polymer chain 19, is likely, again, to give rise to an undefined network, 
containing some rotaxane and catenane units 21, similar to the multifunctional 
polycondensation approach. 

The reason for the failure to reach a linear polycatenane 20 is rooted in the low 
yield of most of the cyclization reactions involving large macrocycles made of 
tens of atoms [l, 391. A remarkable example of the cyclization reaction of cate- 
nane rings, proceeding with an isolated yield of 92%, has recently been reported 
by Sauvage and Grubbs [44 b]. The cyclization procedure involves the use of Ru 
complex 23 as catalyst for the intramolecular ring-closing metathesis and has 
been applied to the formation of the catenane 24 (Scheme 8). It is believed that 
the remarkable efficiency of the intramolecular ring-closing metathesis reaction 
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CIh,. ';cy:,,,Ph 
Ru- 

CI' icy, Ph 

22 Cy = cyclohexane 24 

Scheme 8. Highly efficient cyclization reaction reported by Grubbs and Sauvage [44b]. 

results from the pre-organization of the olefins, induced by electrostatic interac- 
tions between the oxygen atoms and the phenanthroline moieties [44 b]. If the re- 
action conditions could be optimized to reach a quantitative yield, this new cycli- 
zation method could pave the way to the synthesis of linear polycatenanes by 
stepwise polycondensation. 

An experimental attempt towards polycatenanes 9, based on a strategy related to 
the stepwise polycondensation approach, was reported in the seventies. Karagoumis 
et al. took advantage of the interface between a nonpolar phase (air, CC14) and a 
polar phase (H20, Hg) to orient alkanes a,o-disubstituted with polar groups 
(Scheme 9) [45]. The successive addition of macrocycles of ring sizes 15-60 atoms 
and of difunctional species, susceptible to reaction with the a,o-disubstituted al- 

29 

Scheme 9. Synthetic strategy towards polycatenane according to Karagoumis [45]. 
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kanes was expected to lead to linear polycatenanes 9. However, despite a battery of 
characterization attempts, including gas chromatography, NMR and IR spectroscopy, 
and mass spectrometry, the formation of truly linear polycatenanes is questionable 
for three reasons. First, only a few of the macrocycles 26 were large enough, i.e. 
44 atoms or larger, to be threaded by two other macrocycles [39, 4-81. Second, 
the high local concentration of monomers at the interface is more likely to afford 
linear polycondensates than macrocycles. Third, the ratio between the macrocycles 
26 and the a,o-disubstituted alkanes 25 was, at most, equal to unity, precluding the 
formation of the polycatenane precursor 27. Furthermore, even if this ratio were to 
reach unity, an extremely efficient threading process would still be required, which 
seems unlikely in the light of the recent results of Gibson and Zilkha [39]. The three 
aforementioned arguments definitively lead to the conclusion that oligorotaxanes 7 
were formed instead of linear polycatenanes 9. 

Two outstanding forerunners of high molecular-weight polycatenanes are the 
[5]catenane 30, also named olympiadane, and the [7]catenanes 31 reported by 
Stoddart and coworkers (Scheme 10) [46, 491. The synthetic strategy leading to 

30 

31 

0 
0 
Scheme 10. Chemical structures of the [5]-  and [7]catenanes reported by Stoddart [46, 491. 
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the olympiadane 30 and the heptacatenanes 31 differs fundamentally from the 
multifunctional and the stepwise polycondensation, depicted in Schemes 6 and 7, 
in that no molecular weight distribution occurs. Specifically, the synthesis of [5]- 
and [7]catenanes 30 and 31 is based on a multistep template-directed approach, 
where each step involves separation and purification procedures, affording olym- 
piadane 30 and the heptacatenanes 31 as pure compounds (see Chapter 7) [46, 
491. 

From a conceptual viewpoint, the [5]- and [7]catenanes 30 and 31 can also be 
viewed as the basic structural elements of an ‘Olympic network’ 32, i.e. a network 
composed only of interlocked macrocycles as sketched in Scheme 11 [lo, 501. It 
could be expected that such a topological network will have unusual viscoelastic 
behavior, resulting directly from the fact that the constitutive macrocycles of the 
network are only held together by topological bonds [lo, 501. In particular, olym- 
pic network 32 should enable large energy dissipation and rapid stress relaxation, 
because of the unusual mobility elements present in the catenane units (see Sec- 
tion 10.3). Despite the structural and physical interests in an Olympic network 32, 
no synthetic attempts have yet been reported. Interestingly enough, kinetoplast 
DNA of Crithidiu fusciulutu forms an Olympic network, composed of several 
thousand topologically interlocked DNA minicircles, each of those DNA minicir- 
cles being topologically connected to three or six neighboring DNA minicircles, 
as demonstrated by transmission electron microscopy and high-resolution electro- 
phoresis on agarose gels [51]. 

Scheme 11. Pictorial repre- 
sentation of an ‘Olympic net- 
work’ [ lo]. 



256 10 Polycatenanes, Poly[2]catenanes, and Polymeric Catenanes 

In this section the unprecedented oligocatenanes, i.e. the [5]- and [7]catenanes 
30 and 31 and the scarce experimental approaches to high molecular-weight linear 
polycatenane 9 have been presented. No synthetic Olympic network 32 has been 
reported to date, although their DNA analogs are known. The next section is dedi- 
cated to a new type of macromolecular architecture, structurally related to polycat- 
enane 9, i.e. poly[2]catenanes. 

10.3 Poly[2]catenanes Linked by Alternating 
Topological and Covalent Bonds 

Because of the impressive challenge of the synthesis of a linear high molecular- 
weight polycatenane 9, some effort has been directed towards the synthesis of the 
poly[2]catenane 10. Because the poly[2]catenane 10 conserves the essential struc- 
tural feature of the polycatenane 9, i.e. the presence of topological bonds in the 
polymer main chain [30, 52, 531, it is expected that the unusual properties pre- 
dicted for polycatenane 9 and resulting directly from the presence of topological 
bonds in the polymer main chain will also be seen for poly[2]catenane 10, which 
contains alternate covalent and topological bonds [52, 531. Conceptually, the syn- 
thesis of poly[2]catenane 10 does not present any particular difficulty, because it 
simply involves the synthesis of a difunctionalized catenane precursor 37 and its 
step-growth copolymerization with a spacer 38 (Scheme 12) [37, 381. 

The direct consequence of the simple synthetic strategy leading to poly[2]catenane 
10 is that one can envisage the synthesis of 10 on a multigram scale. This paves 
the way to the physical studies aimed at understanding the new dynamic, confor- 
mational, rheological, and mechanical behavior expected to result directly from 
introduction of topological bonds into a polymer main chain [%I. A first step 
towards this ultimate goal is the synthesis of poly[2]catenanes containing cate- 
nanes of various chemical structure and ring mobilities, connected by either 
semirigid or rigid spacers [52, 531. Below, the various chemical approaches to 
poly[2]catenanes 10 are presented and some properties are correlated with the 
mobility of the catenane units. 

Although the synthesis of poly[2]catenanes 10 has often been evoked, the very 
first successful synthetic attempts to oligo[2]catenanes 39 was only reported by 
Geerts et al. in 1995 (Scheme 13) [30]. In this work the catenane units are of the 
Hunter-Vogtle type, i.e. composed of two interlocked rigid aromatic amide macro- 
cycles (see Chapter 8) [3, 41, 54, 551. This type of catenane has the advantages 
of preparation by a two-step synthesis and easy functionalization, but the draw- 
back of a rather poor solubility, even in polar organic solvents, and low reactivity 
towards step-growth polymerization [30, 561. Another characteristic feature of the 
difunctionalized [2]catenanes of the Hunter-Vogtle type is their existence as three 
different isomers, i.e. IN-IN 40, IN-OUT 41, and OUT-OUT 42 (Scheme 14), 
which cannot be interconverted even at high temperature [3, 30, 41, 52, 56, 571. 
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a) Formation of difunctionalized catenane precursor 
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b) Copolymerization with a spacer 
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37 

L Jn 
10 

Scheme 12. Synthetic strategy to 
poly[2]catenane 10. 

Scheme 13. First example of 
oligo[2]catenane [30]. 

The rings bearing the substituents OUT (IN) of the catenane structure are referred 
to as OUT (IN) rings, respectively [3, 41, 57 b]. 

It has been observed that the isomers 41c,d and 42c,d have the same low reac- 
tivity towards polycondensation, irrespective of the reaction conditions and that 
only oligo[2]catenanes were reached [30, 561. This important finding rules out the 
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40 (IN - IN) 41 (IN - OUT) 

a : R = O M e  
b : R = OBz 
c : R = O H  
d : R = B r  

Scheme 14. Catenane isomers 4042.  
The rings bearing the substituents 
OUT (IN) of the catenane structure 

d 
42 (OUT - OUT) 

are referred to as OUT (IN) rings, 
respectively. 

influence of the position of the substituents, either OUT or IN, of the catenanes 
41c,d and 42c,d on their reactivity towards step-growth polymerization. Clearly, 
the inertness towards stepgrowth polymerization of the catenanes 41c,d and 
42c,d must be related to their low solubility in organic solvents, because of their 
compact structure and intermolecular hydrogen bonding [37, 521. To increase the 
solubility and to restrict the mobility of their interlocked macrocycles, the diben- 
zyloxy[2]catenanes 41b and 42b were subjected to methylation of the amide func- 
tions, affording the catenanes 43 and 45, respectively (Scheme 15) [37, 521. 

Despite the presence of eight amide functions on the catenanes, only seven 
methyl groups could be introduced on the dibenzyloxy[2]catenane 41b whereas 
all amide functions of the dibenzyloxy[2]catenane 42b were methylated under 
comparable reaction conditions, i.e. large excess of methyl iodide and sodium hy- 
dride [37, 521. Characteristically, the reactivity difference between the dibenzyl- 
oxy[2]catenanes 41b and 42b reflects the unique behavior of catenane macro- 
cycles, where the reactivity of one macrocycle is governed by the presence of the 
other [37, 581. Interestingly, both difunctionalized [2]catenanes 44 and 46 ob- 
tained after the deprotection of the hydroxy functions show the same reactivity to- 
wards polycondensation, affording high molecular-weight poly[2]catenanes 48 and 
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45 
6 6 

46 

Scheme 15. Synthesis of rigid catenane monomers 44 and 46: (i) excess of NaH, and MeI, 
(ii) H2S04-CH3COOH-H20 (3 : 2 : 1). 

Table 1. Molecular-weight averages, monomer lengths (1) and estimated upper value of the Kuhn 
segment lengths (ld of the poly[2]catenanes 48, 49, and 59, and the poly(2lcatenands 51,56. 

Polymer Mn p n  M W  MnlMw 1(A) lk (A) 

48 3 . 2 ~ 1 0 ~  a) 1 2a' 5 . 9 ~ 1 0 ~  a) 1.8 28 27b' 

51b 2 . 5 ~ 1 0 ~  ") 9a' 4 . 2 ~ 1 0 ~  a) 1.7 32 27" 
56 8 . 1 ~ 1 0 ~  c,d) 61OCZd' 3 . 3 ~ 1 0 ~  c.d) 4.1 

49 5 . 3 ~ 1 0 ~  a) 20"' 9 . 4 ~ 1 0 ~  a) 1.8 28 44b' 

59 2 . 6 ~ 1 0 ~  e, 17=' 3 . 0 ~ 1 0 ~  e,  1.2 
- - 

- - 

~ 

") Universal calibration. b, In THF [37, 561. ') In DMF [38, 561. d)Calibration with polystyrene stan- 
dard [60]. "'In water, calibration with ribonuclease A, chymotrypsinogen A, ovalbumin, albumin, blue 
dextran 2000 and lactose as standards [62]. 

49 with rigid catenane segments (Scheme 16) [37, 521. The molecular-weight 
averages of the poly[2]catenanes 48 and 49, determined by gel-permeation chro- 
matography with universal calibration, are collected in Table 1. The importance of 
universal calibration for the poly[2]catenanes 48 and 49 must be stressed. It en- 
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Scheme 16. Synthesis of poIy[2]catenanes 48 and 49, (i) 4-(dimethylamino)pyridine-p-t01- 
uenesulfonic acid 1 : 1 complex plus Nfl-diisopropylcarbodiimide. 

ables the determination of an absolute molecular-weight distribution whereas con- 
ventional polystyrene calibration leads only to a relative molecular weight distri- 
bution which is dependent upon solvent. Interestingly enough, the number-aver- 
age degree of polymerization (P,), i.e. the number of repeat units derived from 
the number-average molecular weight, of the poly[2]catenanes 48 and 49 reaches 
12 and 20, respectively [37]. 

The high rigidity of the catenane segments has been demonstrated by a tem- 
perature-dependent 'H NMR spectroscopic study of the catenane monomers 44 
and 46 [37, 521. Almost no temperature dependence was observed for the line 
shape of the spectra of the catenane monomers 44 and 46 whereas the tempera- 
ture had a dramatic influence on the spectra of the unmethylated catenanes 41b,d 
and 42b,d [30, 37, 52, 561. Therefore, the poly[2]catenanes 48 and 49 represent 
one extreme case where there is very little relative mobility of the macrocycles of 
the catenane segments. 

Unlike the poly[2]catenanes 48 and 49, the poly[2]catenand 51b, containing 
catenane segments prepared from large macrocycles (45 atoms) represents the 
other extreme in view of the high mobility of the macrocycles of the catenane 
units (Scheme 17) [53, 581. From a synthetic viewpoint, the large mobility of the 
dihydroxy[2]catenand 50b has a dramatic influence on the resulting polycondensa- 
tion products (Scheme 18). 

Specifically, the co-polycondensation reaction of the dihydroxy[2]catenand 50b 
with the terephthalic acid derivative 47 does not proceed to high molecular- 
weight but affords preferentially the cyclic oligo[2]catenands 52 with n= 1,2,3 as 
shown by matrix-assisted time-of-flight mass spectrometry (MALDI-TOMS) 
[56]. Besides the high structural flexibility of the dihydroxy[2]catenand 50b, an- 
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Scheme 17. Chemical structure of the [2]catenate 50a and the poly[2]catenate 51a, and of 
their corresponding [2]catenand 50b and poly[2]catenmd 51b. The P E  counter-ions have 
been omitted for clarity. 

50b + 47 

\ 0 
R = - 0  0 

W 

Scheme 18. Synthesis of the 
oligo[2]catenands 52: (i) 4-(di- 
methy1amino)pyridine-p- tolu- 
enesulfonic acid 1 : 1 complex 
plus N,M-diisopropylcarbodi- 
imide. 

other factor can be invoked to account for the preferential formation of cyclic 
oligo[2]catenands 52 instead of linear poly[2]catenand 51b, i.e. the size of the 
catenand monomers, reducing the diffision constant and reaction rate of the grow- 
ing oligo[2]catenand chain. Thus, it is likely that cyclization, which is a unimole- 
cular process independent of diffusion, is favored over step-growth polymerization 
WI. 
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50a + 47 

U 51b 4’ 

Scheme 19. Synthesis of the poly[2]catenand 51b via demetalation of the poly[2]catenate 
51a: (i) 4-(dimethylamino)pyridine-p-toluenesulfonic acid 1 : 1 complex plus NJV-diisopro- 
pylcarbodiimide; (ii) KCN, THE 

Consequently, the linear, high molecular-weight poly[2]catenand 51b is only 
accessible via the polycondensation of the dihydroxy[2]catenate 50a, yielding the 
poly[2]catenate 51a, which is then quantitatively demetalated to afford the 
poly[2]catenand 51b (Scheme 19) [38]. The average molecular weights of the 
poly[2]catenand 51b, obtained by GPC using a universal calibration curve, indi- 
cate that Mn=2.5x104, corresponding to Pn=9, and that M,=4.2x1O4 (Table 1) 
[38, 561. Presumably, the large size of the dihydroxy[2]catenate 50a with the ter- 
ephthalic acid derivative 47 account for the rather modest average number of re- 
peat units. 

Shimada and coworkers recently reported the synthesis of the poly[2]catenand 
56, which is structurally related to the poly[2]catenand 51b (Scheme 20) [60]. 
Similarly to what has been observed for the co-polycondensation of the dihy- 
droxy[2]catenand 50b with the terephthalic acid derivative 47, the reaction of the 
diamino[2]catenand 53 with adipoyl dichloride affords mainly the ‘Pretzel’-shaped 
compound 54 [3, 41, 601. The poly[2]catenand 56 has been obtained via the poly- 
condensation of the diamino[2]catenate 54 with adipoyl dichloride, yielding the 
poly[2]catenate 55. Subsequently, the demetalation of the latter affords the linear 
poly[2]catenand 56 with M,= 8. 1x105, using polystyrene standards, which corre- 
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U 

56 

Scheme 20. Synthesis of the poly[2]catenand 56 via demetalation of the poly[2]catenate 
55: (i) CU(CH~CN)~BF~, (ii) C1OC(CH2)&OC1, (iii) KCN, CH3CN/H20. 

sponds to Pn=610 repeat units [60]. It is still unclear why the poly[2]catenand 56 
has such a large P,, when it is generally admitted that polycondensates of conven- 
tional monomers have a P, which is lower by one order of magnitude [61]. More- 
over, the very large number of repeat units, P,=610, of the poly[2]catenand 56 is 
even more enigmatic in view of the number of repeat units, 9<Pn120, of the 
poly[2]catenanes 48,49 and of the poly[2]catenand 51 reported above. 

It is clear from comparison of the reactivity towards polycondensation of the 
difunctionalized [2]catenand 50b and 53 with their corresponding difunctionalized 
[2]catenates 50a and 54, respectively, that the mobility of the interlocked macro- 
cycles of catenanes plays a fundamental role for the nature of the resulting poly- 
condensates - either cyclic oligo[2]catenanes 52,54 or linear high molecular- 
weight poly[2]catenanes 51b,56 (Schemes 18-20). 



264 I0 Polycatenanes, Poly[2]catenanes, and Polymeric Catenanes 
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Scheme 21. Synthesis of the poly[2]catenane 59. For the sake of clarity, the counter-ions 
have been omitted and only one isomer is represented [62]. 

Besides the poly[2]catenanes 48,49 and the poly[2]catenands 51,56 hitherto 
mentioned, Stoddard et al. have reported the poly[2]catenane 59, obtained from 
the step-growth copolymerization of the dibenzyl alcohol [2]catenane 57 with di- 
isocyanate 58 (Scheme 21) [62]. The resulting poly[2]catenane 59 is soluble in 
water, because of the presence of four positive charges per repeat unit, Cl- being 
the counter-ions. Therefore, poly[2]catenane 59 is a polyelectrolyte and has been 
characterized by GPC on Sephadex column with aqueous NaCl solution as mobile 
phase. The molecular weight averages M, = 2 . 6 ~ 1 0 ~  and M,= 3 . 0 ~ 1 0 ~  indicate 
that the polymerization proceeds to high molecular weight [62]. But, no indica- 
tion of the presence of cyclic oligo[2]catenanes has been reported. However, 
based on the reactivity of the difunctionalized [2]catenand 50b and 53, it is rea- 
sonable to assume that cyclic oligo[2]catenanes are also formed besides the linear 
poly[2]catenane 59 [37,56]. 

After having reviewed the chemical structure of the poly[2]catenanes existing 
to date, and having stressed the importance of the catenane mobility on the poly- 
condensation products, it is appropriate to consider the role of the flexibility of 
the catenane segments on the conformation of the poly[2]catenanes. For this pur- 
pose, we will compare the poly[2]catenanes 48,49 and the poly[2]catenand 51b 
with highly rigid and highly mobile catenane units, respectively, and for which 
some experimental data exist (Table 1). From a conceptual viewpoint, the mobili- 
ty elements present in the catenane segments of poly[2]catenanes can be divided 
into an elongational mobility element (a) and two rotational mobility elements 
(j3, y )  (Scheme 22). 

The elongational mobility element a which is characteristic of the motions of 
catenane macrocycles can be estimated to vary between 0 and 6 A  for the 
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P 

Scheme 22. Mobility elements 
contained in a highly mobile ca- 
tenane unit. 

poly[2]catenand 51b whereas a is expected to be frozen for poly[2]catenanes 
48,49 [37, 38, 561. The mobility element y, which corresponds to rocking motion, 
is defined as the angle between the planes of the catenane macrocycles. This mo- 
bility element occurs in numerous polymers, whereas the angle between the two 
spacer segments connected to the catenane unit, p, is a mobility element which is 
only present in poly[2]catenanes [37, 38, 561. The latter mobility element can be 
estimated for the poly[2]catenand 51b to vary freely from 60" to 300" taking into 
account the thickness of the catenane units, whereas p is fixed around 60" and 
150" for the poly[2]catenanes 48,49 (Scheme 23). 

Considering the large variation of p for the poly[2]catenand 51b, it is expected 
that little correlation will exist between the spatial orientation of neighboring 
monomer segments and that it will represent the closest synthetic equivalent of 
the freely jointed chain model [63]. In this model, a real polymer chain is re- 
placed by an equivalent chain consisting of N rectilinear segments of length I, the 
spatial orientations of which are mutually independent (Scheme 24) [63]. 

The Kuhn segment length (Zk) of a polymer chain is a characteristic of its equi- 
librium flexibility in a given solvent. The smaller the Kuhn segment length, the 
more flexible is the polymer chain. Typical values of lk range from 15-30 8, for 
highly flexible polymers to 150-300A for rigid rods [64]. Considering that the 
poly[2]catenand 51b can be adequately represented by the freely jointed chain 
model, lk has been estimated, as an upper value, from GPC and viscometry re- 
sults in a good solvent (Table 1) [38, 561. Its upper value of &=27 8, is surpris- 
ingly lower than the length of the constitutive monomer segment, 1=32 A. It is 
obvious that the elements of mobility, p and a of the poly[2]catenand 51b, arising 
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6 P Scheme 23. 'Snapshot' of the confor- 
mation of idealized poly[2]catenane 48 
(top) and poly[2]catenane 49 (bottom) 
[37, 561. 

from the topological bonds as well as the flexibility of the ethyleneoxy bridges 
and of the benzyl ester bonds, must be considered to account for the low value of 
the Kuhn segment length [38, 561. Furthermore, despite the very compact struc- 
ture of poly[2]catenand 51b, its upper limit of lk=27 A matches that of a conven- 
tional flexible polymer in a good solvent, e.g. polystyrene in benzene, 1,=25 A 
[65]. This finding corroborates the assumption that there is little correlation 
between the spatial orientation of neighboring monomer segments of 
poly[2]catenand 51b and that this polymer is correctly described by the freely 
jointed chain model (Scheme 24) [38, 561. 

Surprisingly enough, viscometry results for the poly[2]catenanes 48,49 in a 
good solvent (tetrahydrofuran) indicate that these polymers can also be adequately 
approximated by the freely jointed chain model [37, 561. Therefore, their upper 
limit of the Kuhn segment length has been determined to be Zk=27 A and 
d k = u  A for the poly[2lcatenanes 48,49, respectively, both polymers having the 
same length of monomer segment, 1=28 A. Clearly, the poly[2]catenane 48 forms 
a more compact coil in solution than does the poly[2]catenane 49 (Scheme 23) 
[38]. It can be concluded from the comparison of the estimated upper limit of the 
Kuhn segment lengths of the poly[2]catenanes 48,49 and of the poly[2]catenand 
51b that the nature of the catenane unit, i.e. highly mobile compared with highly 
rigid, and of the catenane geometry, i.e. OUT-IN isomer compared with OUT- 
OUT isomer, has a dramatic influence on the conformation of poly[2]catenanes 
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Scheme 24. 'Snapshot' of the conformation 
of a freely jointed chain (top) and idealized 
poly[2]catenand 51b [56]. 

[37,38,56]. This conclusion stresses theimportance of comparison ofpoly[2]catenanes 
containing catenane units of various chemical structures for the understanding of 
their properties. 

It can be concluded from this section on poly[2]catenanes that work aimed at 
the introduction of catenane units into a polymer main chain brings several new 
features in terms of (i) macromolecular architecture, (ii) monomer reactivity, and 
(iii) polymer conformation. First, the poly[2]catenanes represent an unprecedented 
macromolecular architecture where the constitutive segments of the polymer chain 
are mechanically connected. Second, highly mobile difunctionalized [2]catenane 
monomers, when subjected to polycondensation reaction, lead preferentially to 
cyclic oligo[2]catenanes rather than to linear high molecular-weight poly[2]catenanes. 
Consequently, the latter are only accessible if the mobility elements of the difunc- 
tionalized [2]catenane monomers are restricted. Third, the unusual mobility ele- 
ments present in the catenane segments have a definite influence on the resulting 
conformation of the poly[2]catenanes. 
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10.4 Catenated Cyclic Polymers 

The subject of the previous section was the introduction of topological bonds into 
a polymer main chain. In this section, a closely related topic with implications in 
polymer science is considered, i.e. the presence of a defined topological bond be- 
tween two cyclic polymers, therefore forming the polymeric catenane ll. In fact, 
the occurrence of ring threading and formation of polymeric catenane 11 is long- 
standing problem in the synthesis and characterization of cyclic polymers [35, 66, 
671. Several authors have attempted the synthesis of polymeric catenane 11 either 
by statistical or directed syntheses with various amounts of success [31-33, 361. 
The formation of cyclic polymers requires high-dilution or pseudo-high-dilution 
conditions, rendering the ring threading and direct formation of polymeric cate- 
nane 11 extremely improbable. Attempts to favor ring threading by covalently 
linking two polymer chains have been proposed by Coqueret and Wegner accord- 
ing to Scheme 25 [32]. A similar synthetic strategy, leading probably to polymer- 
ic catenane 11, has been mentioned by Schober et al. [36]. However, to the best 
of our knowledge the synthesis, isolation, and purification of polymeric catenanes 
11 have not been demonstrated by this method. 

Scheme 25. Directed syn- 

meric catenane 64, accord- 
ing to Coqueret and Wegner 

63 64 WI. 

To circumvent the additional difficulties arising from the separation of polydis- 
persed cyclic, linear and catenated species, Semlyen and coworkers proposed an 
ingenious method for the easy separation of cyclic and linear species, using poly- 
mer-supported reagents [33]. The key idea is to adsorb linear polyesters, polymer- 
ized in situ by electrostatic interaction of their carboxylic acid end groups with an 
anion exchange resin, whereas cyclic polyesters, having no carboxylic acid end 
groups, remain in solution (Scheme 26). It was suggested that some polymeric 
catenanes 11 might have formed when the polymerization reaction was carried out 
in the presence of a substantial amount of cyclic polyesters. However, no definite 
evidence of catenane formation has yet been reported [33]. 
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= Polymer-suppotl -@ = -N+(CH& Br-COO- I o-bromoalkyiacld 

B r v m '  = ts-bromopolyester 

Scheme 26. Proposed synthesis of polymeric catenane 11, with anion-exchange separation 
of cyclic species from linear polymers [33]. 

Similar to the characterization of catenanes 1, the most efficient method for the 
characterization of polymeric catenanes 11, being formed from two cyclic poly- 
mers of comparable chemical structure, is certainly mass spectrometry [5, 291. 
However, in contrast to catenanes 1, which can be isolated as pure compounds, 
the polymeric catenanes 11 are probably characterized by a molecular-weight dis- 
tribution, therefore creating additional characterization difficulties. Recently, Leb- 
rilla and coworkers have ruled out the formation of catenated cyclic oligomers 67 
from their corresponding cyclic oligomers 66 by fast atom bombardment (FAB) 
and electrospray ionization (ESI) mass spectrometry (Scheme 27) [68]. The 
authors took advantage of the oligomeric nature of 67 to separate the different re- 
action products by preparative thin layer chromatography before analysis. Struc- 
ture elucidation was based on the different fragmentation behavior of catenated 
cyclic oligomers 67 from that of cyclic oligomers 66. In particular, under mild 
conditions the occurrence of fragmentation can only be expected for catenated 
structures which require the cleavage of only one covalent bond whereas non cat- 
enated cyclic structures need successive cleavage of two covalent bonds to yield 
fragments [68]. The peaks observed by mass spectrometry under the mildest con- 
ditions have clearly been attributed to fragments of the cyclic oligomers 66; this 
therefore establishes the absence of catenated cyclic oligomers 67 [68]. 
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0 0  

65 

? 67 

Scheme 27. Synthesis of cyclic oligoesters 66 and possible formation of catenated oligo- 
mers 67. R=(CH2)1-3; n=1-7: (i) (ILE%u)~N+F, THF; (ii) toluene [68]. 

A totally new situation in terms of synthesis, separation, and characterization 
arises if the two cyclic polymers of a polymeric catenane have different chemical 
nature [31]. Hogen-Esch and coworkers reported the first example of catenated 
block copolymers 72 in which one cyclic polymer is polystyrene and the other is 
poly(2-vinylpyridine) (Scheme 28) [31]. The synthesis is based on a two-step 
approach. The first step consists of the preparation of a large amount of cyclic 
polystyrene 70 by the cyclization of the polystyrene dianion 68 with 1,4- 
bis(bromomethy1benzene) (69) under high dilution and the separation of 70 from 
the linear species. In the second step a large quantity of cyclic polystyrene 70 is 
added to the poly(2-vinylpyridine) dianion 71 before cyclization. The cyclization 
reaction is then conducted under high dilution with 1,4-bis(bromornethylbenzene) 
(69) to afford the desired catenated block copolymers 72 and some linear and cy- 
clic poly(2-vinylpyridine) 73 as side products [31]. The fact that the two cyclic 
polymers forming the catenated copolymers 72 have orthogonal solubilities brings 
a decisive advantage in terms of separation and characterization of the reaction 
products. Specifically, the reaction products were extracted with cyclohexane, i.e. 
a solvent for the cyclic polystyrene 70 and a nonsolvent for the linear and cyclic 
poly(2-vinylpyridine) 73. The reaction products were then extracted with metha- 
nol, i.e. a solvent for the linear and cyclic poly(2-vinylpyridine) 73 and a nonsol- 
vent for the cyclic polystyrene 70. Consequently, the remaining reaction products 
which are not soluble in methanol and cyclohexane but soluble in tetrahydrofuran, 
a solvent for both cyclic polystyrene 70 and cyclic poly(2-vinylpyridine) 73, 
could only be the catenated block copolymers 72. The chemical structure of the 
catenated block copolymers 72 has further been demonstrated by GPC, i.e. the 
peak molecular weight (Mp) of 72 corresponding to the sum of the molecular 
weight distribution of the cyclic polystyrene 70 and cyclic poly(2-vinylpyridine) 
73, Mp=4500 and Mp=5500, respectively. Moreover, the ‘H Nh4R and UV-vis 
spectroscopic analyses agree well with the results from GPC and c o n f m  the 
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Scheme 28. Polymeric cate- 
nane copolymer 68: bold 
ring, cyclic polystyrene; 
dashed ring, cyclic poly(2-vi- 
nylpyridine) [31]. 

composition of the catenated block copolymers 72 [3 11. This unprecedented syn- 
thesis of catenated block copolymers 72 paves the way to the study of their solu- 
tion properties, dynamics, and bulk morphology. On one hand, it can already be 
expected that the conformation in solution of one cyclic polymer will be influ- 
enced by the excluded volume resulting from the presence of the other inter- 
locked cyclic polymer. On the other hand, the extent of phase separation between 
the polystyrene and polyvinylpyridine cyclic polymers and the resulting bulk mor- 
phology will certainly be relevant to understanding the interdiffusion of two im- 
miscible polymers at their interface [ 131. 

To be comprehensive, it should also be mentioned that besides the unique 
example of the polymeric catenane 72, there exist numerous examples of DNA 
catenanes [34, 50, 51, 69-73] and a few examples of protein catenanes [74]. 
However, these aspects are beyond the scope of this section and are treated in 
Chapter 12. 

With the exception of DNA catenanes and protein catenanes, and despite var- 
ious synthetic attempts, only one polymeric catenane structure, i.e. the catenated 
block copolymer 72, is known [31]. Evidently, the fact that the two constitutive 
cyclic polymers have two different chemical structures greatly facilitates the syn- 
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thesis, purification, and characterization of 72. For polymeric catenanes 11 pre- 
pared from two cyclic polymers of identical chemical structure, it is expected that 
the separation procedure will be tedious and that definitive evidence for the poly- 
meric catenane structure will be more easily obtained by mass spectroscopy than 
by other experimental techniques [68]. 

10.5 Conclusions and Perspective 

The interest in and fascination with macromolecular architectures containing de- 
fined topological bonds arise, on the one hand, from the synthesis of well-defined 
polymers of ever increasing structural complexity and, on the other hand, from 
the prospect of discovering new physical behavior resulting directly from the pres- 
ence of topological bonds. 

This chapter has been dedicated mainly to synthetic aspects of three structural- 
ly related new macromolecular architectures: i.e. polycatenane 9, poly[2]catenane 
10, and polymeric catenane 11, all of which contain defined topological bonds 
[38]. A truly high molecular-weight polycatenane 9 has never been reached to 
date, although some oligocatenanes, the [5]- and [7]catenanes 30 and 31 have 
been reported [46, 491. Conversely, the syntheses of high molecular-weight 
poly[2]catenanes 48, 49, 51b, 56, and 59 have been demonstrated [30, 37, 38, 52, 
53, 56, 621. In particular, the poly[2]catenanes 48, 49, containing rigid catenane 
segments and the poly[2]catenanes 51b, containing highly flexible catenane units, 
have been characterized and some of their solution properties explored [37, 381. 
In the field of polymeric catenanes 11, only the catenated block copolymers 72, 
composed of two cyclic polymers of different chemical structure, have been re- 
ported [3 11. Clearly, the synthesis of macromolecular architectures containing de- 
fined topological bonds is still in its infancy. Future synthetic challenges comprise 
intriguing macromolecules such as polycatenane 9, linear poly[3]catenane 74, 
poly[2]catenane network 75, multicatenane network 76, rigid polymeric catenane 
77, polymeric trefoil knot 78, and polyknot 79 [75] to cite only a few. 

Another synthetic aspect, which cannot be overlooked, is the preparation of the 
unprecedented macromolecular architectures aforementioned on a multigram scale 
to enable investigation of their physical behavior. This synthetic aspect is far from 
being trivial because the synthesis of macromolecular architectures containing de- 
fined topological bonds involves at least one cyclization reaction. Such reactions 
require high dilution conditions and generally proceed in moderate yield. There- 
fore, the development of highly efficient cyclization methods: i.e. yield over 95%, 
for the synthesis of large macrocycles and even cyclic polymers remains a very 
challenging problem. 

Beside synthetic features, the investigation of unprecedented physical behavior 
resulting directly from the presence of defined topological bonds is particularly 
exciting. The most directly accessible macromolecular architecture for physical 
measurements is the poly[2]catenane 10, because poly[2]catenanes containing 
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Scheme 29. Unreported 
macromolecular architectures 
containing defined topologi- 
cal bonds: polycatenane 9, 
linear poly[3]catenane 74, 
poly[2]catenane network 75, 
multicatenane network 76, 

78 rigid polymeric catenane 77, 
polymeric trefoil knot 78, 
and polyknot 79. 

either rigid catenane segments or highly flexible catenane segments have been 
prepared [37, 381. Physical studies involve investigation of the conformation of 
10 in solution by comparative small-angle X-ray and neutron-scattering measure- 
ments [76]. Another intriguing feature of poly[2]catenane physics is the impor- 
tance of catenane mobility on the rheological behavior in solution and solid state 
and in particular the influence of temperature on the shear viscosity. A related key 
question which will most adequately be addressed by nuclear magnetic resonance 
is the dynamics of the catenane segments in the solid state [56,77]. In other 
words, does the catenane segment conserve its mobility and are they preferential 
modes of motion, i.e. elongational rather than rotational modes (Scheme 22)? 
This question is also highly relevant to the rigid polymeric catenane 77. Directly 
related to catenane mobility are investigation of viscoelastic behavior and the 
glass transition, which deserve attention on their own right. Obviously, compar- 
able physical studies on the polycatenane 9, poly[3]catenane 74, poly[2]catenane 
network 75, multicatenane network 76, and polyknot 79 [75], all of which are 
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structurally related to linear poly[2]catenane 10, are highly appropriate and will 
enable the derivation of accurate structure-property relationships. The physical ex- 
periments anticipated above concern the physics of many polymer chains sampled 
together. However, recent developments in atomic force microscopy on single 
polymer chains pave the way to the investigation of the viscoelastic behavior of a 
single poly[2]catenane chain; the prospect of mechanically addressing catenane 
mobility at a molecular scale is thus becoming conceivable [78]. 

All this reflects excitement by today’s knowledge and, even more fascinating, 
tomorrow’s potential developments conjointly in the synthetic chemistry and ex- 
perimental physics of macromolecular architectures containing defined topological 
bonds. 
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11 Polyrotaxanes - Syntheses and Properties 

Caiguo Gong and Hany W. Gibson 

11.1 Introduction 

As depicted in structures 1 and 2, rotaxanes are molecular composites consisting 
of cyclic and linear molecules in which the two components are connected to- 
gether without any covalent bond, i.e., mechanically. Structure 1 is a pseudorotax- 
ane because the cyclic, represented by an open ring, can be disassociated from the 
linear species by external forces, e.g., dilution and heating in the solution state. 
Structure 2 is a true rotaxane, because the cyclic is permanently confined between 
two bulky blocking groups (BG), represented by the two balls, and can not slip 
off the linear molecule. 

3- 
2: Rotaxanc 1: Preudorotuuic 

It was in 1958 when Luttringhaus et al. discussed possible methods for the 
preparation of such structures for the first time [I]. Although no interlocked rotax- 
anes were isolated, this original paper is important as it intrigued the powerful 
imagination of mankind in the realm of supramolecular chemistry. In 1961, Frisch 
and Wasserman further discussed these structures [2], but it was not until the late 
1960s when such entities were experimentally demonstrated by Harrison and Har- 
rison [3] and Schill and Zollenkopf 14, 51 through different approaches. Since 
then, owing to their unique identities and unprecedented properties, rotaxanes 
have become one of most active research areas in recent chemistry and much pro- 
gress has been made in this field; this has been discussed intensively in recent re- 
views [6-91. 

On the other hand, polymer science has rapidly reached a stage where special 
and new properties are urgently needed to broaden the applications of polymeric 
materials. In addition to chemical compositions, the properties of polymers are 
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3 

closely related to their architectures, called topologies [6, 10, 111. Thus, exploring 
novel methods for the preparation of polymers with novel structures has become 
an important and challenging task for polymer chemists. The birth of the poly- 
rotaxane field is the result of great effort and intensive studies in this respect. As 
the name implies, a polyrotaxane as shown in structure 3, a new type of macro- 
molecule, is essentially the polymeric analog of the low molar-mass rotaxane 1 
[6-8, 121. 

Different types of polyrotaxanes, depending on how the cyclic and the linear 
units are connected, have been conceived [6-8, 121. According to the location of 
the rotaxane unit, polyrotaxanes can be defined as main-chain systems, Types 4, 
5, 6, 7, and 8 (rows one and two in Table l), and side-chain systems, Types 9, 
10, 11, and 12 (rows three and four in Table 1). In main-chain polyrotaxanes the 
rotaxane unit is part of the main chain. In side-chain polyrotaxanes, the rotaxane 
moiety is located in the side chain as a pendant group. Polyrotaxanes can also be 
classified as polypseudorotaxanes and true polyrotaxanes, depending on their ther- 
mal stability toward dethreading. Polypseudorotaxanes are those without BG (col- 
umn one in Table l), in which the rotaxane components can be disassociated 
from each other by external forces. True polyrotaxanes are those with BG at the 
chain ends or as in-chain units (column two in Table l), in which the rotaxane 
units are thermally stable unless one or more covalent bonds is/are broken. 

Therefore, polyrotaxanes can be simply defined as polymeric materials contain- 
ing rotmane units. They are different from conventional linear homopolymers be- 
cause they always consist of two components, a cyclic species mechanically at- 
tached to a linear species. They also differ from polymer blends as the individual 
species are interlocked together and from block copolymers since the two compo- 
nents are noncovalently connected. Thus new phase behavior, mechanical proper- 
ties, molecular shapes and sizes, and different solution properties are expected for 
polyrotaxanes. Their ultimate properties depend on the chemical compositions of 
the two components, their interaction and compatibility. This review is designed 
to summarize the syntheses of these novel polymers and their properties. 

11.2 General Principles of Polyrotaxane Syntheses 

11.2.1 Nomenclature 

Although many polyrotaxanes have been reported [6-8, 121, no common rules 
have been introduced for their nomenclature. Several structural features of a poly- 
rotaxane must be defined: (i) the basic structure defining the location of the rotax- 
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Table 1. Various polyrotaxane architectures. 

Main 

Chain 

Polypseudorotaxanes 
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Polyrotaxanes 
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ane unit, ‘main chain’ or ‘side chain’; (ii) the stability toward dethreading, 
‘pseudo’ or ‘true’ rotaxane; and (iii) the chemical compositions of the cyclic and 
the threaded species. Therefore a common polyrotaxane can be named as ‘main- 
chain poly(ester/crown ether pseudorotaxane)’. Main chain defines the rotaxane 
unit as a main-chain component. Poly simply means the polymeric structure. Es- 
ter is the backbone composition. Crown ether is the cyclic threaded onto the 
backbone. Pseudorotuxane means by that there are no BG. 
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In addition to the types of structure and chemical compositions, the properties 
of a polyrotaxane are determined by the amount of cyclic incorporated. To define 
such quantities, the mln value was introduced [7, 121. Mln, the threading ef i -  
ciency, was defined for systems of Types 44,  9, and 10 as the average number of 
cyclic molecules per repeat unit [7, 121. However, this definition seems a little 
awkward for polyrotaxanes of v p e s  7, 8, 11, and 12, because in these polyrotax- 
anes the linear component penetrates through the polymeric cyclic instead of the 
cyclic being threaded on to the linear species. To fit all the types in Table 1, we 
redefine mln as the proportion of rotaxane repeat units in the polymer. 

11.2.2 Structural Requirements - 
Size of the Cyclic Species and Blocking Groups 

It is understood that the cavity of the cyclic species must be larger than the cross- 
sectional area of the linear species for threading to occur. The simplest backbone 
is polyethylene with a cross diameter of 4.5 A. It was demonstrated by Harrison 
[13, 141 and Schill and coworkers [15, 161 that a cyclic molecule must contain at 
least 24 atoms, i.e., carbon, nitrogen, or oxygen, to accommodate such a chain. 
Although studies were only concerned with low molar-mass rotaxanes, the result 
is applicable to polyrotaxane systems. Indeed, the smallest ring successfully 
threaded onto a polymer, a polyester, is a 2Cmembered crown ether, as reported 
by Gong and Gibson in a recent paper [17]. 

On the other hand, to constrain the cyclic, the blocking group (BG) has to be 
bulkier than the cavity of the cyclic molecule. Harrison found that a trityl group 
can only block cyclics up to 28-membered whereas the tris(p-t-butylpheny1)- 
methyl moiety can effectively constrain 42-membered cyclics [3, 13, 141. These 
results have been widely applied as a guide in the preparation of polyrotaxanes; 
e.g., monofunctional [18, 191 and difunctional [19-231 BG based on tri- and tetra- 
arylmethane derivatives were successfully prepared and used as end groups and 
in-chain units, respectively, to constrain crown ethers in a variety of polyrotax- 
anes. 

11.2.3 Driving Forces for Threading 

A strong attractive force between the cyclic and the linear species is necessary to 
achieve high yield syntheses of rotaxanes and high m/n values for polyrotaxanes 
[6-8,12]. Different types of driving forces have been explored. Because the re- 
sults from rotaxanes often provide the basis for polyrotaxanes, this section will 
briefly summarize various driving forces used in rotaxane syntheses so that we 
can understand polyrotaxane systems more completely. For specific details regard- 
ing rotaxane syntheses, interested readers are referred to those publications cited 
here and in other reviews [6-93. 
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11.2.3.1 Statistical Threading and Chemical Conversion 

Statistical threading is an approach by which the formation of rotaxanes is based 
on a purely statistical process without any apparent attractive force between the 
linear species and the cyclic molecule; this was first demonstrated in 1967 [3-51. 
It was indicated that the yield of rotaxane by statistical threading depended on the 
size of macrocycle - the larger the size, the higher the yield. Because AH is nearly 
zero or so and AS is always negative toward threading, the formation of rotaxanes 
was ineffective. Other similar attempts with hydrocarbon cyclics and linear mole- 
cules also afforded low yields (normally lower than 10%) [13-16, 241. In the early 
work 113, 141, Harrison also introduced the slippage concept (Figure 1); in this pro- 
cess the cyclic can slip over the BG (which nearly matches the cavity size) of a 
dumbbell-shaped molecule 13 at high temperature but very slowly or not at all at 
low temperature, thus enabling synthesis at high temperature and isolation and 
study at low temperature. 

+ ( )  - 2  

13 Figure 1. Slippage threading. 

To overcome the low yields encountered in statistical methods, Schill and co- 
workers imaginatively introduced the chemical conversion method [4, 5 ,  161. As 
illustrated in Figure 2, this method requires very careful design: (i) the cavity of a 
cyclic species covalently linked to a difunctional linear species should be pene- 
trated by the linear species, structure 14; and (ii) both the cyclic and the linear 
moieties must be inert to the cleavage reaction of the covalent linkage Z between 
them. By this means, the yield for rotaxane synthesis was increased to about 40% 
in last step. The disadvantages of this method are its multiple steps and time-con- 
suming nature. 

u) Cleavage of z + 

Figure 2. Chemical conversion 
method. 

0 
-n 

11.2.3.2 Threading Driven by Enthalpy 

Threading driven by enthalpy is different from the statistical method in that an in- 
termolecular attractive force exists between the linear species and the cyclic to 
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give a negative AH value for threading. Therefore, relative to the statistical meth- 
od, this approach is more effective and gives higher yields. 

Hydrogen-Bonding 

It is well known that crown ethers can complex with metal ions through ion-di- 
pole interaction and form hydrogen bonds with acidic protons such as NH, OH, 
and ammonium ions [9, 25, 261. However, it was not until very recently that 
scientists started to utilize this interaction in the preparation of rotaxanes. 

Stoddart and coworkers prepared pseudorotaxane 18 by hydrogen bonding of 
dibenzo-24-crown-8 (DB24C8, 17) and secondary ammonium ions 16 [27-301. 
The formation of the pseudorotaxane was directly proved by its X-ray crystal 
structure and mass spectroscopy. The complexation constants between 16 and 17 
varied from 360 to 27 OOOLmol-', depending on the solvent [27]. To prevent 
disassociation of 18, BGs were incorporated at both ends and a thermally stable 
[2]rotaxane of 5 p e  2 was obtained [28]. The authors also prepared a [3]rotaxane 
with two cyclic molecules threaded per linear component bearing two ammonium 
sites with a yield of 10% [28]. More interestingly, it was found that the much 
larger cavity of bis-para-phenylene-34-crown-10 (BPP34C 10) can accommodate 
two linear ammonium species per cavity. Thus much more complicated and ele- 
gant rotaxanes were obtained by use of BPP34C10 as the cyclic and mono-, di- 
and three-armed ammonium ions as the linear species [29, 301. 

17 j 8  

Figure 3. Hydrogen-bonding-based threading. 

In 1995, Vogtle and coworkers synthesized a rotaxane based on hydrogen 
bonding between the amide groups of a cyclic species and the NH group of a lin- 
ear species [31]. Hydrogen bonding between the NH2 group of a monofunctional 
BG and the cyclic amide was the initial driving force for threading. After the for- 
mation of the amide linkage from the reaction of acid chloride and amine, the hy- 
drogen bonding between the -CONH- moiety of the linear species and the amide 
linkage of the cyclic provided a retaining force to prevent dissociation before both 
ends had been blocked. By varying the structures of the diacid chlorides, different 
but very similar rotaxanes were also prepared. 
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Clipping 1 A 
t 

Figure 4. Clipping method. 

Leigh and coworkers also successfully prepared rotaxanes of Type 2 by hydro- 
gen-bonding between amide NH and carbonyl groups through a very interesting 
approach, a clipping method as depicted in Figure 4 [32]; this is cyclization in the 
presence of a dumbbell-shaped molecule. The hydrogen bonding between carbo- 
nyl oxygen atoms and NH groups in 19 ensured a high probability of cyclization 
around the linear molecule and thus gave a high yield of rotaxane. 

19 

Hydmphilic-Hydrophobic Interactions 

Cyclodextrins (CD) can form inclusion complexes with small molecules by hydro- 
philic-hydrophobic interactions [33-371. Three CDs are readily available - 20, 21, 
and 22, denoted a, p ,  and y-CD, respectively. As the number of saccharides in the 
cyclic increases from 20 to 22, the cavity becomes larger. The hydroxy groups 
occupy the outside surface, resulting in hydrophilicity and high solubility in polar 
solvents. Their interiors consist of hydrocarbon units, making the cavity hydro- 
phobic. Thus when CD and a hydrophobic chain dissolve in a common polar sol- 
vent, the chain tends to occupy the cavity of the CD to achieve a lower energy 
level relative to its state in the polar medium; this is hydrophobic-hydrophilic in- 
teraction. 

In the 1980s Ogino first applied this interaction in rotaxane synthesis, i.e., 
threading CD on to an a,o-diamine [38-40]. Almost at the same time, Yamanari 
et al. reported the preparation of very similar rotaxanes by the same approach 
[41,42]. Lawrence and coworkers prepared a stable rotaxane by threading ,8-CD 
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(4 D d L  

20. aCD,n=6, 13.7 2.7 7.9 
21. pCD, n=7, 15.3 7.8 7.9 
22. yCD, n =  8, 16.9 9.5 7.9 

The structures and shed of cyclodextrias 20,21 and 22 

onto an a,o-diammonium molecule using tetraphenylborate anions as stoppers 
[43,44]. Later on, instead of ammonium, N,W-dialkyl-4,4'-bipyridinium deriva- 
tives were widely used as linear components in the preparation of CD-based 
rotaxanes [4549] and pseudorotaxanes [50]. 

Metal-Ligand Complexation 

Sauvage and Dietrich-Buchecker applied metal-ligand complexation between 
1,lO-phenanthroIines and metal ions in supramolecular chemistry, resulting in the 
birth of numerous elegant catenanes [51, 521. Although this area is reviewed else- 
where in this book, it is necessary to remark that the very strong metal-ligand 
complexes provide an effective route for rotaxane and polyrotaxane syntheses. By 
this approach, both the linear and cyclic components contain the 1,lO-phenanthro- 
line moiety and the metal is used as a temporary bridge. As soon as the stoppers 
are placed at the ends of the linear component, the metal can be simply removed 
by the proper disassociation procedures. Such rotaxanes have been well docu- 
mented [53-581. 

Self-Assembly: n-w Stacking and Charge-Transfer Accompanied 
by Hydrogen-Bonding and Dipole-Dipole Interaction 

In the late 1980s, Stoddart and coworkers reported complexes between bisphenyl- 
ene crown ethers 24 (electron-rich, donors) and N,"-bipyridinium salts (electron- 

23 

- - Blocking group 

\ h  
24 

R = Aromatic ring 
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poor acceptors) [6-91. The association constants were in range 100 to 1000 L 
mol-I, depending on solvent, temperature, and the chemical compositions of the 
crown ethers 24. The strong association is a result of combinations of n-n stack- 
ing, charge transfer, hydrogen-bonding and dipole-dipole interactions. This com- 
plexation was first used for preparation of catenanes and later widely applied for 
rotaxane (23) syntheses [8, 9, 59-61]. 

As expected, blocking groups were used either to prevent dethreading com- 
pletely by the clipping method or to slow down dethreading for the slipping meth- 
od [59-611. For self-assembly to occur, the combination of linear and cyclic com- 
ponents often complies to a pair rule, electron-rich-electron-poor, e.g., linear bi- 
pyridinium salt compared with phenylene-based crown ethers r59-611 or linear 
hydroquinone derivative compared with bisparaquat cyclophane [62,63]. When 
BG were attached, the yields were lower than expected because the BG drove the 
cyclics off the linear molecules. An alternative is preparation of rotaxanes by the 
slippage method (Figure 1). To use the slippage approach, the size of the BG was 
found to be critical and special considerations are necessary in experiment design. 
The cyclic in these rotaxanes can dethread in DMSO upon heating, but only 
slowly, and thus they are metastable. Another series of interesting rotaxanes are 
dendritic analogs, e.g., a three-armed rotaxane with each arm threaded through a 
cyclic [60]. 

11.3 Syntheses of Polyrotaxanes 

Similar to those for rotaxanes, different approaches have been employed for poly- 
rotaxane syntheses; these will be summarized in the next section. The most impor- 
tant parameter in polyrotaxanes, the mln value, is often employed as a measure of 
the effectiveness of the preparation method. Because this value mainly depends 
on the strength of the attractive force between the cyclic and the backbone, this 
section is again divided into subsections according to the types of driving forces 
rather than the types of polyrotaxanes. 

11.3.1 Statistical Approaches 

Main-chain polyrotaxanes 26 of Type 3 were reported by Lipatova et al. in 1980 
r64-661. The urethanes 25 were used as the cyclic component and polystyrene as 
the backbone. Threading occurred during thermal free radical polymerization of 
styrene in the presence of the cyclic. The preparation method, in which threading 
occurs during polymerization using the cyclic compound as solvent or co-solvent 
(Figure 5 )  is hereafter called Method 1. The mln values of 26 were only 0.053 
and 0.050 depending on the size of the cyclic. Such a low extent of threading is 



286 I I  Polyrotaxanes - Syntheses and Properties 

A 

Monomer: vinyl, Al3, or AA + BB Figure 5. Preparation method 1. 

the result of the statistical nature of the process, i.e., no attractive force exists be- 
tween the cyclic urethanes and styrene monomer or polystyrene backbone. Inter- 
estingly, by use of the complex of the cyclic urethane and ZnClz, mln was in- 
creased to 0.14. 

COON€I(C€I~NHCOO(CH2o), 

25 26: i) x= 2, mh = 0.053 

Using AIBN as initiator, Gibson and coworkers prepared similar poly(styrene 
rotaxane)s 31 of Type 4, also by Method 1 using crown ethers [67] as the cyclic 
species [68,69]. Different crown ethers, 30-crown-10 (30C10, 27), ‘42-crown-14’ 
(‘42C14’, 28), ‘48-crown-16’ (‘48C16’, 29) and ‘60-crown-20’ (‘60C20’, 30) 
were tested. Because of the immiscibility of the crown ethers with polystyrene, 
the reaction system was heterogeneous. However, for threading to occur, the 
crown ether has to encounter the chain end or monomer and thus co-solvents 
were employed. Depending on the crown ether, the mln values ranged from 0.014 
to 0.021. Probably because of the different threading and dethreading processes 
for different sized cyclics, the mln values of these polyrotaxanes did not simply 
increase with the ring size. For example, large size might facilitate both dethread- 
ing and threading whereas the final mln is a result of this competition. 

A n 
(OCH~WI( 
2 7  3K10, X=10 

3 0.021 

28: “42C14”. X=14 
0.019 

0.014 2% “4Bc16”. X=16 
Jo: ‘6W20“. Xu20 

31 

To study the effect of the BG on threading process, triphenylmethyl-based azo 
compounds were designed as BG initiators for the preparation of polystyrene 
rotaxane 32 r67-691. The BG fragments were shown to end up at both chain ends 
of the polystyrene since termination occurs nearly exclusively by combination. 
However, the threading efficiencies did not increase with 29 as cyclic and in- 
creased very little in other instances relative to those without BG. 
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Cyclk mln 
27 0.0034 
28 0.045 
29 0.0079 
30 0.015 

32 

CN 

I 
I 

- - -C-CH,CH,COOC~CH2CAr3 

CH3 

The same types of polyrotaxanes were also prepared by a different method, 
Method 2 (Figure 6). In this method, a preformed polymer is used and the cyclic 
is threaded onto the polymer in a melt or in solution. A solution of 28 and poly- 
styrene in THF under reflux afforded a polyrotaxane with an mln value of 
5.Ox1O4, much lower than those via Method 1 [69]. Threading 28 on to 
poly(buty1ene sebacate) afforded poly(ester rotaxane) 33 of Type 4 [70]. Although 
a large excess of cyclic was used, 33 only had a m/n value of 0.0017. This value 
is 100-fold lower than that for the corresponding polyrotaxane prepared by Meth- 
od 1 [19]. A possible reason is that the concentration of chain ends is very low 
and the random coiled-chain conformation of a polymer disfavors threading. 

4 Figure 6. Preparation method 2. 

DeBolt and Mark [71] reported that a 30-membered cyclic dimethylsiloxane 
was not threaded by linear polysiloxane via Method 2, but 38-membered rings 
were threaded to the extent of 5.0% (neat, molar ratio cyclic/linear=43) in a sil- 
oxane rotaxane. 

33 

Thus it is obvious that statistical threading is not a very effective approach. 
However, it is still very useful because an alternative route might not exist for 
some specific polyrotaxanes with certain chemical compositions. And according 
to the model study by Joyce et al. [72], the calculated percentage of cyclic polydi- 
methylsiloxane threaded onto linear siloxane is between 0.2 and 0.3 for a 30- 
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Prethreading O +  
- :monomers, e.g., vinyl, AB, or AA + BB 

Figure 7. Preparation method 3. 

3 

membered ring and up to 74.3 for a 392-membered ring. This result implies the 
necessity to explore such simple approaches for the syntheses of large rings and 
their use in such statistical polyrotaxane syntheses. 

11.3.2 Hydrophilic-Hydrophobic Interactions 

As discussed in an earlier section, cyclodextrins (CD) can complex with various 
small linear molecules with very high association constants. The strong complexa- 
tion was first utilized by Ogata et al. for the preparation of polyrotaxanes 34 in 
1976 via Method 3 described in Figure 7 [73]. In this method of preparation, the 
cyclic is first threaded onto a monomer to give a pseudorotaxane intermediate. 
The polymerization of this pseudorotaxane gives the desired polyrotaxane. For 34, 
P-CD (21) was threaded onto a diamine in an aqueous solution. The prethreaded 
diamine then reacted with a diacid chloride by interfacial polymerization to afford 
34. Similar polyamide rotaxanes were also prepared by a solution polymerization 
in the presence of CD via Method 1. Although no solid details, e.g., mln values 
or molecular weights, were provided, this work was original and, more impor- 
tantly, a new preparation method was introduced. 

R = (CH2)6 and R' = m-C& or p-C& 
R = mCH2C&CH, and R' = p-C& 
Cyclic = 21 

34 

In 1979, Maciejewski et al. also explored Method 3 for the preparation of 
main-chain poly(viny1idene chloride-P-CD rotaxane) 35 [74, 751. Radiation poly- 
merization and AIBN-initiated solution polymerization of the complex of vinyli- 
dene chloride with 21 gave products with mln = 0.34 and 0.49, respectively. How- 
ever, the polyrotaxane via Method l had a much lower m/n (0.087) with much 
lower CD/monomer feed ratio than for those via the polymerization of the com- 
plex (1 : 1 ratio). Therefore, the reported m/n values are not comparable, so the 
difference between the two methods in terms of threading efficiencies cannot be 
distinguished. Although the authors did not see any threading via Method 2 for 
the same polyrotaxanes, Ogino and coworkers prepared a true CD-based poly- 
rotaxane of Type 5 using metal complexes as stoppers [76]. It was also found that 
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Cyclic m/n Method 
21 0.34 3 

0.087 1 
21 21 0.49 3 +[+ 35 

a linear molecule had to have certain length for threading to occur; the length cor- 
responds roughly to the internal length of the CD cavity. 

Harada et al. explored the compatibility of CD with various polymeric back- 
bones including poly(ethy1ene oxide) (PEG), poly(propy1ene oxide) (PPG), poly- 
isobutylene (PIB), and polyethylene (PE) [77-871. The corresponding polyrotax- 
anes (36 to 47) were prepared by Method 2, simply by mixing a solution of CD 
and the polymer. The cavity size of CD was found to be the main factor in the 
threading process. While one a-CD (20) was threaded per two repeat units in 
PEG (m/n=0.50) and every three repeat units for PE (mln=0.333), it was too 
small for PIE3 and PPG. On the other hand, two PPG units complexed per &CD 
(21). Because the upper limit of the mln value is controlled by the depth of the 
CD cavity, the mln value remained constant for the same type of backbone, irre- 
spective of the end group. However, the nature and concentration, i.e., polymer 

PEG PE 

R R" Cyclic mln Backbone 

36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

OH 
CH30 
NH2 
OOCPh(NO2)2 
NHPh(N02k 

OH 

NH2 
OH 
COOH 
H 

OCH(CH3)CH2NHPh(NO& 

- 

____ 

H 20 0.05 PEG 
CH3 20 0.05 PEG 
CH2CH2NH2 20 0.05 PEG 
OCPh(N02)2 22 0.25 PEG 
CH2CH2NHPh(N02)2 20 0.05 PEG 
CH(CH3)CH2NHPh(N02)2 22 0.25 PEG 
H 21 0.05 PPG 
- 20 0.33 PE 
NH2 20 0.33 PE 
OH 20 0.33 PE 
COOH 20 0.33 PE 
CH3 22 0.33 PIE3 
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molecular weight, of the end group did affect the yield, because threading always 
starts from a chain end. 

To obtain polyrotaxanes of Type 5,  a dinitrophenyl-based BG was also intro- 
duced by reaction of the end groups. Polyrotaxane 40 further reacted with epi- 
chlorohydrin in basic solution to give a tubular structure (48) in which the adja- 
cent CDs were linked together by bridges (chemical bonds). Upon cleavage of the 
BG, the linear polymer was removed to afford a molecular ‘nanotube’ (49) [81]. 

Wenz and Keller reported a-CD-based polyrotaxanes 50 and 51 with 
poly(iminoundecamethy1ene) and poly(iminotrimethy1ene iminodecamethylene) as 
backbones, respectively. These polyrotaxanes were prepared by mixing an acidic 
solution of the corresponding polymer with CD (Method 2, Figure 6) [88]. Poly- 
rotaxane 50 was also transformed into 52 by attaching BG onto the NH sites. The 
threading process was monitored by proton NMR spectra and viscosity changes. 
The purified product had mln values from 0.10 to 0.67, depending on the back- 

50 Cyclic =20 
( d n >  o.*o) 

51 Cyclic =20 
(m/n=O. lO ) 

c=o 

52 Cyclic =20 
(m/n = 0.67 ) 



11.3 Syntheses of Polyrotaxanes 291 

J step 1: 
Capme on chain 

repeating step 1 and 2 

I 
Figure 8. Hopping threading mechanism. 

bone structures. The time required for threading varied significantly with the num- 
ber of methylene moieties between amine groups, from a couple hours to weeks. 
The slow process was explained by a hopping mechanism (Figure 8). An individ- 
ual CD has to find a chain end to thread. Once threaded, it has to move toward 
the middle of the chain to regenerate an empty site for the next incoming cyclic. 
This process also explains the slow equilibrium in a dialysis study; the disassocia- 
tion of threaded CD in 50 was slow but faster than in 51, not complete even after 
two weeks. For 52, no CD was disassociated. The authors also found that the 
threading process was related to the protonation of the NH groups, the formation 
of ammonium ions along the chain [89]. 

Steinbrunn and Wenz recently reported poly(amide-CD rotaxane)s 53 via a 
very imaginative approach [90,91]. First, the CD was threaded on to an a,w-ami- 
no acid in water to give a pseudorotaxane monomer. An NMR study showed that 
two CD molecules were threaded per linear molecule for 11-aminoundecanoic 
acid. The X-ray powder pattern indicated that these rotaxanes stacked like chan- 
nels in the solid state; this provided the basis for solid state polymerization at 
200°C to afford polyamide 53 with mln=2! 

Yui and coworkers prepared CD-based polyrotaxane of Type 5 by capping the 
cyclic on a triblock copolymer of poly(ethy1ene glycol) and poly(propy1ene gly- 
col) using a blocking group [92]. When the peptide linkage was between PEO 
and the BG, the thermal stability of the polyrotaxane was related to disassociation 
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Solid Statc Polymaizotion 1 

of the BG, i.e., CD was released from the backbone upon biodegradation of the 
linkage and the removal of the BG [93,94]. 

Method 2 was also utilized by Yamamoto and coworkers [95]. CD 20 was 
threaded onto a polymer chain during the polymerization of 3,3'-diaminobenzidine 
and 1,12-dodecanediol acid in DMF. Because the benzidine unit is bulky enough 
to block the CD, the polyrotaxane obtained is of Type 6. mln Values were 0.09 to 
0.163, depending on the types of CD and polymerization conditions. Compared 
with other CD polyrotaxanes, mln values were lower. Although it was not ex- 
plained in the paper, this effect might be attributed to the use of a polar solvent 
and a higher temperature so that the threading process governed by equilibrium 
was disfavored. 

The effective complexation of CD was also used for the preparation of side- 
chain polyrotaxanes [96-1021. All of these side-chain systems are based on Meth- 
od 4 or Method 5 (Figure 9) and were reported by Ritter and coworkers. For 
Method 4, the CD was threaded on to a small molecule bearing a functional 
group Y and with one end blocked, i.e., a hemirotaxane. The reaction of Y with 
X, a pendant functional group in a preformed polymer, gives thermally stable 

m m  + 

method \ 4 t I 

I 

Figure 9. Preparation methods 4 and 5 .  
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side-chain polyrotaxanes. For Method 5,  a [2]rotaxane was formed first and then 
copolymerized with another monomer, in which the functional group was vinyl. 
The mln values can be deliberately controlled by the feed composition as shown 
in Figure 9. The best example of Method 4 is the preparation of side-chain 
poly(methy1 methacrylate) 56 from the reaction of hemirotaxane 54 and poly- 
methacrylate copolymer 55. Poly(ether sulfone) and poly(ether ketone) were also 
used as backbones for similar polyrotaxanes. p-CD (21) was always used as the 
cyclic component. 

- + 

By careful design, two CDs were also incorporated per pendant group (57) 
with poly(methy1 methacrylate) backbones [ 1021. In polyrotaxane 58, pendant 
branched chains were threaded with CDs (one per branch) [97, 1011. The chemi- 
cal composition of the branched arm was very similar to that in 56. 

& '  I I 

58 57 
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Figure 10. Preparation method 6 .  

A side-chain polyrotaxane of Type 10 was also obtained by the reaction of de- 
protonated poly(benzimidazo1e) with a long-chain bromide bearing a BG at one 
end in the presence of p-CD [103]. Because the CD was threaded onto the side 
chain before its reaction with backbone to form a hemirotaxane, the preparation is 
essentially Method 4. 

More recently, Harada et al. applied the complexation process to side-chain sys- 
tems via Method 6 (Figure lo), in which the guest sites were introduced as pen- 
dant groups and thereafter the CD was threaded onto them [104, 1051. Different 
types of hydrocarbon chain as pendant groups were studied for their compatibility 
with different CDs. As the cyclic was not blocked, the products can be viewed as 
side-chain poly(pseudo rotaxane)s of Type 9. Probably because of the rapid ex- 
change process between threaded and unthreaded forms, the isolation of the solid- 
state polyrotaxane was not reported. 

11.3.3 Hydrogen Bonding 

In 1976, Agam and coworkers synthesized polyrotaxanes by threading bisphenyl- 
ene-based crown ethers onto oligo(ethy1ene glyco1)s [106]. The capture of the 
crown ether was achieved by crosslinking through reaction with isocyanates. 
Threading was described as a statistical process, because the mln value was re- 
ported to be independent of temperature. On the other hand, the crown ether is 
well known to H-bond with hydroxy groups [7-9, 12, 261 and, more importantly, 
the observed threading efficiency was well above the range expected via the sta- 
tistical approach as discussed in an earlier section [7-9, 121. 

Later on, believing in the hydrogen-bonding theory, Gibson and coworkers in- 
corporated aliphatic crown ethers 27, 28, 29, and 30 into a wide variety of back- 
bones: polyurethane, polyester and polyamides [68, 107-1 131. 

Poly(urethane-crown ether rotaxane)s 59 were prepared by solution-polycon- 
densation of tetra(ethy1ene glycol) and 4,4'-methylenebis(p-phenylisocyanate) 
(MDI) by using crown ethers as solvents [108]. The polyrotaxanes were purified 
by multiple precipitations into a solvent good for the crown ethers but poor for 
the backbone. The effective removal of unthreaded cyclics was demonstrated by a 
model study based on 18-crown-6 (18C6) whose cavity size is too small to 
thread. The authors recognized that threading efficiency was affected by two fac- 
tors - ring size and the cyclicldiol monomer feed ratio. Larger rings and the high- 
er feed ratios both gave polyrotaxanes with higher mln values. 
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A 

59 (cyclic: 28, 29 and 30; m/n: variable) 

Similarly, poly(ester-crown ether rotaxane)s 60 were also prepared by diacid chlo- 
ride and transesterification methods, using aliphatic crown ethers as solvents [19, 
109, 111, 1121. Attempting to prove that hydrogen bonding was the driving force 
for these polyrotaxanes, more detailed studies in terms of threading efficiency (ml 
n) were performed. In summary, the following relationships were found: (a) mln 
was independent of the length of the diol monomer; (b) mln increased with ring 
size; (c) nzln increased with the cyclicldiol monomer feed ratio, and (d) mln did 
not change with polymerization temperature. Thus the lack of temperature depen- 
dence was again contrary to hydrogen-bonding theory whereas other results were 
in agreement with the hypothesis; no conclusive threading mechanism could be de- 
duced. On the basis of dethreading studies these crown ether-based polypseudoro- 
taxanes were found to be very stable; the dethreading half-life of a dilute solution 
of one of the polypseudorotaxanes in THF at 65°C was approximately one year! 
Random coil conformations of the polymer backbone and consequent trapping of 
the cyclics in loops might be one cause of the very slow dethreading process 
[19]. Via Method 2, in the melt of crown ether and polymer, only very little crown 
ether was threaded onto the polyester backbone (mh= 1 . 3 ~ 1 0 - ~  for ‘42C14’) [19]. 
The low threading yield was attributed to the statistical nature of the process, be- 
cause the ester backbone does not provide an attractive force for threading of the 
crown ethers. To prevent dethreading, monofunctional BGs were incorporated at 
the chain ends to afford thermally stable polyrotaxanes of Type 5 ;  however, attain- 
ment of 100% end-blocking proved very difficult and not generally achievable. 

R = (CH2)lo; (CH2)4; 

Cyclic: 27,2S, 29 and 30; 
m/n: variable; 

60 

Poly(amide rotaxane)s 61 were reported by Bheda and Gibson with 30C10 (27) 
or ‘60C10’ (30) as the cyclics from polymerization of different diacids and dia- 
mines [113]. Depending on the backbones and the cyclics, mln values ranged 
from 0.02 to 0.36. In a polyrotaxane with a Kevlar backbone from the reaction of 
terephthalic acid and p-phenylenediamine in the presence of 30C10, the mln value 
was measured by solid state NMR (mln=0.36, 57% by weight) because the prod- 
uct was not soluble in common solvents. However, the purification procedure, 
simple washing of the solid with a good solvent for the crown ether, might not re- 
move all free species. Thus some detected cyclics might be the unthreaded cyclic 
species physically trapped in the solid matrix. 
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R '  =@HA; AroAr 
R'=(CH&; m-Ar mdp-k, 

Cyclic: 27and 3 0  
d n :  variable 

61 

Considering the effective threading with crown ethers in the polyrotaxane syn- 
theses described so far, detailed understanding of threading process was an urgent 
need. Fortunately, more recent studies in this area by Gibson and Gong provided 
solid answers [12, 17, 20, 22, 23, 114, 1151. Using difunctional BG 62, crown 
ether 27 was threaded onto a polyester during polycondensation to produce 63 of 
Type 6. The use of BG confines the cyclic components in such a close space that 
new and convincing evidence for the formation of the polyrotaxane was intro- 
duced, as discussed in a later section. Most importantly, the mln value was found 
to increase with decreasing temperature for the first time in the preparation of 
crown ether-based polyrotaxanes [20, 1141. The mln value was increased 5-fold 
compared with that of the polyrotaxane using 1,lO-decanediol instead of BG 62 
under the same conditions. The results clearly revealed that with simple (non- 
bulky) diols dethreading occurred during the polymerization period. 

+ 

+ 
63 

Incorporating different amounts of 1,lO-decanediol into the above system, co- 
poly(ester rotaxane)s 64 were also obtained [22]. The m/n values for these poly- 
rotaxanes were related to the amount of BG applied; the m/n value linearly in- 

64 
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65 

(Cyclic = 27, rnh:  variable 

creased with x. Using the d n  value of polyrotaxane 64 with x =  1.00 as the maxi- 
mum and reference, the extent of dethreading was calculated and shown to de- 
crease linearly with x. 

When both monomers were BGs, polyrotaxane 65 containing two BG per re- 
peat unit was obtained [23]. The mln value for 65 was higher than those of all the 
Types 4, 5, and 6 made under the same conditions; it was 17-fold higher than in 
the poly(decamethy1ene sebacate) analog 60! The effective threading was attrib- 
uted to the elimination of dethreading during the preparation; with 60 94% of the 
initially threaded crown ether was lost! In addition, it was revealed that mln in- 
creased with (i) higher cyclicldiol feed ratio, and (ii) lower temperature [23, 1141. 

On the basis of results from polyrotaxanes 63, 64, and 65, the detailed thread- 
ing and dethreading mechanisms were inferred [12, 17, 20, 22, 23, 1141. To short- 
en this discussion, polyrotaxane 63 of Type 6 will be used as an example pig- 
ure 11). The initial driving force for threading is the hydrogen bonding between 

OCO R'COCI 3 OOCR'COCI ,k, O +  

Figure 11. Threading and dethreading mechanisms for polyrotaxanes 6. 
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the -OH group and the crown ether. This complex intermediate undergoes either 
endo esterification through the cavity of the cyclic to give a rotaxane structure, or 
ex0 esterification as normal chain growth. Because the ester backbone exerts no 
retaining force for the threaded crown ether, the cyclic can slip off the backbone, 
called dethreading (k l>O) .  For 63, dethreading can only occur in one direction, 
because one chain end is blocked, and then not at all after reaction with another 
BG because then the cyclic is confined by two BG units. For polyrotaxanes of 
Type 4 without any BG, dethreading occurs from both chain ends during the 
whole preparation period. Thus the extent of dethreading for 4 is higher than that 
for 63 of Type 6. For copolymer 64, as more BG was used, less dethreading and 
higher mln values resulted. In the case of polyrotaxane 65, dethreading is totally 
eliminated because the cyclic is blocked between BGs as soon as the ester linkage 
is formed. It is, therefore, obvious that the lack of temperature dependence of mln 
value in early studies without BG [106-1121 was because of the large amount of 
dethreading taking place during polymerization. In addition, the mathematical re- 
lationship between mln values and hydrogen-bonding strength, and other factors, 
were explored [114]. Very similar copolyester rotaxanes were also prepared using 
'42C14' [19]. The mln values were also higher than that for analogous poly- 
pseudorotaxanes . 

Encouraged by these results and the viability of the hydrogen-bonding theory, 
Gibson and Gong prepared poly(urethane rotaxane)s 66 with controlled micro- 
structures [116, 1171. The polyrotaxanes were prepared from BG diol 62, tetra- 
(ethylene glycol) and MDI by solution polymerization using 30C10 as solvent. 
By NMR study and spin-lattice relaxation time measurements the authors proved 
that the threaded crown ether moieties H-bond with in-chain NH groups in chloro- 
form; this is accompanied by loss of rotational and translational freedom in the re- 
sulting 67. In DMSO, on the other hand, the crown ether is pushed away from 
the NH site and has mobility (68). In mixed solvents (DMSO-CDC13), the cyclic 
shuttles between these two extremes. Similar hydrogen-bonding was also identi- 
fied by detailed R studies in poly(urethane rotaxane)s 59 of Type 4 in the solid 
state by Marand and coworkers [110]. 

66 + 

+ 
Cyclic = 27; mln: variable; X = 0, 0.100, 0.400,0.700 and 1 .OO. 
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CHC13 DMSO 11 
~ O C N H - R ~ N H C O  

' 68 

Solvent swicthable rnierostructurcr in polyurethane rotaranes 

Similar to that in copoly(ester rotaxane)s 64, mln for these poly(urethane rotax- 
ane)s increased with increasing BG, i.e. higher x values [116, 1171. However, 
compared with the copoly(ester rotaxane), the dethreading occurred to lesser ex- 
tent in these polyrotaxanes; this is attributed to the fact that the NH groups retard 
dethreading by hydrogen bonding with the threaded crown ether as in structure 
67. A linear relationship between mln values and x was revealed. 

This on-chain hydrogen-bonding provided the basis for the preparation of 
crown ether-based polyrotaxane 59 of Type 4 by a melt threading process (Figure 
12), in which the NH groups exert an attractive force for threading the cyclic on 
to the preformed polymer [ 11 81. By this approach, the polyrotaxane backbones all 
had the same molecular weight and dispersity as the starting backbone. Thus ac- 
curate studies of the properties as a function of the mln value can be performed. 
The mln values increased with the molar crown etherlurethane units of the poly- 

0 -NH-NH-NH- + 

I 

0 
External H-bond Internal H-bond free cyclics 

I 

Precipitation J 
59 Figure 12. Melt threading process. 
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Figure 13. Competitive thread- 
ing for hybrid polyrotaxanes. H@dd PolymtualmB 69 

mer feed ratio, and reached a plateau corresponding to saturation. Considering the 
wide range of polymers bearing similar sites and the compatibility of crown 
ethers with different backbones, the reported results are important; they imply that 
a wide range of polyrotaxanes can be prepared by melt blending techniques, such 
as co-extrusion. 

Considering the amount of time and effort expended seeking an effective way 
of constructing polyrotaxanes from the range of cyclic compounds available, a 
simple way of screening macrocycles for threadability would be very useful. 
Recently, Gong and Gibson designed a method to achieve this goal [17]. This 
method is a competitive threading process using one cyclic as an internal standard 
(Figure 13). To eliminate the effect of dethreading, the BG monomers incorpo- 
rated into 65 were used. The cyclics studied were BPP34C10 and DB24C8 using 
30C10 as the reference macrocycle. The resulting products constitute a new fami- 
ly of polyrotaxanes, hybrid polyrotaxanes 69 containing two different cyclics. The 
higher mln for BPP34C10 was attributed to its larger size and rigidity, and the 
lower m/n for DB24C8 is due to its smaller size. 

All the polyrotaxanes discussed thus far are based on linear backbones. View- 
ing new properties and applications of branched and cross-linked polymers, three- 
dimensional polyrotaxanes will surely be interesting in terms of both topology 
and potential applications. Gong and Gibson extended the hydrogen-bonding theo- 
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v 
70 

Figure 14. Preparation of branched or cross-linked polymer via the formation of side-chain 
polyrotaxanes. 

ry into this different field. They first synthesized branched and cross-linked side- 
chain polyrotaxanes 70 by a pendant group modification (Figure 14) [119]. The 
monohydroxy crown ether, 5-hydroxymethyl- 1,3-phenylene- 1,3-phenylene-32- 
crown-10 (hydroxy-BMP32C10, 71), forms an H-bonded self-complex. This inter- 
mediate was reacted with preformed poly(methacroy1 chloride) (72) via endo es- 
terification to give the desired structures; polymer chains are connected together 
by side-chain rotaxane units. The high PDI confirmed the branched structures. 
With 5-hydroxymethyl-1,3-phenylene-16-crown-5, which is too small to thread, 
the product of esterification had the same degree of polymerization and PDI by 
GPC as the starting poly(methacroy1 chloride) as deduced from its poly(methy1 
methacrylate) derivative, ruling out the conbribution of side reactions to the 
branched structure. Cross-linked polymer was obtained at higher concentrations of 
71 and 72. The same cross-linked polymer was also prepared by bulk thermal 
polymerization of a methacrylate monomer derived from the crown ether in a sta- 
tistical threading process [ 1201. 

The same concept was used in polycondensation systems for the preparation of 
branched and cross-linked polymers [ 1211. Copolyurethanes 73 were prepared 
from tetra(ethy1ene glycol), bis(5-hydroxymethyl- 1,3-phenylene)-32-crown- 10 (74) 

+ 70 

71 72 
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HORiOH + HOR2OH + OCNR3NCO 

0-1 .O eqv. 1 .O-0 eqv. 1 .O eqv 
74 digtyme or DMSO or neat 

96 OCU hrs I 
OR1& OCNHRiNHC O-f ; tOR2& OCNHR3NHC 

7 3  x=O, 0.25,0.W, 0.7s and 1.00 

pnnn 
0 0 0 0 0  

Figure 15. Preparation of branched or cross-linked polymer via the formation of main- 
chain polyrotaxanes 73. 

and MDI by solution polymerization using diglyme as solvent. Interestingly, the 
PDI of the final polymers increased with the cyclic diol/tetra(ethylene glycol) feed 
ratio, the x value, which is consistent with hydrogen-bonding hypothesis. As more 
cyclic diol is applied, its concentration increases and thus more rotaxane branch- 
ing units are expected. Because it is believed that a macrocycle cannot easily pass 
through another identical cyclic, in the resultant rotaxanes, the macrocycles essen- 
tially serve as blocking groups (BG) to prevent dethreading. Therefore, as more 
cyclic is applied, there is less dethreading, and consequently a greater amount of 
branching is achieved. When only cyclic diol 74 was used, the melt polymeriza- 
tion afforded a cross-linked polymer because the extent of threading was high 
enough for all the polymers to be linked together via rotaxane structures. Only 
linear polymer is obtained in DMSO, however, because it is a very strongly com- 

Bruiched or crosslinked polyrotluner 13 
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petitive solvent for hydrogen bonding and the driving force for rotaxane forma- 
tion was suppressed. Thus topology (linear, branched, and/or cross-linked) and 
polydispersity can be simply controlled by polymerization conditions. Gibson and 
coworkers found that this method for controlling topology is also suitable for ~- 

other types of polymer, e.g., polyesters, polyamides, and poly(ary1ene ether)s 
[120, 1221. 

11.3.4 Metal Templates 

Poly(ester rotaxane)s 75 and 76 from interfacial polymerization of bisphenols and 
diacid chlorides using ‘42C14’ as the cyclic had rnln values up to 0.067 [70]. In 
this polymerization ‘42C14’ plays a role as phase-transfer agent by complexation 
with the counter-ion of the phenolate; this provides a driving force for threading. 
Despite the strong complexation between the crown ether and the sodium cation, 
threading efficiencies were low relative to solution polymerization using the 
crown ether as solvent, presumably because of (i) the lower concentrations of the 
cyclic and phenolate, and (ii) the strong competitive hydrogen bonding from 
water. 

75 (Cyclic: 28; m h  0.067) 

76 (Cyclic: 28, m/n: 0.063) 

Poly(ether sulfone) and poly(ether ketone) rotaxanes 77, 78, 79, and 80 were 
reported by Xie and Gong via solution polymerization in a mixture of toluene and 
DMF in the presence of metal ions (K+ or Na+) and 30C10 [114, 1231. The mln 
values depended on the reaction conditions and the amount of BG applied [114, 
1231. Polyrotaxanes 77 and 78 were difficult to purify because these polymers 
formed emulsions in water or methanol. Because of different preparation condi- 
tions between those with or without BG, the absolute mfn values are not compar- 
able and thus the effect of the BG on threading remains unknown. However, con- 
sidering that a polar solvent, i.e., DMF, was used for polymerization, these mln 
values are still significant. 
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c 

+ 
Cyclic X X mln 

77 27 
78 27 
79 27 
80 27 

so2 1 0.48 
co 1 0.08/0.20 
so2 0.25 0.22 
co 0.25 0.16 

11.3.5 Self-Assembly - n-n Stacking and Charge Transfer 

Hodge et al. studied the complexation of the tetracationic cyclophane cyclo- 
bis(paraquat-phenylene) 82 in acetone with several preformed polymers bearing 
hydroquinol ether linkages; this leads to polypseudorotaxanes 81 of Type 4 [124]. 
Because the complexation was governed by equilibrium, as expected, threading 
efficiency increased at lower temperature - as shown by a proton NMR study; an 
mln value of 0.94 was reached at -40°C despite of the existence of electrostatic 
repulsion between adjacent threaded cyclophanes. The high threading yield was 
attributed to strong self-assembly, i.e., z-z stacking and charge transfer, and hy- 
drogen bonding. It was also revealed that the types of linkage affected the thread- 
ing; electron-withdrawing groups such as ester functionalities disfavored the pro- 
cess whereas electron-donating groups such as ether moieties favored it. 

By use of proton NMR techniques Parsons and coworkers studied a similar 
system in more detail in terms of the threading process and molecular motion 

02 
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[125]. They found that some cyclophanes 82 exchanged rapidly between the poly- 
mer chain ends and solution relative to the NMR time scale. However, some of 
the cyclics 82 were trapped in the middle of polymer chain on the NMR time 
scale and were thus excluded from the exchange process. These two papers dem- 
onstrated that this type of self-assembly provides a very strong driving force for 
threading. 

More recently, Gong et al. developed a method (Method 7, Figure 16) for the 
preparation of main-chain polyrotaxanes [126, 1271. In this method, a linear spe- 
cies is threaded through the cavity of a polymeric cyclic unit. The threading was 
achieved by complexation between polymer 83, bearing bisphenylene crown ether 
moieties, and low molar-mass linear paraquat molecules. Detailed studies on the 
formation of 84 revealed that the mln value was favored by lower temperatures 
and higher concentrations of these components. More importantly, the continuous 
titration method was used at various temperatures to measure entropy and en- 
thalpy changes for the complexation. With these data, polyrotaxanes with targeted 
mln values can be prepared simply. Freeze-drying of solutions of such poly- 
pseudorotaxanes afforded solid-state products and brought about the possibility of 
studies of the compounds’ solid-state properties and applications. 
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Branched Polymer 85 

or 

Crosslinked 86 

Figure 17. Reversible process for branched 
or cross-linked polyrotaxanes. 

The complexation of linear polymeric crown ether 83 with a polymer bearing 
paraquat units produced interpenetrating copolyrotaxanes 85 at low degrees of 
threading and gel 86 at high extents of threading (Figure 17) [128, 1291. More in- 
terestingly, these novel structures are reversible depending on solvent and tem- 
perature. At >60°C in THF or in DMSO at room temperature, the two linear 
polymers coexist in a common solvent individually. At lower temperatures in 
THF, the branched structure 85 was formed. This is because the formation of the 
branching or crosslinking units in the form of rotaxane structures is an equilib- 
rium process. The formation of these structures was proved by NMR studies and 
supported by GPC measurements. 

Instead of using a crown ether as part of the backbone, Gibson and coworkers 
also incorporated the paraquat moiety into different polymers [130]. These poly- 
mers complexed with BPP34C10 to give main-chain polypseudorotaxanes. The 
high association constant for the host-guest structure through the self-assembly 
process ensured high mln values. 
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Swager and coworkers also applied the self-assembly process in side-chain 
systems [131, 1321. The bisphenylene crown ether was incorporated into a con- 
jugated backbone, polyphenyleneacetylene 87. This polymer complexes with para- 
quat 88 to give a novel polyrotaxane structure (89). With a polythiophene back- 
bone, a similar polyrotaxane was synthesized by the same approach. 

11.3.6 Other Complexes 

Metal-ligand complexation has also been employed for polyrotaxane synthesis 
[133]. Pyrrole moieties were attached to both ends of a linear species bearing a 

M M 

H H I -  
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91 

92 

93B 

94 (Cyclic: 30, d n :  0.042) 

95 

phenanthroline moiety. Then the linear 
bearing a phenanthroline unit through a 
rotaxane. Then by electtopolymerization 

97 

molecule was complexed with a cyclic 
Co2+ center to afford a reactive pseudo- 
via the pyrrolic end groups, a polymeric 

network was obtained in which the cyclic phenanthroline was trapped in rotaxane 
units as shown in 90. Interestingly, Co2+ can still dissociate from the polymer and 
then the polymer can re-associate with Cu+. This reversible metal-exchange pro- 
cess was readily monitored by cyclic voltammetry. 

Instead of conventional organic polymers, Kim and coworkers addressed coor- 
dination polymers in polyrotaxane synthesis [ 134, 1351. The cyclic, cucurbituril 
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91, was threaded onto diamine 92. These low molar-mass pseudorotaxanes gave 
coordination polymers: 93B with Ag(CH3C6H,SO3) and 93A with AgN03. A dif- 
ferent silver coordination polymer containing cyclic species in the backbone was 
also knitted together by a small linear molecule via rotaxane formation [136]. 
Thus the polymeric structure obtained was referred as 2D molecular sheet. 

Gibson and coworkers utilized the expected complexation between crown 
ethers and acrylonitrile for the preparation of poly(acrylonitri1e-crown ether rotax- 
ane)s 94 [137]. Relative to that with the polystyrene backbone, the enhanced 
threading supported the intermediacy of the expected complex. The reaction inter- 
mediates, the cations 95 and 96 in the preparation of poly(pheny1ene vinylene) 
(PPV) also provided a source for interaction with crown ethers [70]. The solution 
polymerization of precursor 95 in the presence of crown ethers followed by trans- 
formation of 96 produced polyrotaxanes 97. 

11.4 Characterization 

Whereas the structures of low molar-mass rotaxanes can be directly proved by NMR 
chemical shift changes, mass spectrometry, and X-ray crystallography [6-81, the for- 
mation of polyrotaxanes is much more difficult to prove because of their highly com- 
plicated structures. 

CD are often more polar than the backbones on which they are threaded. Thus 
the solubilities of the derived polyrotaxanes are often different from those of the 
parent backbones, supporting evidence for the formation of polyrotaxanes. More 
directly, chemical shift changes of the protons of the CD upon threading are often 
observed [77-1051. The protons inside the CD cavity of the polyrotaxanes have 
different chemical shifts from those of the unthreaded species. This is because of 
the different chemical environment when the cavity of the CD is occupied by the 
linear species rather than solvent molecules. 

In early work no such NMR chemical shift changes relative to those of the par- 
ent components were observed for polypseudorotaxanes with aliphatic backbones 
and aliphatic crown ethers as the cyclic species [108, 1091. Model studies were 
performed with 18-crown-6 (18C6), which is so small that it cannot be threaded. 
The recovery of intact 18C6 under conditions identical with those for the synthe- 
ses of the polyrotaxanes ruled out the possibility of side reactions. The effective 
removal of the small crown ether by precipitation into a solvent which was poor 
for backbone but good for the cyclic demonstrated the effectiveness of the purifi- 
cation procedure. In addition, reaching a constant mln value after multiple precipi- 
tations and the absence of the peak for free crown ether in GPC traces indicated 
that the larger crown ethers detected by NMR in the purified polymeric products 
were indeed threaded rather than simply mixed. 

More recently, it has been demonstrated that the introduction of BG into the 
polymer backbone can provide more direct evidence of the aliphatic crown ether 
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polyrotaxane structures [12, 17, 20, 22, 23, 114-1161. In polyrotaxanes 63 and 66 
[20, 231 the chemical shift of the threaded crown ether was different from that of 
the free species. Interestingly, the new signal disappeared upon basic hydrolysis 
of the polyester backbone and the signal corresponding to the free species re- 
turned. Extraction of the neutral hydrolytic products with hexane enabled recov- 
ery of pure 30C10. Thus the new signal is indeed from threaded cyclic. The 
chemical shift change is attributed to a through-space interaction, the shielding or 
ring-current effect of the aromatic rings of the BG. The through-space interaction 
was directly proved by NOE studies. Moreover, the hydrolytic recovery of the 
crown ether indicated that the cyclic retained its integrity in the polyrotaxane. In 
copolyester rotaxanes 64, a range of chemical shifts for the cyclic species ap- 
peared in the proton NMR spectra because the crown ether moieties confined in 
different sequences experienced different time-averaged ring current effects [22]. 
For poly(urethane rotaxane)s 66, different microstructures in different solvents 
were proved by NMR spectroscopy [116, 1171. In DMSO the structure 68 domi- 
nated and a range of chemical shifts for the crown ether was observed, reflecting 
the different sequences in which it was confined, similar to that in 64. In chloro- 
form, structure 67 was adopted due to hydrogen-bonding and gave only one sig- 
nal for threaded cyclic units, irrespective of the various sequence structures. More- 
over, threaded crown ether in 66 has TI values of 0.178 and 0.542 s in chloro- 
form and DMSO, respectively; the smaller TI in chloroform confirms the restric- 
tion of ring movement (both translation and rotation) because of hydrogen bond- 
ing (67), whereas the larger TI in DMSO indicates the relatively free movement 
of the macrocycle, i.e., translation and rotation. It is necessary to point out that 
the macrocycle in 68 is still restricted even in DMSO to a large extent because its 
TI  is still small compared with that (1.78 s) of unthreaded cyclic. The large Tl 
differences between threaded and unthreaded macrocycles provide an additional 
novel, easy, and reliable method for characterization of the formation of polyrota- 
xanes. 

The more complicated structures of the branched and cross-linked polyrotax- 
anes 70 and 73 made characterization more difficult [114, 119, 1211. Intensive 
studies of these polyrotaxanes by 'H NMR, COSY, and NOESY established sup- 
porting evidence for the specified structures. High PDI indicated branched struc- 
tures. However, more direct and most convincing evidence came from an elegant 
NMR experiment in which pseudorotaxane formation was used as an analytical 
probe of the structure of the branched polyrotaxane. In structure 98, there are two 
types of cyclic - threaded and unthreaded. The unthreaded species can self-assem- 
ble with paraquat 101 to give pseudorotaxane moieties 100 as evidenced by time- 
averaged upfield shifts of the aromatic protons of the phenylene ring of the crown 
ether in proton NMR. However, the threaded cyclic of 98 cannot accommodate 
101 and thus the aromatic signals associated with these units remained unshifted 
in the presence of excess 101. When excess 101 was added, these two types of 
signal were well separated, proving the existence of rotaxane units as branching 
points in 73. Furthermore, the integrals of these signals afforded an estimate of 
the mln value, i.e. the extent of branching. Similarly, for polyrotaxanes 81, 84 and 
85, the chemical shift changes are the most common evidence because rotaxane 
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formation always involves conformational changes for both cyclic and linear units 
and introduces close through-space interactions between them [ 114, 124-1291. In 
addition, the color changes, from yellow to red-orange or orange, are also indica- 
tive of the complexation process. 

11.5 Properties and Potential Applications 

As their structures define, polyrotaxanes are polymeric composites. Their ultimate 
properties are related both to the chemical compositions of the cyclic and back- 
bone and to their relative proportions. However, because of its different topology 
relative to simple mixtures, the interpenetrated structure introduces new outcomes 
in terms of properties. Because the applications of materials rely on their proper- 
ties, these aspects are incorporated into this section. 
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11.5.1 Phase Behavior - 
Glass Transitions and Melting Temperatures 

A glass transition temperature (T,) is the temperature at which polymer is trans- 
formed from the glassy state to a rubbery state. The Tg values observed for poly- 
rotaxanes might differ from the starting backbone if only one phase is formed, 
i.e., when the cyclic is compatible with the backbone. If the cyclic is immiscible 
with the backbone, two phases corresponding to two components might be 
formed. For these polyrotaxanes, two Tg values might be observed if both compo- 
nents are amorphous. 

Poly(styrene crown ether rotaxane)s 31 have two Tgs corresponding to those of 
polystyrene and the crown ether because of the incompatibility of the cyclic and 
linear species [68,69]. Polyurethanes and crown ethers form H-bonds and thus 
are compatible with each other. Indeed, the polyrotaxanes 59 prepared from these 
two components are single-phase, transparent materials with one Tg which is low- 
er than that for the polyurethane itself [107, 1081. The decrease in Tg is attributed 
to the greater flexibility of the crown ether and the reduction of the Tg of the sys- 
tems is in accord with Fox theory. However, because these polyrotaxanes have 
different molecular weights, the comparison is crude because it neglects the con- 
tribution from the variations of backbone molecular weight and polydispersity. 
Recently, the melt-threading process afforded the same type of polyrotaxanes with 
constant backbone molecular weight and polydispersity but with different amounts 
of 30C10 [116, 1171. It was again found that Tg decreased with higher mln. How- 
ever, the observed Tg was higher than the value calculated by use of the Fox 
equation using the Tg of the pure crown ether. This was ascribed to stiffening of 
the cyclic because of its hydrogen bonding with the in-chain NH group and its in- 
clusion in the rotaxane structure which also limits its conformational mobility. 

CD are very rigid molecules and polyrotaxanes derived from them are expected 
to be more rigid than the starting backbone. Poly(methy1 methacrylate side chain 
rotaxane) 56 had a Tg 20°C higher than the backbone itself. The same observation 
was also seen in side chain poly(ether ketone) and poly(ether sulfone) systems 
[96-1021. 

Paraquat, an ionic molecule, is more rigid than polymeric crown ethers. In ad- 
dition, the crown ether has to adopt a restricted conformation for complexation to 
occur. The total increase of the rigidity for derived polyrotaxanes 84 depended on 
the mln value [118, 1191. The higher the value of mln, the higher Tg of the poly- 
rotaxane. Paraquat is a crystalline material but the polyrotaxanes are amorphous. 

For a crystalline polymer, the melting temperature (Tm) may be observed for 
both the cyclic and the backbone in some cases. Poly(alky1ene sebacate crown 
ether rotaxane)s 60 have two T, values, those of the cyclic and the backbone [19, 
1111. The crystallization of the crown ether on the backbone was attributed to ag- 
gregation enabled by the mobility of the crown ether along the backbone in solu- 
tion or melt states. The crystallization process is driven by the tendency for these 
immiscible components to form their own separate phases to minimize interfacial 
energy. According to an X-ray diffraction study of poly(styrene rotaxane)s 26 
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threaded with cyclic urethanes [64-66], the cyclic species existed in crystalline 
domains whereas the backbone simply occupied the remaining amorphous vol- 
ume. Many CD-derived main-chain polyrotaxanes are also crystalline [88-901. 
This might be because the rigid cyclic units closely pack along the chain and pro- 
vide much structural regularity. 

Thus different phase behaviors of polyrotaxanes induced different thermal tran- 
sitions. One-phase or two-phase materials can be obtained simply by proper 
choice of the components. The easy introduction of highly flexible cyclic compo- 
nents such as crown ethers with low Tg surely expands the applications of other- 
wise brittle polymers into the low temperature range and also improves elasticity. 
The plasticizing effect of the crown ether is different from that of a normal plasti- 
cizer, because the cyclic is permanently connected to the backbone and no migra- 
tion can occur. 

11.5.2 Electronic Properties 

Swager and coworkers studied the electronic properties of some polyrotaxanes 
[ 13 1, 1321. Phenyleneacetylene-derived polymeric cyclic 87 was investigated for 
its complexation with paraquat salts (e.g. 88) in solution. It was found that the 
strong fluorescence of the polymer backbone was highly quenched by the forma- 
tion of the polyrotaxane. This observation was explained by rapid migration of 
the hole-electron pair to the rotaxane sites followed by rapid recombination. The 
conductivity of thin films of the resulting polyrotaxanes was studied for the analo- 
gous polythiophene backbone. Because carrier mobility was reduced owing to 
charge localization, the conductivity of the polyrotaxane, as manifested by an ano- 
dically shifted voltammetric peak, was lower than that of the parent polymer. 

11.5.3 Solubility 

The solubility of a polymer will be altered by threading of the cyclic to form a 
polyrotaxane. The change is related to the properties and structures of both com- 
ponents. 

Ritter and coworkers reported that CD-derived side-chain poly(methy1 methacr- 
ylate rotaxane) 56 is soluble in ether, a poor solvent for the parent backbone [96, 
971. The solubility change is because of the loss of intermolecular hydrogen bond- 
ing between the pendant NH groups of the backbone as these NH groups are 
shielded by the threaded CD units. Poly(ether sulfone) becomes soluble in metha- 
nol when CD is threaded onto a pendant chain [98]; this enhancement of solubil- 
ity is because of hydrogen bonding between the very polar exterior of the CD and 
methanol. Harada et al. reported that gels precipitated from solutions of 
poly(ethy1ene glycol) and CD [79]. The regular arrangement of CD along the 
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backbone in the polyrotaxane induced very strong hydrogen bonding between the 
hydroxy groups of the CD units, a force to form physical cross-links. The phase 
diagrams and kinetics of the gelation process were determined. More recently, 
Wenz and coworkers reported that poly(amide rotaxane)s 53 were even soluble in 
hot water when enough CD was threaded on to the backbone [90, 911. This very 
interesting observation was again attributed to the high polarity of the exterior of 
the CD. 

Threading crown ethers onto poly(alky1ene sebacate)s increased the solubility 
of the systems (60) in methanol and water [19, 109, I l l ,  1121. This enhancement 
is because of hydrogen bonding of the crown ether with the hydroxy group of the 
solvents. Similarly, poly(acrylonitri1e) becomes soluble in methanol upon thread- 
ing with ‘60C20’ [137]. Sufficient crown ether even made the poly(urethane rota- 
xane)s 59 soluble in water [108]. This solubility change is because of intra-annu- 
lar hydrogen bonding between threaded crown ether and urethane units, which 
reduces intermolecular hydrogen bonding between the chains, and the hydrophilic 
effect of the crown ether. For polystyrene [68-701 poly(ether sulfone) and 
poly(ether ketone) [ 1231, purification of polyrotaxanes containing crown ether 
moieties was very difficult because they formed emulsions in methanol and water, 
poor solvents for the polymer backbones themselves. Again, this is because of the 
hydrophilic character of the aliphatic crown ethers and the hydrophobic nature of 
the linear backbones 

The aqueous solubility of CD also enables their potential application as poly- 
rotaxane-based drug carriers. Yui and coworkers incorporated CD onto PEO 
chains in polypseudorotaxanes and polyrotaxanes [92-941. The releasing kinetics 
of CD from the polymer chain were studied. The release was governed by the in- 
clusion complexation equilibrium. Biodegradation to cleave the BG units was 
shown to cause the release of the CD from the polyrotaxanes. 

Lipatova and coworkers reported that cyclic urethane-based poly(styrene rotax- 
me) 26 was not soluble in benzene and DMSO whereas polystyrene itself is solu- 
ble [64-66]. This is probably because of the introduction of strong intermolecular 
hydrogen bonding between the cyclic urethane units in the crystalline domains. 

Gong et al. reported that the solubility of a polymeric cyclic can be altered 
significantly by threading with paraquat, the formation of 84 [126, 1281. Whereas 
polymer 83 was only partially soluble in acetone, polyrotaxanes 84 were soluble 
and had an orange color. Whereas polymer 83 was totally soluble in THF and 
paraquat was not soluble, 84 even up to m/n=0.971 were initially soluble except 
for a small amount of uncomplexed paraquat; the solubility of paraquat was in- 
deed enhanced by complexation with polymer 83. CH3CN was a good solvent for 
paraquat but poor for 83. However, all polyrotaxanes 84 with mln20.428 were 
soluble, whereas 84 with m/n=0.232 was not; this means that a certain amount of 
paraquat incorporation is necessary for 83 to be soluble. 

Therefore, the polarity and solubility of polymer can be modified deliberately 
by varying the nature of the components. High aqueous solubilities of polyamides 
and polyurethane threaded with crown ethers or CD are intriguing, because this 
observation implies potential applications of the polyrotaxane concept in coatings, 
adhesives, and water-borne processing. The observation of the emulsification of 
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the hydrophobic polymers with crown ethers is encouraging in terms of develop- 
ing surfactants. The combination of water compatibility of CD and dethreading 
also provides a promising path for controlled-release drug carriers. 

11.5.4 Solution Viscosity and Melt Viscosity 

The solution viscosity of a polymer is related to its hydrodynamic volume. The 
threaded cyclic moieties of polyrotaxanes alter the interactions of polymer back- 
bones with solvents and hence changes their chain conformations. The 
poly(buty1ene sebacate- ‘42C 14’ rotaxane)s 60 had an intrinsic viscosity twice that 
of the backbone [19]. A recent study of poly(urethane-crown ether rotaxane) 59 
by Gong and Gibson indicated that the intrinsic viscosity increased with higher 
mln values, because the polyrotaxane adopted more extended chain conformations 
[118]. In addition, the polyrotaxane had a smaller shape constant, the Huggins 
constant, because of the chain-stiffening effect. For polyrotaxane 84 [126, 1271, 
incorporation of ionic species restricted the chain flexibility of the backbone and 
increased the hydrodynamic volume, resulting in higher viscosity. More interest- 
ingly, the intrinsic viscosities of poly(ester-crown ether rotaxane) 60 varied with 
solvent systems, because the different solvent-backbone and solvent-cyclic interac- 
tions resulted in different conformations [19]. In a good solvent for both compo- 
nents the intrinsic viscosity was higher for the polyrotaxane, because both compo- 
nents were more expanded. 

Born and Ritter found that the viscosity of side-chain poly(methacry1ate CD 
rotaxane) 56 was higher than that of model systems [96, 971. When Wenz and 
Keller prepared the CD-based main-chain poly(amine rotaxane) 50 they found 
that the viscosity increased with threading time as more CD was threaded on to 
the backbone [88]. 

Gibson and coworkers also found that the melt viscosity of a polymer is also 
altered by the formation of a polyrotaxane 1191. Poly(ester rotaxane) 60 contain- 
ing ‘42C14’ as the cyclic component had a melt viscosity equivalent to that of 
the parent polyester with 2.5-fold higher molecular weight. This result clearly in- 
dicates that there is less chain entanglement in the polyrotaxane than in the back- 
bone polymer by itself. 

Despite the limited data in the area of viscosity, the results reported so far are 
encouraging; they indicate possible applications of polyrotaxanes in rheology con- 
trol and melt processability improvement. 

11.5.5 Mechanical Properties 

The applications of polymers as solids are usually related to their mechanical 
properties. These properties often define them as rubbery, glassy or elastomeric 
materials. Similar to polymer blends, the final properties of polyrotaxanes will de- 
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pend on: (i) the phase behavior, (ii) the individual properties of the rotaxane units 
and nonrotaxane units, and (iii) their relative amounts. 

Wilkes and coworkers studied polyrotaxanes derived from self-assembly of a 
polyurethane bearing paraquat moieties and BPP34C10 [ 130 b]. The polyurethanes 
contained soft (poly(tetramethy1ene oxide)) and hard (paraquat ionene) segments. 
Interestingly, dynamic mechanical analysis indicated that polyrotaxanes had 
higher rubbery plateau moduli than the corresponding backbones. Thermal analy- 
sis revealed that the stability was enhanced by the formation of the polyrotaxanes. 

Beckham and coworkers studied the dynamic mechanical properties of 
poly(urethane-crown ether rotaxane)s [ 1381. No difference was observed between 
the backbone and polyrotaxane, probably because of the low mln value (0.02). 
However, 13C solid-state NMR detected the presence of the crown ether as a mo- 
bile structure at room temperature. The same observation was seen in polyrotax- 
anes with ether sulfone and ether ketone backbones (77-80) [114]. Although no 
detailed properties were reported, the detection of the ‘liquid-like’ crown ether 
provided very important information in terms of mechanical properties, because 
these properties are the result of molecular response to external forces. For exam- 
ple, mobile crown ethers can play the role of plasticizers and thus improve impact 
strength. 

Therefore, to supplement the limited data currently available, further research 
on these aspects is essential: 
(i) Impact strength - threading of flexible cyclics as plasticizers on to rigid 

backbones. 
(ii) Elongation and recovery - the unique structures of branched and cross- 

linked polyrotaxanes 70 and 73 might afford novel elongation behaviors, 
presuming that slippage of the rings along the linear backbone can be in- 
duced by the external force. And the recovery loss of elongation may reveal 
a novel energy dissipation process. 

(iii) Surface interactions - polyrotaxanes based on CD precipitate from solutions 
of the cyclic and backbone polymer; this might constitute a coating process. 
Because CD bear hydroxy groups, such a coating may adhere strongly to 
some surfaces. 

11.6 Conclusions and Some Perspectives 

As noted in the above sections, polyrotaxanes, noncovalent suprumacromolecules, 
have drawn great interest from scientists world-wide. They are novel in terms of 
both topology and ultimate properties compared with chemically bonded poly- 
mers. 

Various polyrotaxanes have been prepared by statistical, hydrogen bonding, 
metal-ligand complexation, and hydrophilic-hydrophobic interactions. Since no 
attractive force exists between a linear species and the cyclic components, as ex- 
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pected, the statistical approach is less effective in terms of threading efficiencies 
relative to the other approaches. 

Most of the reported polyrotaxanes are based on CD and crown ethers. Only a 
few polyrotaxanes are from other macrocycles, e.g. phenanthroline-based cyclics 
and bisparaquat cyclophane. Most CD-based polyrotaxanes were prepared by 
threading CD on to preformed polymers because CD are only soluble in polar sol- 
vents or water and not compatible with typical polymerization conditions. On the 
other hand, aliphatic crown ethers are soluble in water and most organic solvents. 
Therefore, they have broadened the scope of polyrotaxanes in terms of both poly- 
merization conditions and types of backbones. They have often been threaded 
onto polymeric backbones by using them as solvents during polymerizations. 

Because of their novel topologies, polyrotaxanes have properties different from 
those of conventional polymers. Solubility, intrinsic viscosity, melt viscosity, glass 
transition, melting temperature and phase behavior can be altered by the forma- 
tion of polyrotaxanes. The detailed changes are related both to the properties of 
the threaded cyclics and to the backbone and the threading efficiency. 

It is necessary to point out that while various types of polyrotaxane have been 
conceived (Table l), to date, only polyrotaxanes of Types 4, 5, 6, 7, 9, 10 and 11 
have been reported. Polyrotaxanes of Types 8 and 12 are worth study; this might 
provide more interesting information about the relationship between properties 
and structure. In addition to those discussed so far, other potential preparation 
approaches have also been conceived but have not been applied. These methods 
are simply summarized and demonstrated via those for the side-chain polyrotax- 
anes of Type 10 (Figure 18). They are: (i) chemical conversion, (ii) polymeriza- 
tion of rotaxane monomers, (iii) clipping (cyclization in the presence of pre- 
formed polymer), and (iv) grafting. The corresponding methods for other types of 
polyrotaxanes in Table 1 are analogous [6-8, 121. 

Figure 18. Other preparation methods for polyrotaxanes. 
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12 Synthetic DNA Topology 

Nadrian C. Seeman 

12.1 Introduction 

We are all familiar with DNA, the carrier of genetic information in living organisms. 
From an obscure understanding in the first half of the twentieth century, it has 
emerged as an ubiquitous icon of contemporary civilization, similar to the pyramids 
of Egypt or pre-Columbian America, the cathedrals of medieval Europe, the Taj Ma- 
hal or the Great Wall of China. Most people recognize its double helical backbone 
structure, and many are aware that the genetic information is linearly encrypted via 
the order of base pairs on the inside of the helix. Schoolchildren today are taught that 
there are four bases, adenine (A), guanine (G), cytosine (C), and thymine (T); these 
bases are found within the double helix as complementary hydrogen-bonded base 
pairs of the same size, with A paired to T and G paired to C. 

It is less well appreciated that DNA is perhaps the most versatile and conve- 
nient polymer from which to design topological target species. In this chapter, we 
will describe two different types of DNA topology, branching and linking. We 
will explain how the sequence of DNA molecules can be engineered to direct the 
formation of particular branched objects, such as stick polyhedra, and particular 
linked species, such as knots, catenanes and Borromean rings. In addition to spe- 
cific individual objects, some DNA motifs lead to rotaxanes and catenanes when 
polymerized in one dimension. Two-dimensional arrays of branched DNA can in- 
clude molecular chain-mail as a substructure. 

12.1.1 DNA Helicity Leads to Linked Topological Species 

The DNA double-helix consists of two strands of opposite polarity, wrapped 
about each other (Watson and Crick 1953). The individual nucleic acid repeating 
unit consists of a base attached to a sugar phosphate, which is called a nucleotide. 
The helix is approximately 20 8, wide, the vertical separation of the bases is ap- 
proximately 3.4 A, and the periodicity is 10-10.5 nucleotides/turn; for simplicity, 
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we will use 10 nucleotides/turn here. The double helical nature of the structure 
has a subtle implication - the two molecules wrap around each other so as to cre- 
ate topological features involving the individual strands. For example, a 1000- 
base-pair piece of DNA whose ends are joined to produce a circular molecule 
consists of two catenated molecules that are linked 100 times. 

The fundamental units of any topological construction are unit tangles (Sum- 
ners 1990). In a two-dimensional projection, each of these unit tangles appears as 
a crossing or a node, where a strand intersects itself or another strand; the strand 
closer to the viewer is usually drawn to be continuous, and the one further away 
is drawn interrupted. The number, signs, and placement of each of these nodes 
characterizes any particular topological construction. To accomplish the construc- 
tion of topological targets in chemical systems, it is necessary to construct the 
chemical equivalent of a unit tangle. For example, Sauvage, Dietrich-Buchecker, 
and their colleagues have used multinuclear coordination compounds to produce 
unit tangles (Sauvage 1990), Stoddart and his colleagues (Amabilino and Stoddart 
1996) have used ionic charge-transfer complexes and Vogtle et al. have used hy- 
drogen bonding combined with n-n interactions (Jager and Vogtle 1997). Figure 1 
illustrates the point that a double helical half-turn of DNA is a motif that also cor- 
responds to a unit tangle. The unit tangle is formed by two single strands, so the 
topology we are discussing here is single-stranded topology, distinct from double- 
stranded topology; the reader is referred to Cozzarelli and Wang (1990) for an in- 
troduction to that topic. The upper part of Figure 1 shows that there are two types 
of crossing, the negative node and the positive node, which are mirror images of 
each other. The form of DNA seen in solution and within the cell is called 'B- 
DNA', and it is known to be right-handed (Wing et al. 1980). A schematic picture 
of B-DNA is shown below the negative node, with arrowheads drawn on the anti- 
parallel strands to indicate their polarities. It is clear from this drawing that the 
nodes generated by right-handed B-DNA are negative nodes. 

(-) NODE (+) NODE 

RIGHT-HANDED LEFT-HANDED 
B-DNA Z-DNA 

(-) NODES (+)NODES 

Figure 1. The relationship between cross- 
ings and DNA double helices. The upper 
part of this drawing illustrates that two 
polar strands can cross each other in two 
different ways that are mirror images of 
each other. The negative crossing, or node, 
is shown on the left and the positive node 
is shown on the right. The bottom portion 
shows that the crossings generated by 
B-DNA produce negative nodes, whereas 
the crossings generated by Z-DNA produce 
positive nodes. Z-DNA contains a zigzag 
backbone, so its structure is somewhat dif- 
ferent from that of B-DNA. Nevertheless, 
the crossings are positive. 
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DNA is capable of adopting another structure, Z-DNA, which is left-handed. 
Both B-DNA and Z-DNA contain sugars in the D configuration, so Z-DNA is not 
the geometrical mirror image of B-DNA. However, for topological purposes, Z- 
DNA can be treated as the mirror image of B-DNA, because its left-handed helix 
produces positive nodes. Z-DNA is a very unusual structure, because its geornetri- 
cal repeat unit is the dinucleotide, not the mononucleotide, leading to a zigzag 
backbone structure. Furthermore, only special sequences form Z-DNA readily, 
and even these sequences require solution conditions that promote the B -+ Z tran- 
sition (Rich et al. 1984). Thus, it is possible to target specific regions of a DNA 
molecule to produce left-handed helices, and to trigger them to do so by control- 
ling solution conditions. 

12.1.2 DNA Branching Topology 

There is another feature of DNA topology that contributes to its versatility as a 
topological component. This is branching topology. The DNA double-helix found 
within living cells is a linear molecule, in the sense that its helix axis is un- 
branched. However, ephemeral branched structures can arise as intermediates in 
the processes of DNA recombination, replication, and repair, probably the best- 
known of these is the recombination intermediate known as the Holliday (1964) 
junction. The Holliday junction and other cellular branched structures are inher- 
ently unstable, because their branch points are flanked by twofold (homologous) 
sequence symmetry, so that the positions of the branch points can relocate 
through an isomerization known as branch migration (Hsieh and Panyutin 1995). 
Through the use of specially designed DNA sequences it is possible to create 
stable synthetic DNA branched molecules, called ‘immobile branched junctions’ 
whose branch points are fixed (Seeman 1982, 1990). An example of a small 
DNA molecule containing a stable branch is illustrated in Figure 2. These mole- 
cules have been used extensively to characterize the properties of Holliday junc- 
tions (Lilley and Clegg 1993; Seeman and Kallenbach 1994). 

In addition to their use in analyzing intermediates in DNA metabolism, 
branched molecules are the building blocks of DNA nanotechnology, the attempt 
to control the structure of matter on the nanometer scale through directed intermo- 
lecular interactions. Biotechnologists have used single-stranded overhangs to con- 
trol the associations of linear DNA molecules since the early 1970s (Cohen et al. 
1973); this type of association is illustrated in Figure 3a, which indicates that the 
associations can be limited to hydrogen bonding or can be annealed to covalent 
bonds by ligation. Combining branched molecules with sticky-end directed asso- 
ciation (Seeman 1982) can lead to the assembly of N-connected stick figures and 
networks (Wells 1977; Williams 1979), as shown in Figure 3b. N-connected 
means that N edges terminate at the vertices. The edges of these stick figures and 
networks consist of double-stranded DNA, and the vertices correspond to the 
branch points of the junctions. The connectivity of any DNA object corresponds 
to the number of double-helical anns flanking the branch points; junction arms 
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Figure 2. A stable DNA-branched 
junction. The junction shown is com- 
posed of four strands of DNA, labeled 
with Arabic numerals; arms are la- 
beled with Roman numerals. The 3' 
end of each strand is indicated by the 
half-arrows. Each strand is paired 
with two other strands to form a dou- 
ble helical arm. There is no homolo- 
gous twofold sequence symmetry 
flanking the central branch point, 
thereby stabilizing its position. 

have been made containing three (Ma et al. 1986), four (Kallenbach et al. 1983), 
five, and six (Y. Wang et al. 1991) arms, and there is no apparent limit to this 
number (Seeman and Kallenbach 1988). 

The issue of single-stranded topology arises even in a simple construction, such 
as that shown in Figure 3b. That drawing is a naive schematic, in which the helic- 
ity of DNA is ignored. Figure 4 illustrates two different solutions to the problem 
of incorporating helicity into this design. Figure 4a illustrates this construction 
when the vertices are separated by an exact number of double helical full turns, 
or an even number of half-turns. The underlying strand structure consists of a se- 
ries of linked circles, much like molecular chain mail. The linkage between each 
pair of circles is a function of the number of turns in the edge between them; 
there are two turns in each edge in this diagram, so adjacent circles are linked 
twice. By contrast, Figure 4b shows the consequences of separating the vertices 
by an odd number of half-turns. Instead of the linked circles, we see that the 
strand structure consists of an interwoven meshwork of strands. This example em- 
phasizes the key point made earlier, namely that the double-helical half-turn can 
be regarded for many purposes as the quantum of single-stranded topology, be- 
cause it corresponds to a unit tangle. 

12.1.3 DNA as a Synthetic Material 

In addition to the simplicity of directing its interactions by sticky-ended ligation, 
there are other advantages to DNA as a medium for topological synthesis. The 
needs of biotechnology have resulted in extremely convenient automated phos- 
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Figure 3. Sticky-ended cohesion and ligation applied to branched DNA molecules. (a) 
Sticky-ended ligation. Two linear double-helical molecules of DNA are shown at the top 
of the drawing. The antiparallel backbones are indicated by the black lines terminating in 
half-arrows. The half-arrows indicate the 5' --* 3' directions of the backbones. The right end 
of the left molecule and the left end of the right molecule have single-stranded extensions 
('sticky ends') that are complementary to each other. The middle portion shows that, under 
the proper conditions, these bind to each other specifically by hydrogen bonding. The bot- 
tom of the drawing shows that they can be ligated to covalency by the proper enzymes 
and cofactors. (b) Formation of a two-dimensional lattice from an immobile junction with 
sticky ends. X is a sticky end and X is its complement. The same relationship exists be- 
tween Y and Y. Four of the monomeric junctions on the left are complexed in parallel ori- 
entation to yield the structure on the right. X and Y are different from each other, as indi- 
cated by the pairing in the complex. As shown in (a), ligation by DNA ligase can close 
the gaps left in the complex. The complex has maintained open valences, so that it could 
be extended by the addition of more monomers. 

phoramidite chemistry for the synthesis of arbitrary sequences (Caruthers 1985); 
the work described here would not be possible without this capability. In addition, 
many exotic phosphoramidites are available commercially, to simplify the derivati- 
zation, detection, analysis, and purification of synthetic DNA molecules. DNA 
also has an external code (Seeman et al. 1976) that can be read by proteins. 
Furthermore, as a polymer DNA is both chemically stable (Lindahl 1993) and 
relatively stiff, having a persistence length of roughly 500 A under conventional 
conditions (Hagerman 1988). It is very important that it is easy to manipulate 
DNA, owing to a large battery of DNA-modifying enzymes, which are available 
commercially: These include restriction enzymes that cleave DNA at specific 
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Figure 4. Topological consequences of ligating DNA molecules containing even and odd 
numbers of DNA half-turns in each edge. These diagrams represent the same assembly 
shown in Figure 3 b. However, they indicate the plectonemic winding of the DNA, and its 
consequences. The DNA is drawn as a series of right-angled turns. In the left panel each 
edge of the repeating square contains two turns of double helix. Strands are drawn with al- 
ternate thick and thin lines, leading to cyclic strands of alternate thickness. In the right pan- 
el, each edge of the repeating square contains 1.5 turns of DNA. Therefore, the strands do 
not form cycles, but extend infinitely in a warp and weft meshwork, drawn with lines of 
different thickness. 

sequences, ligases that join ends, exonucleases that digest linear but not cyclic 
strands, and topoisomerases that catalyze strand-passage operations. All of these 
advantages argue strongly for working with a DNA backbone, in contrast to non- 
standard backbones (e.g. Nielsen et al. 1991; DeMesmaeker et al. 1995), which 
are not known to be substrates for modifying enzymes. 

12.2 Polyhedral Catenanes 

12.2.1 A DNA Cube 

We have pointed out above that the combination of branched DNA molecules and 
sticky ends leads to the ability to construct N-connected objects and networks. 
For example, it is possible to assemble a DNA molecule whose helix axes have 
the connectivity of a cube or a rhombohedron (Chen and Seeman 1991a); every 
one of its corners consists of a three-arm branched junction. This molecule is 
illustrated in Figure 5. Because the molecule has been designed to contain two 
turns per edge, it consists of six cyclic strands, each linked twice to its four near- 
est neighbors. Each of these strands corresponds to a particular face of the cube, 
which might be thought of as a projection down one of its fourfold axes. Had the 
cube been built with edges containing an odd number of double-helical half-turns, 
it would have consisted of four strands, each being a component of six edges. 
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Figure 5. A DNA molecule whose helix axes have the connectivity of a cube. The mole- 
cule shown consists of six cyclic strands that have been catenated together in this particu- 
lar arrangement. They are labeled by the first letters of their positional designations, Up, 
Down, Front, Back, Left, and Right. Each edge contains 20 nucleotide pairs of DNA, so 
we expect that their lengths will be approximately 68A. All of the twisting has been 
shown in the middle of the edges for clarity, but the DNA is base-paired from vertex to 
vertex. From model building, the axis-to-axis distance across a square face seems to be ap- 
proximately 100 A, with a volume (in a cubic configuration) of approximately 1760 nm3 
when the cube is folded as shown. 

Those strands would have corresponded to the hexagonal projections down the 
threefold symmetric body diagonals. 

Each edge of the cube-like molecule contains a recognition site for a particular 
restriction endonuclease, so that each edge can be cleaved individually. Proof of 
synthesis for polyhedral catenanes consists in cleaving them with restriction en- 
zymes to produce predicted catenated products that can be synthesized indepen- 
dently; products are analyzed by their mobility in denaturing polyacrylamide gels 
(Chen and Seeman 1991b). The molecule has been constructed from the L-F-R 
linear triple catenane (see Figure 5) ,  corresponding to the ultimate left, front and 
right faces of the target object. One of the most robust proofs of this construction 
is that cleavage of the L-F and F-R edges, present in the starting material, pro- 
duces the U-B-D linear triple catenane (Figure 5) .  Cleavage of all the vertical 
edges in Figure 5 results in a single circle of appropriate size (80 nucleotides), 
demonstrating that a tetragonal prism has been constructed, rather than an octago- 
nal or larger prism. 

12.2.2 A Solid-Support Methodology 

The cube-like molecule was constructed in solution, which does not afford ade- 
quate control over the synthetic process. Consequently, we have developed a sol- 
id-support-based methodology, which is much more convenient (Y. Zhang and 
Seeman 1992). A primary advantage is that growing molecules are isolated from 
one another on the support, so that the simplicity and specificity of sticky-ended 
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Figure 6. Solid-support-based protocol for the synthesis of a quadrilateral. Beginning with 
the support containing a closed junction, alternate cycles of restriction and ligation are per- 
formed, always at the position indicated as ‘1’. Selection of the target product (triangle, 
quadrilateral, pentalateral, . . .) is determined by the point at which one chooses to restrict at 
site 2, exposing a sticky end complementary to that exposed by restriction at site 1. This 
action corresponds to a strand switch (eliminating a zero node), of the sort shown in Fig- 
ure 8, below. This is emphasized by the lines of different thickness with which the 
‘square’ catenane is drawn. 

ligation is not jeopardized by the presence of many copies of the same molecule 
in solution. In addition, the method enables control over the synthesis of individu- 
al edges of an object. As with many forms of synthesis, control derives from the 
use and removal of protecting groups. In this context, the protecting groups are 
hairpin loops. Restriction endonuclease digestion, followed by the removal of 
hairpin loops, generates two sticky ends that can hybridize to produce a new 
edge. Each cycle of the procedure creates an object that is covalently closed and 
topologically bonded to itself, enabling some purification to take place on the sup- 
port. As with other syntheses using solid supports (e.g. Caruthers 1985), this 
methodology enables convenient removal of reagents and catalysts from the grow- 
ing product. The strategy also enables the separate execution of steps involving 
additions and cyclizations, which are optimized under different conditions. Figure 
6 illustrates the construction of a quadrilateral using this methodology: A three- 
arm closed branched junction is attached to the solid support, and restricted to 
produce a sticky end; a second junction with a complementary sticky end is intro- 
duced and ligated; the process is iterated until the growing molecule has the right 
number of vertices, and then a double restriction is used to produce an intramole- 
cular ligation. 
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12.2.3 A Truncated Octahedron 

The efficacy of this solid support-based methodology has been demonstrated by 
the construction of a molecule whose helix axes have the connectivity of a trun- 
cated octahedron (Y. Zhang and Seeman 1994). This is a 14-sided polyhedron, 
whose ideal shape consists of six squares and eight hexagons. This geometry is il- 
lustrated in Figure 7a. Figure 7 b  illustrates the truncated octahedron in a modi- 
fied Schlegel projection, where the features closer to the viewer are closer to the 
center of the drawing and those further are closer to the edges, as in a polar map 
of the earth. The Schlegel diagram indicates another feature of the molecule - this 
3-connected object was constructed with four-arm junctions at each vertex, so 
there is an unbonded arm attached to each vertex. The molecule was designed 
with two turns per edge, so it is a 16catenane, just as the cube is a hexacatenane; 
eight strands correspond to the hexagons, and six strands correspond to the 
squares. The square strands contain the extra arms at each vertex. 

Proof of synthesis is topological. First, each of the squares is shown to be in 
the molecule, by restricting them sequentially on their extra arms. The hexagon 
strands are shown to be correct by demonstrating that each of the squares is 
flanked by a tetracatenane of hexagons, for which a marker can be prepared inde- 
pendently. For example, to show that square 5 (Figure 7b) is flanked by a tetra- 
catenane of hexagons (labeled V, VI, VII and VIII), the six squares are restricted, 
and then hexagons I and III are cleaved by restriction at site A and hexagons 11 
and IV are cleaved by restriction at site B. Similar schemes free the other tetraca- 
tenanes, except that flanking square 6,  because a restriction site was inadvertently 
omitted. 

It is important to realize that the angles flanking branched junctions are not 
well defined (Ma et al. 1986; Petrillo et al. 1988); even though the arms are quite 
stiff (Hagerman 1988), they are flexible around the branch point, and the angles 
between them are variable. Thus, the geometrical designations applied to DNA 
polyhedra, such as a cube or a truncated octahedron, really mean that the helix 
axes of these objects have the same graphs as a cube or a truncated octahedron. 
Synthesis is both controlled and proved on the topological level, not the more 
rigorous geometrical level. Geometrically well-defined DNA motifs are described 
below. 

12.3 Knots 

12.3.1 Knots, Catenanes and Nodes 

There is a close relationship between knots and catenanes. Figure 8 a  illustrates a 
transformation that interconverts these two topological species. One can consider 
each strand of a unit tangle to have an arbitrary polarity, and then one can cleave 
each strand in two, so that there are two first parts and two second parts. Switch- 
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a 

Figure 7. Representations of a DNA-truncated octahedron. (a) Drawing in the shape of a 
truncated octahedron. Each edge contains two turns of DNA, which are indicated. As in 
Figure 5, the twisting is only shown in the centers of the edges for clarity, but all of the 
edges are completely base-paired. The external hairpins have been omitted. It is clear that 
each of the faces contains a single cyclic strand that corresponds to a square or a hexagon. 
(b) Modified Schlegel projection of the molecule. The square in the center is closest to the 
viewer, and the one on the outside is furthest away. Each of the square strands is labeled 
with an Arabic number, and each of the hexagon strands is labeled with a Roman numeral. 
Restriction sites are labeled with letters. Except for square 6, it is possible to free the tetra- 
catenane flanking each square by restricting each of the square strands on its external hair- 
pins, and then cleaving the remaining DNA at two restriction sites. 

ing the two connections while maintaining polarity results in the conversion of a 
positive or negative node to a ‘zero node’, where the unit tangle has been re- 
moved (White et al. 1987). This is the operation illustrated in Figure 8a, in which 
it is clear that the knot shown has been converted to a catenane by performing 
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Figure 8. Zero node operations. (a) Strand switch to remove nodes in knots and catenanes. 
On the left is a 5-noded knot (51), with its polarity indicated by arrowheads. Passing to the 
middle, one strand switch has been performed, converting the knot to a catenane, drawn 
with lines of two different thicknesses. On the right, another strand switch has been per- 
formed, making a new 3-noded knot. (b) A strand switch in a DNA context. Backbones 
are indicated by thick arrows, held together by three base pairs on each side. The helix 
axis is horizontal, and the dyad axis is vertical. The strand switch reconnects the strands, 
but maintains polarity. The reaction symbol replaces the right directional in (a). (c) View 
down the dyad axis. The view in (b) has been rotated 90" about the horizontal axis. The 
hairpin nature of the product is clear here. It should be clear that the leftward reaction 
shown here is identical to the ligation shown in the last step of Figure 6. 

this operation on it. Performing the operation on the catenane converts it to a 
knot. 

Figure 8 b illustrates this operation in a DNA context (Seeman et al. 1993). The 
unit tangle shown has a helix axis perpendicular to base pairs that hold the strands 
together. The antiparallel nature of DNA backbones leads to dyad axes perpendicular 
to the helix axis, and the central one for this half-turn of DNA is also shown, vertical 
in the plane of the page. This view has been rotated 90" about the helix axis in Figure 
8 c, so that we are looking down the dyad axis. In making the conversion from arbi- 
trary strands to DNA, we have replaced the right arrow with a chemical equation 
symbol, indicating that the reaction can go in either direction: The rightward arrow 
represents the analytical zero-node-forming operation, illustrated in Figure 8 a; the 
leftward arrow represents a synthetic operation, which removes a zero node. In 
the synthetic operation, two hairpins facing each other (Figure 8c) are ligated to 
form a continuous double helix. It is instructive to compare Figure 8 c with the final 
step in Figure 6, in which two hairpins are restricted and ligated to form the last edge 
of a quadrilateral; from a topological perspective, the precursor is a knot (the trivial 
knot or circle) and the product is a catenane. 

Figure 9 illustrates the simplest knot, a trefoil knot, drawn in a DNA context, 
so that the strand has been assigned a polarity. Each of the nodes has been sur- 
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Figure 9. The relationship between a half-turn and a node. A trefoil knot has been drawn 
with thick lines; its polarity is shown by the arrowheads along the knot. A dashed box has 
been drawn about each node, so that the strands of the knot divide the boxes into four re- 
gions, two between antiparallel strands, two between parallel strands. A half-turn of base 
pairs is drawn between antiparallel strands; the helix axes are shown as double-headed ar- 
rows and dyad axes normal to them are represented by dotted lines ending in two ellipses. 

rounded by a square, so that the strands of the knot form the diagonals of the 
square, dividing it into four regions, two between parallel strands and two be- 
tween antiparallel strands. Converting the topological picture to a DNA context 
requires only forming a half-turn of nucleotide pairs (approximately six) between 
the antiparallel strands in each square (Seeman 1992). The linker material be- 
tween squares can be made from unstructured DNA, such as oligo-dT. 

12.3.2 DNA Knots 

In an earlier section, we introduced the idea that B-DNA produces negative nodes 
and 2-DNA produces positive nodes. When this idea is combined with the notion 
that a node or unit tangle corresponds to a half-turn of DNA, it is apparent that 
one can design any knot from single-stranded DNA (Seeman 1992). We have 
used the branched junction motif illustrated in Figure 9 to produce a trefoil knot 
with negative nodes (Du and Seeman 1994), although it is somewhat difficult to 
work with isolated half-turns of DNA. A much more convenient motif is one con- 
sisting of -T-X-T-Y-T-X-T-y’-, where X and its complement X pair to form a 
full turn of DNA, Y and Y do the same, and T represents a linker segment, 
usually composed of unstructured oligo-dT. This is the motif used to produce the 
first deliberate DNA trefoil knot (Mueller et al. 1991). The individual 104-mer 
strand is synthesized, then cyclized with DNA ligase. We have varied the lengths 
of T, from a standard (used for other knots described here) of 15 nucleotides to as 
few as 7 nucleotides for trefoil knots (H. Wang et al. 1993). 
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This motif has also been employed to make figure-8 knots (sometimes known 
as 41 knots), which contain two negative nodes and two positive nodes (Du and 
Seeman 1992). This is achieved by choosing a sequence for the X-X domain that 
is in the B conformation under ligation conditions, while the sequence of the Y-Y 
domain is in the Z-conformation. Owing to the requirement of Z-DNA for both 
an appropriate sequence and Z-promoting conditions, one can produce either a tre- 
foil knot or a figure-8 knot from the same strand, just by selecting ligation condi- 
tions. It is possible to produce sequences that form Z-DNA under stronger or 
weaker 2-promoting conditions (Rich et al. 1984). Figure 10 illustrates that four 
different topologies have been produced from a strand whose X-X' and Y-Y do- 
mains form Z-DNA in different strengths of Z-promoting conditions - a circle at 
low ionic strength, a trefoil knot with negative nodes at slightly higher ionic 
strength, a figure-8 knot at much higher ionic strength, and a trefoil knot with 
positive nodes when the Z-promoting reagent Co(NH3)&13 is added (Du et al. 
1995a). The figure-8 knots were the first molecules to fulfil the properties of a 
topological rubber glove, a molecule whose molecular graph can be deformed to 
its mirror image, but cannot be deformed to a symmetry presentation (Flapan and 
Seeman 1995); a differently designed topological rubber glove has recently been 
synthesized by Sauvage and his colleagues (Chambron et al. 1997). 

12.3.3 Topoisomerization of DNA Knots 

The DNA molecule in Figure 10 adopts different conformations as a function of 
solution conditions; ligation to cyclize the molecule converts these conformations 
to topologies. Altering solutions can alter the favored conformation, and hence the 
favored topology. However, the actual topology is locked in by the cyclic nature 
of the strand; it can be changed only by passing the strand through itself. This is 
an operation catalyzed by type I (single-stranded) DNA topoisomerases. We have 
demonstrated that the interconversion of the four species in Figure 10 can be cata- 
lyzed by E. coli DNA topoisomerase I (topo I) and E. coli DNA topoisomerase 
III (topo III), which are both type I topoisomerases. For example, when a figure-8 
knot is placed in a solution that is not conducive to the formation of Z-DNA, it is 
converted readily, first to the circle, and then to the trefoil knot with negative 
nodes, when top0 I or top0 III is introduced into the solution (Du et al. 1995 b). 

12.3.4 An RNA Topoisomerase 

These synthetic knots are such good substrates for type I topoisomerases that we 
constructed an RNA trefoil knot to seek RNA topoisomerase activity, which was 
suspected, but unknown. We designed the knot similarly to the DNA trefoil knot, 
and made the circle of the same sequence by altering the length of the linker used 
in the ligation. We discovered that top0 111 is capable of catalyzing RNA strand- 
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Figure 10. The synthetic scheme used to produce four topologies. The left side of this syn- 
thetic scheme indicates the molecule from which the target products are produced. The 
four pairing regions, X and its complement X ,  Y and its complement Y,  are indicated by 
the bulges from the square. The 3' end of the molecule is denoted by the arrowhead. The 
four independent solution conditions used to generate the target products are shown to the 
right of the basic structure, along with the indication that a ligation template must be 
paired with the molecule, because the nick in the linear molecule falls between double heli- 
cal regions. The pairing and helical handedness expected in each case are shown to the 
right of these conditions, and the molecular topology of the products is shown on the far 
right of the figure. 
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passage events, although top0 I does not demonstrate this activity (H. Wang et al. 
1996). Top0 III was able to catalyze the interconversion of the RNA knot and the 
RNA circle, as well as the catenation of RNA circles. Thus, synthetic nucleic acid 
topology has aided in the discovery of a new activity derived from a biological 
system. 

12.4 Junctions, Antijunctions, and Mesojunctions 

We have noted above that the relationship between a half-turn of double helical 
DNA and a unit tangle in a topological target suggests that it is possible to design 
any knot out of DNA. Figure 11 a illustrates a 949 knot drawn in a DNA context; 
every node contains base pairs linking its antiparallel strands. We have indicated 
that it is difficult to work with individual half-turns of DNA, so it might be useful 
to condense them into larger structures. For example, the far right of Figure 11 a 
shows two half-turns connected by an arrow that indicates they could be coa- 
lesced into a full turn, much like the full turns in the central portion of Figure 10. 
Similarly, in the center of the knot there is a region containing a dark triangle, in- 
dicating that the three half-turns flanking it might be formed into a three-arm 
branched junction; this is possible, because the helix axes of the three half-turns 
all point to the center of the region they flank. 

On the left of the triangle is another region, containing an empty square and 
flanked by four half-turns. However, their helix axes do not point to the center of 
the region, but are circumferential around it. This is a new type of structure, dif- 
ferent from branched junctions, called an ‘antijunction’ (Du et al. 1992). Figure 
1 l b  compares a branched junction, labeled 44r with an antijunction, labeled 4,; 
the subscript indicates the number of helix axes that point to the center of the re- 
gion flanked by the strands. It is the central local dyad axes of the half-turns that 
point to the center of the region in the antijunction. Other arrangements of half- 
turns are possible, but it is necessary to switch the orientations of the helical half- 
turns in pairs, to avoid topological ambiguities among the strands connecting 
them. Shown below the junction and the antijunction are the two four-strand ex- 
amples of this mixed motif, known as a ‘mesojunction’ (Du et al. 1992), 142 and 
242; the subscripts retain their previous meaning, and pre-superscript is a label to 
differentiate the two species. On the left of Figure 11 b, the three-arm junction 
(33) is compared with the only three-strand mesojunction, 31, below it. 

There are no length requirements for the radial domains in these species, but 
the number of half-turns in the circumferential domains is critical. Owing to the 
difficulties of working with single half-turns of DNA, we have constructed model 
antijunctions and mesojunctions with an odd number of half-turns in their circum- 
ferential domains with three half-turns (Du et al. 1992). We have also constructed 
model mesojunctions with two half-turns in their domains; the antijunction is un- 
stable at this length (H. Wang and Seeman 1995). These molecules are intractable. 
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Figure 11. Antijunctions and mesojunctions. (a) A 949 knot drawn in a DNA context. 
Each of the nodes of this knot is shown to be formed from a half-turn of double helical 
DNA. The polarity of the knot is indicated by the arrowheads passing along it. Various en- 
closed areas contain symbols indicating the condensation of nodes to form figures. The 
curved double-headed arrow indicates the condensation of two half-turns into a full turn, 
the solid triangle indicates a three-arm branched junction, the empty square indicates a 4- 
strand antijunction, and the shaded square is a four-strand mesojunction. (b) Schematic 
drawings of 3-strand and 4-strand junctions, antijunctions, and mesojunctions shown as the 
helical arrangements that can flank a triangle or a square. Each polygon is formed from 
strands of DNA that extend beyond the vertices in each direction. The arrowheads indicate 
the 3’ ends of the strands. The vertices correspond to the nodes formed by a half-turn of 
double helical DNA. Base pairs are represented by lines between antiparallel strands. Thin 
double-headed arrows perpendicular to the base pairs represent the axis of each helical 
half-turn. The lines perpendicular to the helix axes terminating in ellipses represent the 
central dyad axes of the helical half-turns. The complexes 33 and 44 correspond to conven- 
tional branched junctions. The complex 4,, is a 4-strand antijunction. The complexes on the 
bottom row are mesojunctions, which contain a mix of the two orientations of helix axes. 
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In contrast to branched junctions, which form unique species of appropriate mo- 
lecular weight on nondenaturing gels, these complexes often form multimers of 
their target molecular weight. For example, the 31 mesojunction containing three 
half-turns in its domains forms both a monomer (3 strands, 1:2:3) and a dimer (6 
strands, 1:2:3: 1:2:3) under conditions where 33 and 44 are well behaved, and 
produce only a monomer (Du et al. 1992). The monomer and dimer are closed 
complexes, in which the final strand 3 is paired to the first strand 1. The antijunc- 
tion is even more poorly behaved, because it forms open (noncyclic) complexes 
of its four strands (e.g. 1:2:3:4:1:2:3 or 1:2:3:4:1:2:3:4:1). Antijunction or 
mesojunction topologies arise frequently in topological design and sometimes in 
RNA pseudoknot secondary structures (H. Wang and Seeman 1995). Conven- 
tional branched junctions should be preferred over antijunctions or mesojunctions 
in topological synthetic design, because they are so much better behaved. 

12.5 Borromean Rings 

Borromean rings are a rich family of linked rings (Liang and Mislow 1994), 
named for their prominence on some of the crests of the Borromeo family, well- 
known in the Italian renaissance (Cromwell et al. 1998). Figure 12a illustrates a 
classic triple of Borromean rings. Although the three rings form a topologically 
bonded species, no pairs of rings are linked together. Hence, if one of the rings 
were to be broken, the other two rings would fall apart. Figure 12b demonstrates 
that there is no limit to the number of rings that can be linked in this fashion. In- 
spection of Figure 12a reveals that the signs of the three inner nodes are opposite 
from those of the three outer nodes. Thus, one could use the strategy described 
above to make the three inner nodes from half-turns of B-DNA and the three 
outer nodes from half-turns of Z-DNA. The three inner nodes can be regarded as 
flanking a three-arm B-DNA-branched junction, centered in the middle of the dia- 
gram. Thus, those nodes could be coalesced to form a single molecular species. 

What about the outer nodes? Whereas this is a topological diagram, it is useful 
to think about distorting it. One way to do so would be to wrap it around a 
sphere. If that were done, the three-arm B-DNA-branched junction at the middle 
could correspond to the north pole, and the three outer nodes would each flank 
the south pole. Hence, they, too, could be coalesced to form a DNA-branched 
junction. However, this junction would need to be constructed from Z-DNA, be- 
cause the signs of the outer nodes are positive. 

The difficulties of working with half-turns led us to substitute lengths of DNA 
containing three nodes for the single nodes in the synthesis. Thus, we replaced 
each half-turn with 1.5 turns of DNA. This operation does not change the Borro- 
mean property of the molecule, because equal numbers of positive and negative 
nodes have been added. To gain greater control, it was useful to add DNA hair- 
pins to the equator of the molecule, between the two junctions; these hairpins do 
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Figure 12. Borromean rings. (a) Traditional Borromean rings. Note that no two rings are 
linked. (b) There is no limit to the number of rings in a Borromean link. An arbitrarily 
large number of rings is shown linked in a Borromean arrangement, so that cleavage of 
any one of them results in the unlinking of the entire complex. The thunderbolts breaking 
one of the rings indicate that any number of rings could be included at that point. (c) The 
synthesis of Borromean rings from DNA. A B-DNA-branched junction (top) and a Z-DNA 
junction (bottom) are shown, each with 1.5 turns per arm; the signs are nodes noted. The 
three strands are drawn with lines of different thicknesses. At the ends of each strand are 
partial hairpins (one almost complete, one that supplies the missing portion to another in- 
complete hairpin). When ligated in Z-promoting conditions, the Borromean arrangement on 
the right is obtained. 

not have any effect on the topology of the molecule. These sites were used as 
positions where the two junctions could be ligated. Likewise, restriction sites 
were placed on these hairpins, so that the Borromean property could be demon- 
strated. Figure 12c shows that when ligated in Z-promoting conditions, the two 
junctions combine to form three rings with the Borromean property. The hairpins 
on the three rings are of slightly different lengths, although this is not indicated in 
Figure 12c. The different lengths permit them to be separated by denaturing gel 
electrophoresis. When restricted individually, only single circles are seen, and no 
dicatenanes are detected, demonstrating the success of the construction (Ma0 et 
al. 1997). 
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12.6 Topological Protection 

We have described the construction of two different types of topological target. In 
one every nucleotide in the polyhedral catenanes is designed to base pair or to be 
the tight tip of a hairpin. In the other, by way of contrast, the knots and the Bor- 
romean rings contain long single-stranded linker regions between pairing do- 
mains. We have pointed out above that double helical DNA is quite stiff (Hager- 
man 1988), but one has little control over the structures assumed by single- 
stranded DNA, which might lead to unwanted linking in the product. For exam- 
ple, in the frst synthesis of a DNA trefoil knot, a closed species was detected 
with a higher mobility than the trefoil, possibly a 52 knot (Mueller et al. 1991). 

A solution to the problem of unwanted linking is topological protection, which 
entails the temporary addition of single-stranded DNA complementary to single- 
stranded regions. Thus, the interactions of single-stranded regions are controlled 
during the ligation process. Whereas these ‘protecting’ molecules are not topologi- 
cally bonded to the target molecule, they can be removed readily upon purifica- 
tion of the product. This idea is illustrated for both catenanes and knots in Figure 
13. We have shown that this procedure is quite effective when applied to cate- 
nanes of arbitrary sequence (Fu et al. 1994b). Ironically, even though topological 
protection was devised with knots in mind, it has proved unsuccessful in that 
application. Indeed, attempts to apply topological protection have sometimes 
resulted in larger amounts of undesired products (Du and Seeman 1994). We as- 
cribe this failure to the oligo-dT sequences used in the linkers; the complementary 
sequence, oligo-dA, is capable of forming triple helices (Felsenfeld et al. 1957), 
involving two linkers simultaneously, and leading to their linkage. 

12.7 DNA Double-Crossover Molecules 

12.7.1 Motifs and Properties 

The Holliday junction is a well-known intermediate in recombination, but it is not 
the only one. Another species is the DNA double-crossover molecule, termed DX. 
The DX molecule consists of two four-arm branched junctions that have been 
joined at two adjacent arms, to create a molecule containing two helical domains 
joined by two crossover points (Fu and Seeman 1993). There are five different mo- 
tifs of the DX molecule; these are illustrated in Figure 14, with a modification of one 
of them. The names of the DX molecules all begin with D, for ‘double crossover’. 
Those in the top row have P for their second letter, indicating that their helix axes are 
parallel; hence, there is a dyad axis, vertical in the plane of the page and parallel to 
the helix axes, relating each helical domain of the DP molecules to the other domain. 
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Figure 13. Topological protection. The upper half illustrates the topological protection of ca- 
tenanes, the lower half the same principle for knots, Each panel illustrates two ligation reac- 
tions: In the top reaction of each section, strands are ligated in the absence of topological 
protecting groups and, in the bottom reaction, topological protecting groups are present dur- 
ing ligation. The topological protecting groups are drawn as thinner lines than the molecules 
to be linked together. In the catenane system, for both reactions, the final catenane has two 
turns of Watson-Crick complementarity, seen in the central duplex, where they are hybridized 
together. In the top reaction, the target doubly-linked catenane is shown as a product, but an- 
other catenane is also drawn, which contains an adventitious link; in the lower reaction, all the 
nucleotides of noncomplementary DNA are paired with their Watson-Crick complements, re- 
moved upon denaturation. In the knot system, both reactions lead to the trefoil knot. However, 
in the top, unprotected reaction, some 52 and higher knots are also shown. 

Those molecules in the bottom row have A for the second letter of their names, in- 
dicating that their helix axes are antiparallel. The terms ‘parallel’ and ‘antiparallel’ 
are derived from recombination chemistry, which assumes that the two domains con- 
tain homologous sequences; in that case, ‘parallel’ and ‘antiparallel’ describe their 
relative orientations. There is a dyad axis perpendicular to the page relating the 
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Figure 14. Motifs of double crossover molecules. The top row contains the three parallel 
isomers of double crossover (DX) molecules, DPE, DPOW and DPON; ‘P’ in their name 
indicates their parallel structure. Arrowheads indicate 3’ ends of strands. Strands drawn 
with the same thickness are related by the vertical dyad axis indicated in the plane of the 
paper. DPE contains crossovers separated by an even number (two) of half-turns of DNA, 
DPOx by an odd number; in DPOW, the extra half turn is a major groove spacing, in 
DPON, it is a minor groove spacing. The middle row illustrates two other DX isomers, 
DAE, and DAO. The symmetry axis of DAE is normal to the page (and broken by the 
nick in the central strand); the symmetry axis of DAO is horizontal within the page; in 
DAO, strands of opposite thickness are related by symmetry. DAE+J, in the second row, is 
a DAE molecule, in which an extra junction replaces the nick shown in DAE. 

two domains of DAE, and there is a dyad axis horizontal within the plane of the 
page, relating two halves of each domain of DAO. In each DA molecule, the sym- 
metry axis is perpendicular to its helix axes. The third letter of each name indicates 
whether the crossovers are separated by an even number (E) or odd number (0) of 
double helical half turns. The parallel molecules must be differentiated further, to 
distinguish whether the odd half turn corresponds to a major (wide) groove spacing 
(DPOW) or a minor (narrow) groove spacing (DPON). A sixth DX molecule is 
shown at the lower right of the diagram, DAE+J. This molecule is a DAE molecule 
in which the nick indicated in the drawing at the lower left has been replaced with 
another helical domain, usually produced with a bulged three-arm-branched junction 
(Li et al. 1996). It is also possible to make DAO+J molecules (Winfree et al., 1998). 

The parallel DX molecules, particularly DPE, are closely related to intermedi- 
ates in recombination (Schwacha and Kleckner 1995). However, the separation 
between crossovers is much longer in recombinational intermediates. When the 
separation is reduced to one or two helical turns, as illustrated in Figure 14, paral- 
lel DX molecules are not well-behaved; they tend to oligomerize (Fu and Seeman 
1993), much like the mesojunctions described above. By contrast, antiparallel DX 
molecules are very well-behaved, evidenced by the fact that they produce single 
bands on nondenaturing polyacrylamide gels. 
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Double-crossover molecules have been used extensively to characterize the 
properties of Holliday junctions. The strong torsional coupling between their 
crossover points has been exploited to construct symmetric immobile junctions ( S .  
Zhang et al. 1993), junctions in which one of the crossovers is flanked by homol- 
ogy, but is nevertheless unable to branch migrate. Symmetric immobile junctions 
have been used to characterize crossover isomerization thermodynamics (S. Zhang 
and Seeman 1994) and, more recently, the sequence dependence of the branch 
point stability (W. Sun et al., 1998). Double crossover molecules have also been 
employed to establish the cleavage patterns of endonuclease VII, an enzyme that 
resolves branched junctions (Fu et al. 1994a). 

12.7.2 Crossover Topology 

The most interesting topological feature of linking in double crossover molecules 
is that closing their ends with hairpins converts them into catenanes (Seeman et 
al. 1993). This has been exploited with a DPON molecule, so that it is converted 
into a doubly-linked catenane (Fu et al. 1994a,b). This molecule has been used to 
demonstrate the sign of the node in the parallel Holliday junction (Fu et al. 
1994b). Figure 15 illustrates how this has been done. Shown from left to right in 
that drawing are the three alternatives for parallel double-crossover molecules - 
two positive nodes for the crossovers, one positive node and one negative node, 
or two negative nodes. Below the double crossover pictures are simplified 
topological drawings, eliminating nugatory nodes. It is clear that the three species 
are linked two, three, or four times, depending on the nature of the crossover. It is 
possible to distinguish similar catenanes of different linking number by their mo- 
bilities on denaturing gels. When a DPON molecule was electrophoresed relative 
to standards linked once, twice, or three times, all of it migrated as though it were 
liriked twice, indicating that the signs of the crossover nodes in that molecule are 
always positive (Fu et al. 1994 b). 

12.7.3 Ligation of Double Crossover Molecules 

The self-reinforcing nature of the DX molecule suggests that it might be able to 
serve as a rigid DNA motif. Why would one need a rigid motif? The answer lies 
in the goal of constructing periodic catenanes and braids, such as those illustrated 
in Figure 4, or their three-dimensional analogs (Seeman 1982). To serve as a com- 
ponent for periodic assembly, the individual units must have at least three proper- 
ties: (I) The predictable specificity of intermolecular interactions between compo- 
nents; (ii) the structural predictability of intermolecular products; and (iii) the 
structural rigidity of the components (Liu et al. 1994). DNA-branched junctions 
are superb building blocks from the standpoint of the first two requirements: (i) li- 
gation directed by Watson-Crick base pairing between sticky ended molecules has 
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Figure 15. The relationship between the crossover topology of catenated double-crossover 
structures and the linking number of the complex. The two portions of this drawing show 
schematic diagrams of a DPON molecule whose ends have been closed to produce a cate- 
nane. The top portion illustrates the entire molecule, with all the Watson-Crick nodes, includ- 
ing those formed by the distal arms beyond the crossover points. The bottom portion elimi- 
nates all nugatory nodes, illustrating only the nodes that must be present under denaturing 
conditions. No attempt has been made here to model the difference between major groove 
and minor groove separations. The two catenated molecules are drawn with lines of different 
thickness, so that they can be distinguished. Proceeding from the left to the right of the draw- 
ing, we change the signs of the nodes at the crossover points. The number of negative nodes at 
the crossover points is indilated at the top as 0, 1, or 2. On the left, both nodes have positive 
signs. In the central molecule, the lower crossover point is a negative node, and in the mol- 
ecule on the right both crossovers are negative nodes. By changing the signs of the crossover 
nodes, we introduce nodes with the same negative signs as those resulting from the right- 
handed helicity of B-DNA. Hence, as indicated on the bottom, the molecule on the left con- 
tains two links, the molecule in the center contains three links, and the molecule on the right 
contains four links. The absolute signs of the linking numbers are negative. 

been used successfully to direct intermolecular specificity for over two decades 
(Cohen et al. 1973); and (ii) the hydrogen-bonded or ligated product is double 
helical B-DNA, whose local structural parameters are well-known (Qiu et al. 
1997). However, as noted above, the angles between the arms of DNA-branched 
junctions are variable and ill-defined. 

The hypothesis of DX rigidity has been tested in ligation-closure experiments. 
This type of experiment led us to conclude initially that the angles between arms 
in branched junctions are flexible. Such an experiment is illustrated for a three- 
arm branched junction in Figure 16. As long as the branch points are separated 
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AUTORADIOGRAM 

Figure 16. The experimental design used in ligation-closure experiments. The three-arm 
junction employed in the experiments is indicated at the upper left of the diagram. The 3' 
ends of the strands are indicated by arrowheads. The 5' end of the top strand contains a 
radioactive phosphate, indicated by the starburst pattern, and the 5' end of the strand on 
the right contains a nonradioactive phosphate, indicated by the filled circle. The third 
strand corresponds to the blunt end, and is not phosphorylated. Beneath this molecule are 
shown the earliest products of ligation, the linear dimer, the linear trimer, and the linear tet- 
ramer. The earliest cyclic products - the cyclic trimer and the cyclic tetramer - are shown 
on the right. The blunt ends form the exocyclic arms of these cyclic molecules. Note that 
in each case the labeled strand has the same characteristics as the entire complex - it is an 
oligomer of the same multiplicity as the complex, and its state of cyclization is that of the 
complex; thus, it is a reporter strand. When the reaction is complete the reaction mixture is 
loaded onto a denaturing gel, and its autoradiogram is obtained, showing only the reporter 
strand. Both cyclic and linear products are found, as indicated on the left of the gel. If an 
aliquot of the reaction mixture is treated with ex0 III and/or ex0 I, the linear molecules are 
digested, and only the cyclic molecules remain. 

by an integral number of double helical turns, the oligomerization experiment will 
generate a reporter strand, the fate of which reflects that of the entire complex. 
For example, in Figure 16 the radioactively labeled strand is a reporter strand, be- 
cause it is linear if the product is linear and is cyclic if the product is cyclic. 
When the products are run on a denaturing gel, they dissociate, and the lengths of 
the linear and cyclic reporter strands can be analyzed relative to those of markers. 
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Figure 17. The ligation products of antiparallel double crossover molecules. Ligations of 
the DAE, DAO, and DAE+J molecules, respectively, from the top to the bottom of the 
drawing. One domain has been capped by hairpins. Ligation of the DAE molecule leads to 
a reporter strand, which is drawn more darkly. Ligation of the DAE+J molecule also leads 
to a reporter strand, similar to the one in DAE. However, ligation of the DAO molecule 
produces to a polycatenated structure. 

The conclusion that branched junctions are flexible derives from the observation 
that many different cyclic products (trimers, tetramers, pentamers ...) can all be ob- 
tained from the same starting material. This observation is true whether the junc- 
tions are three-arm branched junctions (Ma et al. 1986) or four-arm-branched 
junctions (Petri110 et al. 1988); bulged three-arm-branched junctions are somewhat 
less flexible (Liu et al. 1994), but they have been found to be insufficiently rigid 
for nanoconstruction (Qi et al. 1996). 

It is very hard to analyze such an experiment if it does not produce a reporter 
strand, either directly, as described for the three-arm and four-arm junction, or 
after restriction frees it from catenated partners (Li et al. 1996). To characterize 
the flexibility of double-crossover molecules, it is useful to examine the crossover 
topology of the products of an oligomerization reaction. These are shown in Fig- 
ure 17 for DAE, DAO and DAE+J motifs. It is clear that both DAE and DAE+J 
motifs produce a reporter strand, but DAO does not. Therefore, in our initial ex- 
periments, we have analyzed only DAE and DAE+J. In both, these motifs can be 
shown to behave as rigid species, because they do not cyclize to any appreciable 
extent. 

We expect that double crossover molecules can be incorporated into the edges of 
DNA polygons and polyhedra, so that these rigid units could be used in nanocon- 
struction. It is well-known that the only inherently rigid polygons are triangles, or 
larger polygons buttressed with triangles; likewise, the only inherently rigid polyhe- 
dra are convex deltahedra, polyhedra whose faces are all triangular (Kappraff 1990). 
Consequently, the incorporation of double-crossover molecules into the edges of 
these species is likely to lead to rigid components for the creation of complex per- 
iodic catenanes and braids. We have already been able to show that the incorporation 
of DX molecules into one edge of a triangle leads to oligomerization products similar 
to those obtained from free DX molecules; these are linear, and largely straight oli- 
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Figure 18. Double crossover-containing structures. (a) DX molecules incorporated in the edges 
of a triangle. Two edges of a triangle contain DAE molecules. Oligomerization will take place 
in the edge-containing biotins (‘B’ enclosed by a circle), after restriction of those hairpins and 
their removal by streptavidin bead treatment. (b) An octahedron containing DX molecules. The 
top four faces of an octahedron are shown. Three edges that span 3-space contain DX mol- 
ecules. The system would be ligated through the extra domains of the DX molecules. 

gomers of DNA triangles; the products are quite long, containing 40 or more triangles 
(X. Yang et al., 1998). This type of ligation experiment is illustrated in Figure 18a. 
Figure 18b shows an octahedral component that might be used to extend this motif 
into three dimensions. 

12.7.4 Double-Crossover Molecules as a Route 
to Linear Catenanes and Rotaxanes 

The ligation of double-crossover molecules seems to provide an extremely conven- 
ient route to the generation of single-stranded rotaxanes and catenanes. This is evi- 
dent from Figure 17, which shows the strand structures of the products of double 
crossover ligation, after capping one domain with hairpin loops. It is clear that the 
ligation of DAO molecules leads to polymers of linearly catenated molecules. We 
have been able to generate oligomers of this sort, extending at least to heptamers, 
although some cyclic species are also present; the cyclic species can be favored 
by adding bulges to the DAO molecules (M.H. Wong et al., in preparation). Ligation 
of DAE or DAE+J molecules can lead to the components of rotaxanes, because the 
central ring is wrapped around both of the strands, one of which could be removed 
readily by restriction (P. Sa-Ardyen et al., in preparation). As was the case with the 
Borromean rings described above, it seems easier to generate catenanes and rotax- 
anes with multiple links than to generate singly linked species with this system. 
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12.7.5 Two-Dimensional Arrays 
of Double-Crossover Molecules 

A simple method of creating two-dimensional periodic arrays that incorporate 
antiparallel DX motifs is to use DX molecules as the only components. Such ar- 
rays present an excellent model system for learning the practical aspects of crys- 
talline assembly. Furthermore, 2-D arrays of DX molecules can be employed to 
function as one-dimensional cellular automata (Winfree 1996) in the context of 
DNA-based computing (Adleman 1994). Winfree has pointed out that there are 
four different topologies that ligated arrays of periodic antiparallel DX molecules 
can assume. These are illustrated in Figure 19. Each of the two possible com- 
ponents, DAE or DAO, is seen to generate two different periodic topologies, de- 
pending on their separation: The DAE-E lattice corresponds to DAE molecules 
separated by an even number of double helical half-turns, whereas in the DAE-0 
lattice they are separated by an odd number; likewise, DAO components are sepa- 
rated by an even number of half-turns in the DAO-E lattice, and they are sepa- 
rated by an odd number of half-turns in the DAO-0 lattice. 

It is clear from Figure 19 that each of these arrays is a planar arrangement of 
DNA double helices linked by their crossover points. However, the underlying 
single-strand topologies are not the same. DAO-E contains a group of four verti- 
cal strands, two pointing up and two pointing down; these strands zigzag through 
the lattice with horizontal excursions equal to the sum of the half-turn separation 
within the DAO, termed i, and the half-turn separation between DAO units, 
termed b. In Figure 19, these distances are three and four half-turns, respectively, 
for a total of seven half-turns. DAO-0 is similar, in that there are again four verti- 
cal strands. However, the zigzag repeats are not the same. The zigzag period of 
the two strands pointing up in Figure 19 is b, and the period of the two strands 
pointing down is (2i + b). 

Figure 19. Topological structure of 2D antiparallel DX arrays. The four arrays are built from 
DAO or DAE molecules; crossings are separated by an even (E) or odd (0) number of double 
helical half-turns. Strand polarities are shown by the arrowheads on their 3' ends. Strands are 
drawn with different thicknesses for clarity. Both DAO lattices contain vertical zigzag strands, 
only. DAE-E consists of molecular chain mail, and DAE-0 produces reporter strands in both 
the horizontal direction (straight) and the vertical direction (zigzag). 
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The DAE-0 lattice contains strands pointing in all four directions, both vertical 
and horizontal. The array contains the cyclic strand of width i, inherent in any 
DAE lattice. Note that these cyclic strands alternate polarities (clockwise or coun- 
terclockwise) in alternate crossover layers within the array; the arrowheads have 
been left on these small circles to indicate this point. The lattice contains two infi- 
nite, continuous helical strands that contain no crossover points. One of these 
strands points to the left, and the other one points to the right. Finally, there are 
vertical zigzag strands, one pointing up and one pointing down. Their zigzag peri- 
od corresponds to b, whose value is 5 in Figure 19. DAE-E is a motif that corre- 
sponds to molecular chain mail. There are two small circles, of opposite polarity, 
of width i. These are intermeshed with two large circles, also of opposite polarity, 
of width (2b + i). 

Recently, the DAE-0 and DAO-E lattices have been constructed (E. Winfree et 
al., 1998). With both it is possible to ligate the strands together to get very long re- 
porter strands. The most effective characterization of these arrays has been achieved 
without ligating them, merely by visualizing them in the atomic force microscope 
(AM).  It is possible to include a DAO+J or DAE+J motif in these arrays where 
the J hairpin points up, sometimes DA0+2J or DAE+2J, with one hairpin pointing 
up and one down; these hairpins have no effect on the topology of the array, just as 

Figure 20. Two-dimensional arrays constructed from DAE and DAE+J motifs. Two arrays 
are shown, one containing two components, A and B*, and a second containing four com- 
ponents, A, B, C, and D*. Each of the starred components contains one or two hairpins 
perpendicular to the plane of the may. The double-crossover molecules are represented as 
two closed figures connected by two short lines. The helix axis of each domain is repre- 
sented by a dotted line. The sticky ends are drawn schematically as complementary geome- 
trical shapes, representing Watson-Crick complementarity. The horizontal repeat is two 
units in the top array and four in the bottom array; the vertical repeat is a single unit in 
both arrays. The perpendicular hairpins are visible as stripes when this array is examined 
in the atomic force microscope. 
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the hairpins added to the equator of the Borromean rings had no effect on its topol- 
ogy. By using the hairpin as a topographic label, it is possible to observe the struc- 
ture of the array. This is particularly clear when multiple units are used; thus, instead 
of using the same unit repetitively, one can use a unit containing the topographic 
label, interspersed with one lacking it. When this is done, the separations between 
labels correspond to the repeat unit in the long direction of the DX unit; the resolu- 
tion of the AFM is too low to resolve the hairpins in the direction perpendicular to 
the helix axes, so they just appear as stripes. When the repeating motif is changed 
from two units to four units (by using four different sets of sticky end), but only 
one unit is labeled, the separations between the stripes doubles, confirming that 
the complexity of the surface features of the array can be controlled by sticky 
ends. This concept is illustrated schematically in Figure 20 with DAE units. Units 
A and B* (where the star represent the topographic label) are seen to form an alter- 
nating lattice the topographic labels of which are separated by a double repeat; when 
four sticky end sets are used with molecules A, B, C, and D*, the labels are sepa- 
rated by a quadruple repeat. Of course, the authentic periodic repeat is two dou- 
ble-crossover molecules in the A-B* array, and four double-crossover molecules 
in the A-B-C-D* array. The extent of control demonstrated over these molecules 
as a consequence of the sticky ends suggests that ultimately it will be possible to 
create intricate periodic patterns from these components. Furthermore, there is good 
reason to expect that the use of DNA DX motifs as units in DNA-based computing 
(Winfree 1996) is likely to be feasible. 

12.8 Concluding Comments 

12.8.1 Applications of Synthetic DNA Topology 

In this chapter I have tried to demonstrate that DNA is an extremely convenient 
medium for synthetic topology. The relationship between DNA double helical 
half-turns and the unit tangle is responsible for most of the success described here 
in creating topological targets. In addition to the generation of targets as ends in 
themselves, we have shown that a topological approach has led to the character- 
ization of the sign of the parallel Holliday junction crossover (Fu et al. 1994b), 
and to the discovery of RNA topoisomerase activity (H. Wang et al. 1996). 

Are there any other possible uses for the construction of complex topological 
species? One possible application is in the mass production of DNA polyhedral 
catenanes by biological means, such as the polymerase chain reaction (PCR) 
(Saiki et al. 1986) or by production in viva Figure 21 illustrates that semi-conser- 
vative replication (the mechanism used by DNA polymerases) cannot reproduce a 
stable branch. The DNA with different sequences in the two arms of the branch 
(cartooned as dashed and solid lines) leads to two heterologous duplex DNA mol- 
ecules, rather than a second branched molecule. 
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Figure 21. The problem with replicating branches. 
A stable branch is shown, indicated by a dotted 
backbone on one strand and a solid one on the 
other. Replication by DNA polymerase leads to 
two different duplexes, rather than reproduction of 
the branched molecule. 

Figure 22. A single-strand strategy to produce 
branched structures by biological replication. A 
Schlegel diagram of a pentagonal dodecahedron is 
shown, with two turns of DNA per edge. The 5' 
end of the strand is indicated by a filled circle, 
and the 3' end is indicated by the arrowhead. Each 
cyclic face contains an exocyclic helix, and these 
have been connected together to produce a single 
long strand that could be replicated. If it folded 
properly, it could be trimmed by restriction en- 
zymes to remove all of the connecting (curved) 
DNA. The product would be the target polyhe- 
dron, ready to ligate to other polyhedra. 

The strength of reproducing DNA by enzyme-catalyzed semi-conservative 
replication is that it is capable of copying faithfully a single strand of DNA. We 
have seen that DNA polyhedral catenanes usually involve many strands. If there 
is an integral number of double helical half-tums/edge, there will be one strand 
per face, so that the cube is a hexacatenane, and the truncated octahedron is a 14- 
catenane. By contrast, a knot contains a single strand only. Figure 22 shows that 
it is possible to convert a polyhedral catenane to a single strand. This drawing is 
a Schlegel diagram of a pentagonal dodecahedron, drawn so that the pentagon at 
the center is closest to the reader, and the one at the outside is furthest back. Each 
edge has been decorated with two double helical turns of DNA, leading to a 12- 
catenane. However, the cyclic strands corresponding to the faces have had an exo- 
cyclic arm added to them, much like the hairpins added to the Borromean rings 
or to the two-dimensional DX lattices. These exocyclic arms have been fused, 
similar to the way that the two arms of the precursor to the quadrilateral have 
been fused in the last panel of Figure 6. As we know, two linked circles can be 
fused by removing a zero node between them, and a knot (possibly the trivial 
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knot) is formed (see Figure 8). If all of the circles in this diagram are fused, 
through their exocyclic arms, one obtains a single long strand. In principle, this 
strand could be reproduced by cloning or by PCR (Seeman 1991). The challenge 
will come when workers attempt to control the folding of the strand (probably in 
the presence of a type I topoisomerase) to obtain the topology shown. 

12.8.2 Synthetic DNA Topology Leads to DNA Nanotechnology 

The plectonemic nature of the DNA double-helix makes it a tractable molecule 
for experiments in molecular topology. This is a very rich vein for the exploration 
of the topological properties of matter. In this chapter, we have tried to illuminate 
some of the techniques by which the single-stranded topology of DNA can be di- 
rected in synthetic molecules. Catenanes and knots, periodic braids, and Borro- 
mean rings are available from simple protocols, and it is to be hoped that the 
physical properties associated with complex topologies (Moffatt 1990) will be- 
come available through the medium of DNA constructions. 

Topological constructions are intimately related to geometrical stick figures 
built from DNA (Seeman et al. 1993). Those molecules are designed with the na- 
notechnological goal of controlling the structure of matter on the nanometer scale; 
hence their geometries are ultimately of key interest. The goals of such catenane 
constructions include the rational design of periodic matter (Seeman 1982, 1985), 
nanoscale mechanical devices (Seeman 1998), and biochips for computation on 
the smallest possible scales (Robinson and Seeman 1987). Some of the molecules 
to be associated with DNA will be pendent from it, hanging off every residue; if 
so, the topology of the pendent molecules will reflect that of the DNA scaffold. 
In the recent construction of two-dimensional DNA arrays, certainly the most suc- 
cessful prototyping of designed periodic matter from DNA, the topological de- 
signs have been key to the assembly of the molecules. 

When working with a well-structured polymer, like DNA, its topological prop- 
erties are the first to be characterized: How is it linked, how is it branched? These 
properties are present, even if the polymer is not completely rigid, so that its 
three-dimensional structure is well-defined. The area of DNA nanotechnology is 
developing from a topologically-based discipline to a geometrically-based disci- 
pline, as rigid motifs, such as DX molecules are introduced. It is to be hoped that 
this increase in geometrical definition will heighten, not reduce, the importance of 
topology in nanoconstruction: We expect that rigid components will enable us to 
achieve greater control over topological targets, and greater control over their 
analysis. When we have achieved control in both these areas, synthetic DNA 
topology will have matured. 
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Ag(CH3C6H4S03) 309 
[ Ag(tcm)( dabco)] 100 
Ag(TEB)CF3S03 [TEB = 1,3,5-tri~(4- 

ethynylbenzonitri1e)benzenel 87 

(SbFd12 92 

Si(4-cyanophenyl)4] 88 

[Ag2(2,3-dimethylpyrazine)3] 

Ag3(tCps)2(PF6)3 [tcps = 

AgN03 309 
ally1 bromide 127 
alongside 156 
amphichiral 8 
antiferromagnetic 38f. 
antijunction 337f. 
antiparallel strands 334 
arc 21,26 
-, corresponding 21 
aromatic stacking 70 
automorphism 3 1 
auxiliary, chiral 136 
azide 149 
trans-azobenzene 168 
azobenzene diazonium salt 167 

basket-shape 180 
bathochromic shift 134 
benzidine station 160 

benzimidazole ligand 60 
p-benzoquinone 178 
Bi3GaSb2011 102 
{Bi404}{ 1/2Bi}4 102 
I31604 102 
binaphthyl phosphate 

biotin 348 
biphenol station 160 
biphenylene 73 
2,2’-bipyridine 207 
bipyridinium 15 1 
1,4-bis(aminomethyl)benzene 185 
1,4-bis(bromornethyl)benzene 270 
q- [bis(ethylenedithio)tetrathiofulvalene]2. 

[Cu2(CN){N(CN)2)21 84 
bis(hexafluorophosphate) salt 149 
bisparaquat cyclophane 285 
1,4-bis(4-pyridyl)butadiene 103 
1,4-bis(4-pyridyl)butadiyne 80 
bistability 38 
block copolymer 270 
blocking group 199,280 see also stoppers 
bonding interactions 
-, hydrogen- 147 
-, noncovalent 144 
Borromean rings 108,339 
bound rubber 237f. 
braid 348 
branched covering 

branching 251 

-,chiral 136 

-, 2-fold 23 
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5-t-butylisophthaloyl dichloride 197 

calix[4]arene 201f. 
- blocking group 202 
catechol rings 147 
catenand 
-, diamino[2] 262 
-, dihydroxy[2] 260 

catenanes 57f., 77, 82, 80, 166 

-, -, anion complexing properties 186 
- - cyclodextrin-based 169 

-, p0ly[2] 263 

-, [2] 165, 168, 178, 186 

-, [3] 168 
-, [4] 157 
-, [5] 157 
-, [7] 157 
-, [n] 157 
- 12-catenane 352 
- 14-catenane 331 
- 34,34-catenane 2 
-, amide-based 177ff. 
-,chemistry 205 
-, cyclodextrin 166 
-, dibenzyloxy[2] 258 
-, dimer-dimer 182 
-, dimer-tetramer 184 
-, directed synthesis 143 

-, doubly-linked 344 
-, enantiomeric forms 18 1 
-, (en)Pd(II)-incorporation 62 
-, fluorinated 66 
-,furan0 185 
-, -, X-ray analysis 185 
-, hetero[2] 145 
-,hexa 331 
-, historical aspects 1, 11 1 
-, homo[2] 145 
-, idin isomer 182 
-, idout isomer 182 
-,linear 348 
-, linear triple 329 
-, metal ion incorporation 57 
-,mixed 66 
-, multi 248f. 

-, DNA 109,177 

-, oligo[2] 210,212 
-, out/out isomer 182 
-, Pd(I1)-linked 58 
-, periodic 348 
-, platinum 63 
-, poly see polycatenanes 
-, polyhedral 328f. 
-, polymeric 247,249,269,273 
-, proteins 177 
-, single-stranded 348 
-, solid state structure 168 
-, statistical approach 1 
-, step-growth polymerization 258 
-, swinging 59 
-, topologically chiral sulfonamide 199 
-, transition metal-linked 62 
-, unsymmetric 182 
-, X-ray structure 63,69,72, 157 
catenate 117, 136 
- , c h i d  136 
catenated 
- cyclic polymers 268 
-6-gon 103 
catenation 81 
catrotane 209 
- amide-linked 212 
[C~(~,~’-~~PY)~(H~O)(OH)I (PF6) 88 
[Cd(4,4’-bipy)2(H20)2l(PF6)2 .4H20 . 2bipy 

[Cd(4-methylpyridine)2- 

Cd(CN)2(4,4’-bipy) 103 
Cd(CN)2. pyrazine 103 
[Cd(py)2{Ag(CN)2}21 89 
cells 
-, collection of 20 
-, 2-dimensional 19 
-, embedded complex 19,26 
-,single 20 
cesium carbonate 119 
charge transfer 304 
chirality 
-, chemical 20,25 
-, intrinsic 25, 31 
2-(2-chloroethoxy)ethanol 127 
3-chlorosulfonylbenzoyl chloride 186 

88 

{Ag(CN)2 121 (4-methy lpyridine) 84 
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cinnamic acid 195 
circuit 
-, 4-gon shortest 78 
-, 6-gon shortest 78 
-, 6-gon smallest 79 
circular 
- dichrogram 215 
- dichroism 137 
circumrotation 155, 180,207 
-, free 187 
clay platelet 236 
cIi ping 144, 190,283 
C J +  308 
coercive field 52,54 
complex 
-, ionic coordination 178 
-, ionic donor-acceptor 178 
-,neutral 178 
composite 
-,2D 81 
-,3D 81 
cornproportionation constant 133 
conformational strain 132 
constrained 

- - in homogeneous systems 225 
- chain theory 227 
- junction theory 227 
constraining 223f. 
- at interfaces 233 
-, parameter 227 
-, polymer chains 223 
-structure 224 
- by a surface 236 
- within a volume 238 
-, zeolite 233 
coordination polymer 77,8 1 
copolyurethane 301 
copper(1) 11 7, 308 
-chloride 162 
- complex 1 17,120 
copper(II) 133 
-chloride 162 
-&iflate 136 
core 
-, benzo-acetal 114 

- chains 224,233 

-, double-helical 132 
-, helical 123, 126 
- -, X-ray structure 126 
critical temperature, Tc 50 
cross-linking 225,227f., 25 1 
-, PS-zeolite 234 
crossing 9,324 
-negative 11 
-points 129 
-positive 11 
crossover point 34 1, 345 
crown ethers 280,282,286 
-, bisphenylene 305 
-, bis-p-phenylene-34-crown-10 147, 282 
-, dibenzo-24-crown-8 146,282 
-, 18-crown-6 294,309 
-, 30-crown-10 286 
-, 42-crown-I4 286 
-, 48-crown-16 286 
-, 60-crown-20 286 
-, 5-hydroxymethyl- 1,3-phenylene- 

16-crown-5 301 
-, 5-hydroxymethyl- 1,3-phenylene- 

1,3-phenylene- 32-crown-10 301 
-, liquid-like 3 16 
crystallite 239 
CC~(4,4’-bipy)X] (X = C1, Br, 1) 90 

[(Cu(opba)l2- 39f. 
[Cy(tcm)(bi~~)l 85 
Cu 2(pyrazine)3(SiF6) 89 
cyanide ions 13 1 
cyclobis(paraquat-p-phenylene) 153 
cyclodextrins 283 

CU(CH~CN)~ . BF4 117 
CU(CH~CN)~.  PF6 125 

-a 59,167 
-B  59 
-, -, methylated 169 
cyclohexano diamine 178f. 
cyclohexylidene 18 1, 186 
cyclophane 
-, cyclobis(paraquat-phenylene) 302 

dabco see 1,4-diazabicyclo-[2.2.2]octane 
DAE-0 lattice 350 
DAO-E lattice 350 
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1,lO-decanediol 296 
deformation 20 
dethreading 191, 198,203 
3,3’-diaminobenzidine 292 
a,@-diamino podands 196 
2,9-dianisyl-l,lO-phenanthroline 116 
diarylmethane 178 
diastereomeric salts 136 
1,4-diazabicyclo-[2.2.2]octane 100 
diazaphenanthrene 17 
di-t-butyl acetylenedicarboxylate 149 
3,s-di-t-butylbenzyl bromide 15 1 
a,w-dicarboxylic acid dichloride 188 
dicopper(1) complexes 123 
diffused-constraints 
-theory 227 
diffusion coefficient 23 1 
2,9-di(p-hydroxyphenyl)- 1,lO- 

phenanthroline 1 17 
diisocyanates 196 
NJ’-diisopropylcarbodiimide 261 
1,3-dilithiobenzene 125 
diluent 
-, chain conformation 23 1 
-, cyclic 231 
-, dimethylsiloxane (DMS) 230 
-,linear 230 
4-(dimethylamino)pyridine-p- 

2,4-dinitrofluorobenzene 168 
1,4-dioxybenzene-based dithiol 169 
dioxynaphthalene 154f. 
diphenyl ether 2 17 
disymmetrical knotted complex 133 
DNA 109f. 

- based computing 349 
-, circular 110 
- connectivity 325 
-cube 328 
- double-crossover molecule (DX) 341, 343 
- double helix 118,323 
-, heterologous duplex 35 1 
- ligase 334 
-, major groove 343 
-, minor groove 343 

toluenesulfonic acid 261 

-,B-DNA 324 

- nanotechnology 353 
- nucleotide pairs 329 
- polyhedral catenanes 35 1 
- polymerase 352 
-, rigid motif 344 
-, single-stranded 110 
- topoisomerase I 335 
- topoisomerase III 335 

-, triangle oligomers 348 
- truncated octahedron 332 
-, unstructured 334 

1,12-dodecanediol acid 292 
IIdonor-IIacceptor 117 
double crossover 
- containing structure 348 
- molecules, 2-dimensional array 349 
double helix 118, 123 
dumbbell-shaped 143, 151 
-component 151,159 
dyad 333 

- topology 323 

-Z-DNA 324 

edges 14,20,325 
-,colored 22 
edge-to-face interaction 66 
-,T-type 153 
EDGM see ethylene glycol dimethylacrylate 
electronic coupling 
-, two copper centers 134 
electronic properties 3 13 
embedding 23f. 
enantioseparation 2 15 
endonuclease VII 344 
entanglement 129,225,247 
-, chain-junction 225 
-, inter-chain 225 
-, topologically invariant 225 
enzyme 
-, restriction 327 
ethylene glycol dimethylacrylate 234 
ethylpyridinium radical cation (Etrad+) 44  
(Etrad)2Coz[Cu(opba)]3 44 
(Etrad)NzCu3 (M = Mn or Co) 45,47,53 
[Eu{Ag(CN)2)3(Hz0)31 98f. 
exonuclease 328 
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extraction 23 1 
extrusion process 203 

face-to-face 
-complex 123 
-geometry 120 
ferrimagnet 42 
femmagnetic 38f. 
ferrocenophane 29f. 
ferromagnetic 38f. 
Fe4S4 cluster 29 
figure eight 23 
-knot 8 
fumaryl dichloride 194 
2,5-furanedicarboxylic dichloride 184 

glass transition 235, 312 
- temperature 225 
glycine 165 
glycylglycine 191 
graph 14f. 
-, automorphism 3 1 
-, colored embedded 22 
-,complex 15 
-, embedded 14f. 
-,invariant 15 
-,labeled 17 
-, molecular 28 
-, -, Simmons-Paquette 32 
-, molecular bond 21 
-,nonplanar 29 
-,spatial 14 
-theory 111 
guest 148 
Gutmann donor number 153 

hairpin loop 330,332,351 
HeLa cell mitochondria 109 
helical 123 
helicate 118 
- , c h i d  135 
2,4-hexadiene diacid dichloride 194 
hexaethyleneglycol 123 
[Hg{C(CN)3}21 100 
Hg2Nb207 101 
Hittorf's phosphorus 87 

hook and ladder 115 
Hopflink 10 
-oriented 17 
host 148 
host-guest interaction 179 
Huggins constant 3 15 
hydrazine 213 
hydrogen bonding 117,154 
-, nets 77 
hysteresis 
- effect 54 
-loop 52 

impenetrable ring 19 
inclusion complexes 283 
inside 156 
interaction 
-, charge-transfer 162,284, 304 
-, dipole-dipole 284 
-, host-guest 179 
-, hydrogen-bonding 164, 177,181, 188 
-,-,amide 178 
-, hydrophilic-hydrophobic 283 
-, polymerlsurface 237 

-,l-I-rI stacking 284,304 
interlocked 3D composite 88 
interpenetrating 77,80,91 
- cyclics 233 
- (10,3)-a nets 92 
- -, distorted 92 
- (10,3)-b nets 93 
- (8,3)-c nets 94 
-networks 77 
- 2D networks 83 
- 3D networks 91 
- 3-connected 3D nets 91 
- 4-connected 3D nets 94 
- 6-connected 3D nets 95 
- 6-connected nets 98 
- pairs of sheets 83 
- 1Dpolymers 80 
- polymer networks 248 
- PtS-like nets 95 
- quartz-like nets 95 

-,II-II 177,181,188 
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interpenetration 83, 87 
-, Ag[C(CN)31 83 
-, inclined 88ff. 
-,parallel 83 
-, 2D parallel 83 
-, parallel, more than two sheets 87 
-, topological 83 

intrinsic viscosity 3 15 
iodomethane 205 
IPN see interpenetrating polymer networks 
isomers 
-, constitutional 124 
- in-in 256 
-in-out 256 

isophthaloyl 
-diamide 178 
- dichloride 163,165, 178,184,190 

-, z-fold 80 

- out-out 256 

junction 226, 337 
-,anti 337 
-, branched 325 
-, -, three-arm 337 
-,closed 330 
-, Holliday 325,344 
-, immobile 327 
-,meso 337 
-, symmetric immobile 344 

K3,3 29 
K5 29 
K2[PdSelo] 101 
Kauffman’s Theorem 16 
key-lock 
- interactions 193 
- principle 192 
kinetoplast DNA 255 
knots 4f., 107ff., 131, 143,331 

-, 942 13 
-, 949 337 
-, dicopper(1) 133 
-, directed synthesis 114 
- in DNA 109 
-, electrochemical properties 133 

-,41 335 

-, figure-8 335 
-,free 121 
-, heterodinuclear 133 
-, historical aspects 4, 11 1 
-, kinetic parameters 13 1 
-, molecular 107 
-, 3-noded 333 
-, 5-noded 333 
-, optical rotary power 138 
-, photophysical properties 133 

-,prime 108 
-, racemization 138 
-, theoretic approach 7f. 
-, topologically chiral 12 
-, trivial 145, 161 
-, X-ray structure 120 
Kuhn segment length (lk) 265 
Kuratowski 29 

- , p ~ l y  273 

lactam, macrocyclic 163 
ladder 115 
- polymers 250 
-, THYME polyether 1 15 
-type structure 80,229 
Li-(CH2)4-Li 120 
ligase 328 
ligation 326,344 
- products 347 
light-driven molecular shuttle 167 
link 7ff., 345 
-, oriented 8f. 
-, -, molecular Hopf 18 
linked circles 326 
linking 344 
- number 23,344f. 
lipophilic station 191 
lithioanisole 117 
{LMnU[Cu(opba)lMn”L)2f 40 

[M(~,~’-~~PY)~(HzO)~I(S~F~) 88 
magnetic 
-anisotropy 52 

- hysteresis loop 51,54 
-isotropy 52 

-brick 39 
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-moment 52 
-ordering 44 
- molar susceptibility 38 
- susceptibility 48 
magnetism, molecular 48 
magnetization 
-, field-cooled (FCM) 50 
-, remnant (REM) 50 
magnets 37ff. 

-, interlocked 53 

MDI see 4,4 ’-methyknebis (p-phenyliso- 
’ cyanate) mechanical bond 159 
melting temperature 3 12 
Merad’ 44 
mesojunction 337f. 
mesoporous silica 224,238 
metal templates 303 
metal-ligand complexation 307 
metal-to-ligand-charge-transfer 129 
- excited-state lifetime 13 1 
- luminescence 133 
metallocarbene 4, 126 
metalocatenane 117 
metamagnet 42 
5-methoxyisophthaloyl chloride 179 
@-methoxypheny1)acetate 63 
4,4’-methylenebis(p-phenylisocyanate) 294 
methylpyridinium radical cation 44 
2-(4-N-methylpyridinium)-4,4,5,5- 

-, hard 37, 51f., 54 

-, Soft 37,51 

tetramethylimid- azoline-l-oxyl-3- 
oxide 89 

mirror 
-image 10,12 
-plane 22 
MLCT see metal-to-ligand-charge-transfer 
MnCu(opba)(DMSO)s 41 
MnCu(opba)(H~O)z. DMSO 41 
MnO2 125 
mobility 
-, elongational 264 
-, rotational 264 
Mobius strip 21 
- approach 3,112f. 

Mobius ladder 21f. 
-, embedding 24 
-, 3-rung 21f. 
-,4-rung 21f. 
-, topological chirality 25 
molecular 
- cylinder 113 
-graph 8 
- -, pretzelane 207 
- knot 
- -, resolution 135 
- -, enantiomers 135 
- ladder 113 

-magnetism 37 
-shuttle 159 
-sized switch 152 
monolayer 224 
multicatenane 273 
multiply-threaded systems 2 

-lock 65 

Na[Ti2(PS4)3] 94 
naphthalenes 25 
naphthalenophane 25 
- triple layered 25 

nets 77,84 
Nb6F15 97 

-,2D 77 
-,3D 79 
-, (4,4) 78,84 
-, (6,3) 77, 84 
-, 66 79 
-, 6482-a NbO-like 102 
-, 3,s-connected 100 
-, 4-connected 78 
-,diamond 79 
-, diamond-related 94f., 101 
-,infinite 77 
-, NbO-like 102 
-, a-Po-like 95f. 
-, PtS-like 96 
-, rutile-related 100 
-, self-penetrating 103 
-, topological characterization 78 
-,Zn(CN)2 79 

-mechanism 64 networks 103 
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-,chains 226 
-, chain mail 233 
-, cross-linked 229 
-, elastomeric 228,233f., 247 
-, graphite-like 54 
-, interlocking 53 
-, interpenetrated polymer 248 
-, layered 53 
-, mechanical properties 234 
-, multicatenane 273 
-, Olympic 230,233, 255 
-, poly(dimethylsi1oxane) 230 
-, -, zeolite-filled 234 
-, -, zeolite-reinforced 234 
-, properties 232 
-, self-catenating 103 
-, self-penetrating 103 
-, swollen 230 
-, undefined 25 1 
nitronyl nitroxide 44,53 
nodes 81,99,324,331,345 
-, 3-connecting metallic 81 
- with different connectivities 99 
non-helical 120, 123 
nontemplate synthesis 205 

olefin metathesis 3 
oligo-dA 341 
oligo-dT 334,341 
oligoester 270 
olympiadane 254 
opba see ortho-phenylenebis(oxamato) 
optical rotation 215 
ortho-phenylenebis(oxamato) 39 
oscillating field 48 
oxidative coupling 162 

P-polynomial 9 
[ml[nl-paracyclophane 27 
parallel strands 334 
paraquat 305,312 
Pd(NO$z(en) 63 
PDMS see poly-(dimethylsiloxane) 
pentacyanoferrate(I1) 60 
pentaethyleneglycol 123 
peptide station 166, 191 

phantom model 225 
phase behaviour 3 12 
phenanthrolines 284,308 
1,3-phenylene 125 
o-phen ylenebis(oxamato)-copper(II) 

dianion 89 
p-phenylenediamine 295 
N,W-p-phen ylenedimeth ylene-bis(p yridin- 

phenyl hydrazine 2 10 
phosphoramidite 327 
pinene 135 
PIPN 235 
planar reflection 22 
plasticizer 316 
platinum(II)pyridine 65 
polyacrylamide gel 329,343 
polyaniline 234 
poly(buty1ene sebacate) 287 
polycatenanes 80,82,86,247,249,347 

4-one) 86 

-, [2] 247,249,256,273 
-, [3] 273 
-,infinite 80 
-,linear 252 
polycatenation 8 1 
polycondensation 25 1 
-, stepwise approach 253 
poly(decamethy1ene sebacate) 297 
poly(dimethy1siloxane) 230,287 
- cyclics 232 
-, zeolite-filled 234 
poly(ethy1 acrylate) 235 
-zeolite 235 
polyethylene 289 
poly(ethy1ene glycol)-poly(propy1ene- 

glycol) copolymer 291 
poly(ethy1ene oxide) 289 
polygonal surface 19 
poly(iminotrimethy1ene- 

iminodecamethylene) 290 
poly(iminoundecamethy1ene) 290 
polyisobutylene 289 
polymer chains 223,236,238 
-,threading 223 
polymeric coating 237 
polymerization 
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-, number-average degree (Pn) 260 
polymers 
- at surfaces 237 
poly(methacroy1 chloride) 301 
polymethacrylate copolymer 293 
polynomial 8 
polyphenyleneacetylene 307 
poly(pheny1ene vinylene) 309 
poly(propy1ene oxide) 289 
polyrotaxanes 82,248f., 277 
-, acrylonitrile-crown ether 309 
-, alkylene sebacate crown ether 312,315 
-,amide 295 
-, characterization 309 

-, crown ether-based 296 
-, crystalline 313 
-, drug carrier 314 
-, electronic properties 3 13 
-,ester 287 
-, ester-crown ether 295 
-, ether ketone 303 
-, ether sulfone 303 
-, mechanical properties 3 15 
-, melt viscosity 315 
-, methacrylate-cyclodextrin 3 15 
-, nomenclature 278 
-,pseudo 306 
-, side-chain 292, 294 
-, -,branched 301 
-, -, cross-linked 301 
-, -, methyl methacrylate 312 
-, -, poly(ether ketone) 312 
-, -, poly(ether sulfone) 3 12 
-, solubility 313 
-, solution viscosity 3 15 
-, statistical approach 285 
-, synthesis 278,285 

-,urethane 298 
-, urethane-crown ether 294, 3 15 
polystyrene 270, 285 
polythiophen 307 
poly(2-vinylpyridine) 270 
porphyrin 201 
- blocking group 202 

-,Columns 86 

-, topology 317 

potassium cyanide 121, 133,262 
precatenane 144 
pretzelanes 206f. 
-, amide-based 177 
-, cycloenantiomeric 177 
-, molecular graph 207 
pseudorotaxanes 146,277,282 
-, [2] 143, 147 
-, [3] 147 
-, [4] 148f. 
-, [5] 148f. 
-, solid-state structures 149 

pyrochlore structure 101 
pyrrole 307 

2,6-pyridyl 184 

radioactive phosphate 346 
random knotting 1 12 
Rb[Cd{Ag(CNh)31 98 
RCM see ring-closing metathesis 
recognition site 151, 163 
-,amide 163 
-, bipyridinium 151 
recombination 325,343 
replication 
-, semi-conservative 352 
reporter strand 347 
restriction 
- endonuclease 329 
-sites 332 
rhombohedron 328 
ringthreading 268 
ring-closing metathesis 126 
RNA topoisomerase 335 
rotaxanes 59,77,80,82, 143, 146, 166 

-, -, anion-assisted template synthesis 217 
-, -, azo-dye 167 
-, -, peptide-based 166 
-, axle-bis[2] 21 1 
-, bis[2], unsymmetrical 208 

-, [3], amide-type 196ff. 
-, [3], symmetrical 196, 198 
-, [31, unsymmetrical 196, 198 
-, amide-based 177,189, 192 

-, [2] 144, 150, 164, 166f. 

-, [3] 150 
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-, chemistry 205 
-, clipping 144, 189f. 
-, cyclodextrins 166 
-, cycloenantiomers 208, 214f. 
-, directed synthesis 143 
-, Fe(I1)-containing 60 
-,hemi 293 
-, hydrazone 2 13 
-, Enisomers 210 
-,linear 348 
-, metal-containing 59 
- with peptide threads 191 
-, photoswitchable 193 
-, poly see polyrotaxanes 
-, polyamide 288 
-, poly(amide-cyclodextrin) 29 1 
-, poly(viny1idene chloride-@-cyclodextn) 

-, porphyrin-capped 201 
-, pseudo see pseudorotaxanes 
-, siloxane 287 
-, single-stranded 348 
-, slipping 144, 189f. 
-, threading 144, 189, 191 
-, unsymmetrically capped 202 
-, wheel-bis[2] 208 
-, wheel-tris[2] 208 
RuClz(PCy3)2(=CHPh) 127 
rungs 81 
ruthenium catalyst 127 
ruthenium(1I)trisbipyridyl complexes 207 

288 

Schill chemical conversion method 281 
Schlegel diagram 
-, pentagonal dodecahedron 352 
Schlegel projection 331 
self-assembly 57, 144, 155 
sheets 
- (4,4) 90 
- (6,3) 90 
Shlafli symbol 78 
shuttling 158ff., 166, 191 
siloxane, linear 287 
Simmons-Paquette molecule 32 
slip-link theory 228 
slippage concept 281,285 

slipping approach 144, 152, 161, 164, 203 
- in the melt 204 
sodium 
- 2,4,6-trinitro-benzenesulfonate 167 
-, chiral antimony1 tartrate 135 
-nitrate 65 
solid-support-based methodology 329 
solubility 3 13 
sorption 231 
spin 
-carrier 38 
-,chain 42 
- distribution 39 
- local quantum number 38 
-network 39 
-,radical 49 

stacking ' 
-, H-II interactions 153f., 304 
static field 48 
statistical 
-approach 1 
-threading 112 
stereoelectronic complementarity 154 
stickyend 330 
-, ligation 330 
stoppers 143, 152 
-, bis(t-butylpheny1)-p-R- phenylmethane- 

based 161 

-total 38 

-, t-butyl 201 
-, chiral glucose 217 
-, cyclohexyl 152 
-, di-t-butylphenyl 203 
-, diphenylmethane 165 
-, porphyrin 201 
-, tetraphenylborate anion 284 
-, triazole 149 
-, tris(t-butylpheny1)methane-based 157 
strategy 
-, directed 112 
-, Mobius strip 112 
-, statistical 112 
stress-strain isotherm 229 
styrene 234 
succinyl chloride 195 
sulfonamide 165, 196,205 
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swelling 229 
symmetry presentation 22 

template 
-, concave 18 1 
-, ligation 336 
-, nonionic 177, 194 
- effect 116f. 
- -, coordination 116 
- -, host-guest 177 
- synthesis 107, 115, 143 
- -, directed 143, 150 
- -, organic 143 
- -, [2lrotaxanes 150,217 
- -, [3]rotaxanes 150 
terephthalic acid 260,295 
terephthaloyl chloride 169 
terphenylene 73 
tetraamino-p-benzoquinone 1 14 
tetraarylmethane derivatives 280 
tetrachloroethane 203 
tetrahydroxymethylethylene (THYME) 1 13 
theory 14 

-, graphs in 3-space 14 
thermoporimetry 239 
threading 144,149,166, 191 
-, competitive 300 
-, driving forces 280 
-, -, enthalpy 281 
- efficiency, M/n 280 
-, hopping mechanism 291 
-, hydrogen-bonding based 282 
-, melt process 299 
- probability 2 
-, statistical 281, 287 
topographic label 35 1 
topography 116 
topoisomerase 109, 328 
topoisomerization 335 
topological 
-bond 248 
- chirality 16,69, 135 
- deformations 19 
- enantiomers 135, 137 
- -, resolution 137 

-,knot 14 

-isomers 111 
- protection 341f. 
- rubber glove 335 
- stereoisomers 25, 111, 124 
topologically 
- achiral 8,28 
- bonded species 339 

- equivalent 7, 10 
- invariant 225 
- trapped molecules 248 
- unconditionally chiral 135 

- chiral 8,18,28,207,211,213 

topology 9 1 ,3  1 1 
-, (8,3)-~ 91 
-, 4284 95 
-,4966 98 
-,6482 95 
-, biological 109 
-, branching 325 
-, chemical 1,111 
-, crossover 344f. 
-, diamond-like 102 
-, double-stranded 324 
-, NbO-like 102 
-,a-Po 96 
-, PtS-like 95 
-, single-stranded 324 
-,trivial 111 
toruslink 13 

translational isomerism 151, 156, 160, 188 
transmetallation 64 
trefoilknots 16, 109, 111, 113, 118, 129, 

145,161,333 
-, dicopper 123 
-, electrochemical properties 129 
-, helical dinuclear complex 1 18 
-, hook and ladder approach 115 
-, kinetic properties 129 
-, left handed 17 
-, Mobius strip approach 113 
-, photochemical properties 129 
-, polymeric 273 
-, right handed 16 

-, template synthesis 115, 118 

-, (4,2)- 13, 17 

-,RNA 335 
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-, T4UvsX protein-coated 109 
triarylmethane derivatives 280 
triple-stranded helical complexes 1 19 
tris(p-t-butylphenyl) methyl 280 
1,3,5-tris(4-methylphenyl)-benzene 208 
trityl group 280 
p-tritylaniline 198 
truncated octahedron 33 1 
tubules 238 

ultrahigh pressure 155 
unit tangles 324 
unknots 3, 9, 23 
-colored 23 
unlink 9 
uprights 81 
urethane 285 

valence 27 
vertices l4,20,325f. 
-, attaching 20 

-ofvalence 33 
Vycor glass 239 

Watson-Crick 
- base-pairing 344 
- complements 342 
-nodes 345 

p-xylylenediamine 165, 190 

zeolite 224, 233 
- poly(ethy1 acrylate) 235 
zeronode 330 
- operations 333 
zigzag strands 349 
zinc(I1) 133 
Zn4(CN)4 97 
zn62/3(SiFs>(H20)2(CH3OH) (6 = 

2,4,6-tri(4-pyridyl)-1,3,5-triazine) 92 




