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AN INTRODUCTION TO CHEMICAL TOPOLOGY

Traditionally, chemists have described the structure of organic molecules in terms of the number and types
of atoms they contain and the sequence and nature of bonding between those atoms. It was soon realised that two
molecules could contain the same atoms linked in a different sequence and such a pair of molecules are described
as constitutional isomers. Somewhat later, it became clear that even when molecules contained the same atoms
and bonds, it was still possible for isomers to exist. Variations in the spatial arrangement around an atom or other

centre can lead to stereoisomers.! Over the years, many special forms of isomerism have been identified as the

range of molecules prepared has become more complex, but almost all are variants upon one of these fundamental
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Figure 1. The catenane 1 is a topological isomer of the two macrocycles 2 and 3.
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which they te 1€ two rings in the linked catenane structure did not differ in any way
from the unlinked macrocyclies in terms of the atoms or bonds they contained, yet clearly the two systems were
chemically distinct. It was to describe this difference that the term topological isomerism was introduced. The two
structures were then said to be topological isomers. The synthesis and study of such topologically complex
molecules is often referred to as topological stereochemistry,? and here we review progress in this field over the

past 40 years.*3

2

Before going on to discuss topology in chemistry, it is worth briefly considering some of the basic ideas

o

ideas of Euclidean and topological geometries. It is the concepts of Euclidean geometry that we are most familiar
with in the everyday world, properties such as sizc, ength, angies, etc. that we use to describe a given object.
For example, let us consider some of the simple objects in Figure 2. In Euclidean geometry, squares A and B;
which have the same side lengths and areas, would be said to be equivalent (or congruent in mathematical
terminology). Square C, which differs in size, is not equivalent but is said to be similar. Clearly, triangle D and
circle E are entirely different objects.

r the consideration of Euclidean and topological geometry.

In topological geometry however, we consider different properties. To understand these, we must
consider the object of interest on the surface of an extremely flexible rubber sheet.” Properties of interest in
topological geometry are those that remain unchanged during any twisting or stretching of the rubber sheet. In
general, this can be considered to be the connectivity of the object: lengths, angles and size are no longer
considered. If we now look again at the objects in Figure 2, we can see that in terms of topology they are all
equivalent, since given complete freedom to distort lengths and an Y
any other. Indeed, they are all simply different representations of the same topological object, a closed curve.

ansformation of any object into another in topological geometry, one may consider the

object to be totaily flexibie with no restriction on iength and angie changes. However, connectivity is a property
that must remain unchanged. A line cannot be broken or a line may not pass through another during the
deformation.

If we apply these rules to the two structures in Figure 1, it is clear that the catenane cannot be converted
into two separate macrocycles by a continuous deformation. The two systems are topologically distinct. This is
also true of the circle and knot in Figure 3: both are closed curves, but they are topologically distinct. So we can

see that while normal chemical isomerism such as stereoisomerism arises from the consideration of Euclidean



{ topologically complex molecules as
topological stereochemistry, the use of the word stereochemistry must not be taken to imply that such molecules
are inherently chiral. Some simple systems, for example catenanes, are achiral although they can be made chiral
by defining a direction around each of the rings (Figure 4(a)). Also, while the trefoil knot is indeed chiral (Figure

4(b)), the closely related figure-of-eight knot is achiral (Figure 4(c)).
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Figure 4. (a) A chiral catenane and its non-superimposable mirror image. (b) A right- and left-handed trefoil knot.
(c) An achiral figure-of-eight knot.

We now tumn to the problem of synthesising molecules with non-trivial topologies. As in asymmetric
synthesis where absolute stereochemistry is controlled, control of topological stereochemistry has required the
development of new synthetic strategies. The key step in any synthesis is the generation of an intermediate that

contains latent topological properties: the latent topology is realised by macrocyclisation of this intermediate

(Figure 5).
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catenane pseudo-rotaxane rotaxane
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Figure 5. The pseudo-rotaxanc and pseudo-knot are the key intermediates in the synthesis of complex topologies.
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synihesis of the topoiogicaily compiex closed irefoil knot. Simiiariy, ihe synthesis of the topologicaiiy compiex

catenane must proceed via the topologically trivial pseudo-rotaxane. These intermediates are often not isolated and
may only be present in the reaction mixture in very small amounts, but it is their properties that define the limits
on the yields of catenane and knot syntheses.

Chemists working in this field soon realised that it was possible to trap the latent topological properties of
the pseudo-rotaxane by capping the ends of the linear molecule with two bulky stopper groups to prevent

unthreading. Since the rules of topological geometry apply only to closed systems, it is not possible to define the

topology of a rotaxane in a precise mathematical sense: with infinitely flexible molecules, the macrocycle could

easily slip over the stoppers to generate the two separate components, the macrocycle and the linear strand.

However, molecuies are not infinitely flexible, and so it is possibic to prepare rotaxanes that can only be

converted to their component parts by breaking bonds. In the absence of ngorous topoiogicai definitions,
nomenclature has become a problem in this area: there is clearly a relationship between the size of the stopper, the
diameter of the macrocycle and the difference between a rotaxane and a pseudo-rotaxane,® but the question is
where do we draw the line ? There are all the associated problems of defining temperature, timescale and bond

strength, which we will not discuss further.
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V= granny knot reef knot

Figure 6. Interesting topologies accessible from pseudo-knots and pseudo-rotaxanes.

The overhand knot is related to the trefoil knot and pseudo-knot in the same way as the rotaxane is related
to the catenane and pseudo-rotaxane. As vet there are no examples of a synthetic overhand knot, but it can clearly
be prepared by capping the ends of a pseudo-knot with two bulky stopper groups. The pseudo -rotaxane and
it Loab e vecnd i st b ot .
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Dimerisation of a pseudo-knot gives two composite knots, the reef knot and granny knot, which are reiated as
diastereoisomers, reflecting the fact that the pseudo-knot can adopt two enantiomeric conformations. It is also
possible to envisage more sophisticated intermediate structures with richer latent topological properties, but as yet

such systems have not been realised, and so we will concentrate on the synthesis of catenanes and knots.
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Although examples of synthetic topological isomers are still somewhat rare, there are numerous examples
of such structures in nature. It was during the 1960s, a time which coincided with the first serious attempts at the
preparation of synthetic systems, that the first examples of topological complexity were discovered in DNA. The
first DNA catenane was discovered in the mitochondria of human cells in 1967 by Vinograd, who used electron
microscopy to image DNA %19 Although such catenane structures are common, DNA knots are relatively rare and
were first observed somewhat later: the first single stranded DNA knot from bacteriophage fd in 1976, and the
first double stranded DNA knot from h'n‘tpnrmhnm: P2 DNA in 1981 11-14 At first DN A catenanes were nothino
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more than curiosities, but it quickly became apparent that these structures had important implications for the
bioiogicai function of DNA. Catenanes forim during the replication of circular DNA, for exampie in the animal
virus SV40.5 if parent and daughter moiecuies are interiocked in a catenane, the repiication process cannot
proceed further. To solve this problem, nature has a class of enzymes called topoisomerases that are capable of
effecting the required topological transformations upon DNA.!¢ We have scen that for simple objects changes in
Euclidean properties cannot produce a change in topology, so the mechanism of action of topoisomerases must
involve the breaking of a DNA strand followed by the passage of another strand through the gap so formed,
followed by a resealing process (Figure 7).17 Type I topoisomerases carry out transformations that require the

breaking of only one DNA strand, while type IT topoisomerases effect reactions that r equire the breaking of two

supercoiling

relaxation /—\
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known as supercoiling. If one considers taking circular doubie siranded DINA, cuiting both sirands, twisting
through 360° and then resealing the strands it may appear that exactly the same structure has been reformed.
However, the product is in fact a topological isomer which is related to the initial material in the same way that a
Mobius strip is related to a simple band: a Mobius strip is a topological object possessing only one surface,
prepared by cutting a band, introducing a twist and sealing the ends together (Figure 8). As a consequence, the
overall three-dimensional DNA structure may be significantly changed. In fact, highly supercoiled DNA, i.e.
DNA containing a large number of such twists, adopts a very compact structure rather than the fairly open
structure that would otherwise exist. In this way, the availability of DNA for replication or transcription can be

= IICTWY L LS A~ DIl

controlled via its topology.t9-20
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Given this variety of functions for the topoisomerases, it is not surprising that they are vitally important
sthim tha Aall T ot A11 Aollo amabnloo P S, SO B o RS IS NS S T, (g 2l L
witnin tne ceil. in 1act, an Ceiis contain sucn CNzyimes, and il their function is inhibited, the cell dies. This has

made both type I and type II topoisomerases attractive drug targets, and a number of antibacterial drugs have been
shown to target bacterial topoisomerases inhibiting various stages of the cutting - strand passage - resealing
process.?!22 Drugs that target eukaryotic topoisomerases are highly cytotoxic and include many anti-cancer drugs.
As well as naturally occuring topologically complex structures in DNA, linear DNA has been used by
Seeman in designed syntheses of topologically complex molecules. These syntheses utilise the fact that DNA
forms well-behaved right- (B-form) or left-handed (Z-form) double helical structures depending on the base

sequence.
B
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Figure 9. Seeman’s synthesis of DNA knots.
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le strand of DNA containin
prepare a circle, a left- and a right-handed trefoil knot as weil as a figure-of-eighi knot.2> A-A' and B-B' represeni
11 or 12 base-pair complementary sequences that have been designed to produce specific sections of double helix.
These sequences are joined by oligo-thymidine linkers. Addition of various concentrations of Mg+ and

Co(NH1)s3* induces the formation of either B- or Z-helices in various parts of the structure and hence controls

the topology and chirality of the products. One of the interesting aspects of this work is the use of restiction
enzymc cleavage strategies to confirm the topological propeities of the products, which can not be characterised

by conventionai spectroscopic or diffraction methods. Seeman has used this basic approach to assembie
astonishly complex structures from multiple strands of DNA such as a DNA cube 24 and a truncated

octahedron.?3
While DNA exhibits a large number of topologically complex structures, until very recently there were no

reports of similar phenomena in proteins. The first claims of knotted protein structures were made by Liang and
Mislow in 1994 following a search of crystallographic structures in the Brookhaven Protcin Data Bank.?627 They
lpiammnd tlant o mrrsanlin AL ambalon o ot PR RO TNV FUNPUIRS TR § TN - i ﬂn_._,.,.; Vity
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couid only be found if metai-histidine interactions and disuiphide bonds were used to link various points on the
polypeptide chain. In 1996, Takusagawa reported that the structure of (S)-adenosylmethionine synthctase (MAT)
contained an open knot (Figure 10).28 Open structures such as this pseudo-knot do not satisfy the mathematically
rigorous definition of a knot, and this makes identification somewhat subjective. However, open structures that
contain latent topological properties have assumed increasing significance in the development of strategies for the
synthesis of topologically complex molecules as explained above. Topologically, the native folded form of MAT

is identical to that of the linear unfolded protein, and this clearly has important implications for reversible folding

or breaking peptide honds.
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Figure 10. The pseudo-knot structure of the polypeptide chain of (S)-adenosylmethionine synthetase.
Crossing points are indicated by asterisks.

STATISTICAL METHODS FOR GENERATING COMPLEX TOPOLOGIES

relied on ihe low staiisticai probability of chance encouniers in conceniraied soiutions to yieid cor 1plex topoiogies.

Nowadays this seems rather hopeful, but it was surprisingly successful. In 1960, Van Gulick and Wasserman
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“““““ gan to consider the problem of the synthesis of two linked rings, a system for which they both
proposed the name catenane. Van Guiick's discussion of the problem was surprisingly never published at the time
although it has been much referenced by other workers in the field. His manuscript was reputedly rejected for
"not being chemistry"?® although it was finally published in 1993.30 Wasserman went on to publish a low yielding
catenane synthesis in late 1960 as outlined in Scheme 1(a).2 He estimated that for a simple cycloalkane, a ring of
at least Cpp would be required before another alkane chain could thread through it.3! The larger the ring, the easier
the threading, but the lower the cyclisation yield. His initial system was a compromise using two 34-membered
nanes. The number in square brackets denotes the
number of interlocked rings. Diester 4 was subjected to an acyloin condensation followed by a Clemmensen
reduction in DCI to give the deuterium labelled cyclic hydrocarbon 3. A further molecule of diester 4 was then
cyclised in the presence of 3 and produced a mixture of products, which by a random threading of 4 through 3
during the cyclisation contained some catenane 1. The yield was very low and the presence of 1 could only be
inferred spectroscopically as outlined below. Such low yields from so called statistical reactions are a
consequence of the very small amounts of psuedo-rotaxane present in the reaction mixtures and are in marked
contrast to the almost quantitative yields in the templated reactions that will be discussed later

Wasscrman's proof of structure consisted of chromatographing the crude product on silica. Pentane was

@
:
(¢}
g)

deuterium - evidence for the mechanical linking of the deuterated and acyloin rings. Further evidence came from
oxidative cleavage of the acyloin function in the product followed by chromatography. Now after eluting with
pentane, the product remaining on the silica was shown to contain no deuterium. This was attributed to cleavage

of the catenane as shown in Scheme 1(b).

(a) N C /—\ n TN
k:vuzl:x 7 o N\
(CHple NaXylene - (HyC) YOH Zn, DC ( CauHeaDs
CO,Et \__/

4 2 3
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GOz 3 (sz)a:z
G —> el oH 4 2 4 3
COEt Na, Xylene CmH &Ds
4 — 1

() - COaH
g H020H O CHe + 3
- CO2H

Scheme 1. (a) Wasserman's statistical catenane synthesis, and (b) the evidence for catenane formation based

upon cleavage of the product.



In a 1961 paper, Wasserman also considered the possibility of a statistical approach to a molecular knot.?2
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similar acyloin condensation to that used successfully in his catenane synthesis. Not surprisingly, no results were
ever published, and one can envisage many problems associated with such a scheme. The desired product could
only ever be produced in a very low yield, and the spectroscopic proof used in the catenane characterisation was
not applicable to this system. As Wasserman appreciated, the only hope of identifying a knot in the product
mixture was to utilise the fact that a trefoil knot exhibits chirality. However, since both enantiomers would form

in equal amounts, the product would still be optically inactive. This left the proposal of adding an optically active

species that would bind to the knot to produce diastereoisomers for chromatographic separation or spectroscopic
1 1y 1 ¥ < 1 M wrne el tam Tasss 6n banura
identification. Again, no results were forthcoming, and it seems that the yield of knot was simply too low to have
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isolated and characterised.

Merrifield Resin

(i) HO-(CH1);5-OH, PhyCClI
A/ A L41U ’ 2
{ii) Wash resin
. .. . HO
(111) Repeat (1) and (ii) 70 times
© iv) Na,CO;, MeOH m
v a,C , (
7 ( ) 2 : 3 - ' 0\\ \
/J\é) (Cleaves link to support) Ph \(C\Hz)w (sz)za
( \ > NS
\__)CHE}E 6% P C S
PR Ph
Scheme 2. Harrison and Harrison’s rotaxane synthesis
Although a molecular knot was to remain beyond the scope of such early work, the 1960s did also see the
first successful rotaxane synthesis. In 1967 Harrison and Harrison reported the synthesis of rotaxane 5 in 6%
yield using the statistical threading approach outlined in Scheme 2.3% This mgcnious route paﬂ." surmounted the

proposed the name “hooplane” for such systems, rotaxane is the term that has become generally accepted.

The work of Zilkha and Agam?* 3 in the mid-1970s saw the only real improvement in the yields of
catenanes by the statistical method. They realised that the conditions favouring the required threading processes,
i.e. high concentration, were inconsistent with those conditions favouring macrocyclisation, i.e. low
concentration. To overcome this problem in their catenane synthesis, they divided the synthesis into two stages
(Scheme 3). They prepared a mixture of crown ethers, dibenzo-58.2-crown-19.4 6 from polyethylene glycol with
an average molecular welght of 400 (PEG 400). In a high concentration reaction, a further molecule of PEG 400

o7 Ty 11

(3 % overall). They called this method the double-stage approach, and the synthesis st
examples of the direct conversion of a rotaxane into a catenane.

5265-5293 5273
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Scheme 3. Zilkha and Agam's double-stage rotaxane-catenane synthesis
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A different statistical route to t lly complex molecules 18 the preparation of molecular Mbius

strips. If Mobius strips with various numbers of twists are cut down the centre, a whole range of interesting

topologies are accessible (Scheme 4).> The idea that such a strategy could give access to a molecular knot was
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suggested by Frisch and Wasserman in 1961.32 Much experimentai work towards realising these possibilities has
been carried out by Walba who synthesised a number of molecular strips such as 9 based upon
tetra(hydroxymethyl)ethene (THYME) polyethers (Scheme 4).3¢ Cyclisation of 9 yielded two products identified
as the cylinder 10 and the single half-twist Mobius strip 11. Walba has demonstrated that cutting of the strip
down its centre can be achieved in the chemical sense via ozonolysis of the THYME double bonds.3” Cylinder 10
gave two molecules of triketone 12 and the half-twist Mdbius strip 11 gave the hexaketone macrocycle 13. So

far, the double and triple half-twist M&bius strips required for the formation of a catenane and trefoil knot

resnectivelv have not been characterised. It seems that the chance of so manv twists occurmine durine the
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half-twist in such systems, and these systems will be considered below.

Although these methods produced interesting and novel molecules, it was clear that both the yields and the
topological complexities of the systems produced were always going to be severely limited by the statistical
approach. A radically different synthetic strategy was required for useful preparative routes to topologically

complex systems, and template methodology provided the answer.

TEMPLATES IN CHEMICAL SYNTHESIS
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chemists have developed many systems whose synthesis depends on a template effect, and this approach provides
the key to the preparation of the pseudo-rotaxane and pseudo-knot structures required to control topological
stereochemistry. In Busch's definition, "a chemical template organises an assembly of atoms with respect to one
or more geometric loci in order to achieve a particular linking of atoms".3° Bonding between template and
substrate(s) is often via weak non-covalent interactions, although some systems do use covalent bonds that can be
readily cleaved or form reversibly. There are many different forms of template, but a convenient classification is

that introduced by Sanders (Figure 11).%0 For topological stereochemistry, it is clearly interweaving and
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discovery that metal ions can act in such a manner during the 1960s that initiated the serious study of tempiate
effects in synthesis. Curtis reported the first templated synthesis of a Schiff’s base macrocycle in 1961 (Scheme
5): a macrocyclic product was only isolated in the presence of nickel. 42 Busch subsequently made use of this
template effect to prepare a range of macrocyclic ligands. 43 In 1967, Pedersen reported his templated crown ether
synthesis:* his initial yields were very low, but Greene obtained much improved results during the early 1970s.45
He found that if tetra-r-butylammonium hydroxide was used as base, mainly polymer was obtained along with
only a very low vield of the expected crown ether. However, it potassium z-butoxide was substituted as base, the

vield increased dramatically to 039%  and the nroduct wae isolated coordinated to
vield increased dramatically 10 93 4 was 1solated coordinated to
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extensively to build up more complex cage molecules, such as Raymond’s iron sequestering agent (Scheme 6).46
Using high dilution conditions to minimise polymerisation, it is only possible to obtain a 4 % yield of 14, but in

the presence of iron (III), the yield increases to 70 %.
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Scheme 6. Templated synthesis of Raymond’s iron sequestering agent.

Although metal ions are by far the most common templates for macrocyclisation reactions, other methods
do exist. Sanders has prepared a number of macrocycles using a neutral organic molecule coordinated to zinc

normhvring to nrovide a template effect 4748
porphynns to provide a template
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Scheme 7. Sanders’ templated synthesis of porphyrin macrocycles.

The porphyrin monomer 15 can be cyclised in good yicld to either dimer 16 or trimer 17 depending upon
the presence of 4 small organic molecule to provide the relevant template effect (Scheme 7). 4,4’ -Bipyridine acts
as a positive cylisation template producing a three-fold increase in the yield of 16 relative to the untemplated
reaction. However, tripyridyltriazine plays a rather different role in the formation of the trimer 17. It increases the

yield of trimer by a factor of 1.5 relative to the untemplated reaction by inhibiting the formation of dimer 16: it is a

The use of template methods have transformed the field of topological stereochemistry, because they
provide excellent tools for the preparation of the key pseudo-rotaxane and pseudo-knot intermediates. Although it
is only in the last ten years that template synthesis has made preparative scale chemistry on topologically complex

systems viable, one of the earliest attempted catenane syntheses to appear in the literature was based on a template
strateoy (Scheme 8).42 In 1058 Liittrincohaus utilised the hvdrophobic effect to form an inclusion comnlex
5 \U\dll\t“l\f V/Q ALl L 7T, ‘—lu‘.tllllslluuc MULILIOWVNE Lidw IIJWUHKIVUIV WwliIWWwt LW AUEEILL G AMINVAIMTDIVLR lellrll‘—‘(\

between 19 and cyclodextrin 20. The intermediate 21 is what we now know as a pseudo-rotaxane, and in
theory, intramoiecular oxidative coupling of the thiois should give catenane 22. However, only starting materiai

was ever 1solated.
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Scheme 8. Liittringhaus’ attempted catenane synthesis. 20 = cyclodextrin.

Four years after the first catenane synthesis by Wasserman, Schill and Liittringhaus published the first
templated catenane synthesis.’° They used a covalently attached template to ensure that the two rings produced

were interlocked. The main points of their rather lengthy synthesis are illustrated in Scheme 9.
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0\/\/\ CI(HZC)J\(CHEMCI Cl(CH2e P‘ﬁ/\/_\ (i) [H1 CiCHz)g Pm

Cl{H2C )(O ) > 23
(CH2>5 (Herre CHao)s c'<H2C>12 NH, (CH2)25

(i) HBr, AcOH +
K_\ (QHahe i FeSf)f N VAR

Hm‘ (iii) H;O " a4 |
R iy, O O S
~—

Scheme 9. Schill and Liittringhaus's covalently templated catenane synthesis.

The key intermediate is the dichloride 23. Cyclisation via Ac
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Haiiijvici uldi dinylauvn vl lllC dllllllC lb LUllbll dlllCU U)’ Ll ic / \
tetrahedral geometry of the acetal carbon to give only the (CHalvp “f”z) 2
o ) o co —\=(CHa)ap —
catenane precursor 24.The veratrole core ot the molecule Me OMe
templates the cyclisation to give the required topology. Acetal MeO— »-OMe O oMeO OMe
hydrolysis and cleavage of the aryl-nitrogen bond gave the \
. . . ~—/ A
catenane structure 25 which was characterised as its N-acetyl et fCHz)ZZ |
. , (Clahz (CHa)ra
derivative. This methodology has been extended to the first \N)
synthesis of a [3]-catenane 26.5! A

1AON

During the 1980s, Sauvage deveioped a powerful metai-ion templating strategy,3? which initiaily gave
access to catenanes and rotaxanes, and has since been expanded to give the first synthetic molecular trefoil knot.3?
The catenane synthesis is illustrated in Scheme 10.54 In Strategy A, the phenanthroline unit 27 is coordinated to
Cu(l). Macrocyclisation of complex 28 under high dilution conditions gave the required catenane 29 in 27%
yield. Strategy B is simnply a variant on this. Here, the macrocycle 30 is synthesised [irst. Upon mixing 30, 27
and Cu(]), the pseudo-rotaxane 31 is formed. Complexation of two 30 units to Cu(l) is steric blocked, and so
equilibration results in quantitative formation of the key intermediate 31. Macrocyclisation gives catenane 29 in

42% yield. Although the Cu(I) ion is an interweaving template and ensures the interlocking of the two

prws i N ‘.;u-uub Al e a ) s



macrocycles, it is not a cyclisation template. The macrocyclisation reactions must therefore be carried out under
high dilution conditions to maximise intramolecular cyciisation and reduce any intermolecular reactions.

However, the use of ring-closing methathesis has recently increased the yield of catenane to over 90%.55

N OH
&g,)\" Cu* BF,
———
Sy
SO H H o/\\s’H 28
27 I ’

("Strategy A" brg~OunganOuny | €52C05 1 DMF
"Strategy B"

Scheme 10. Sauvage's templated catenane synthesis.

Sauvage has extended this strategy to prepare a number of other novel systems such as 32.56.57 As
explained earlier, a catenane becomes chiral when it is possible to define a direction around the rings. The
catenane 32 has been demonstrated to be chiral by NMR experiments.5¢ This type of template effect has also
yielded a number of rotaxanes such as 33, which was reported by Gibson in 1991.58
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Sauvage has gone on to use pseudo-rotaxane 34 to prepare [3]-catenane 35 5° (Scheme 11) and has
identified higher oligomers up to a {7]-catenane in mass spectra of the reaction byproducts.60 A large number of
different catenanes and rotaxanes have now been reported using the Sauvage copper-phenanthroline template

strategy, but these will not be discussed further here.5’
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+ 22% {4}-catenane + higher catenanes

Scheme 11. Sauvage's [3]- and higher order catenane synthesis.

A second important template strategy was developed during the 1980s by Stoddart. He has used aromatic
stacking interactions to template the synthesis of a host of catenanes and rotaxanes.6! The key building blocks are
the two pseudo-rotaxane complexes shown in Figure 12.6263 Application of the paraquat-dialkoxybenzene

stacking interaction as an interweaving template is illustrated in the classic [2]-catenane synthesis in Scheme 12.64
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Scheme 12. Stoddart’s [2]-catenane synthesis.



This template strategy has provided access to
muiti-ring catenanes such as 37 % and numerous
rotaxanes (e.g. 38).% Stoddart has explored three
distinct routes for rotaxane synthesis: the threading
approach where the linear component is threaded
through the macrocycle, and the psecudo-rotaxane
produced is then stoppered; the slippage approach

d linear strand can slip through

appoach where the macrocycle is formed around the
stoppered linear strand (Figure 13).These synthetic

strategics have been used to prepare

some remarkably complex systems, for which applications are envisaged in the emerging field of molecular

9) 5265-5293
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devices.®® The Stoddart template methodology has since been used by a large number of other groups to prepare

a wide range of different systems too numerous to mention here. ¢

In a related approach, Sanders has recently used aromatic stacking interactions between

HrdL CLC

dihydroxynaphthalene and naphthalenediimide derivatives to prepare a [2]-catenane.”™
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40 in 51% yield but also the [2]-catenane 41 in 34% yield. Vogtle has described a number of related
catenanes 7475 and has gone on to use the same methodology to prepare rotaxanes such as 42.76 Leigh also
reported the synthesis of a catenane templated by hydrogen-bonding interactions. 43 is formed in a remarkable
20% vyield from eight separatc components in one pot.”” The reaction is so efficient that the simple macrocyclic

target molecule, required as a receptor for carbon dioxide, could not be prepared directly. Leigh has since
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Scheme 13. Hunter's serendipitous [2]-catenane synthesis. The hydrogen-bonding interactions shown in 41 are

presumed to template catenane formation.
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Stoddart discovered that H-bonding interactions between secondary amines and crown ethers lead to the
formation of pseudo-rotaxane complexes such as 45.7 This motif has been used to asscmble multi-component
pseudo-rotaxanes, and some of these have been stoppered to yield rotaxanes, 46 and 47.80
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Anderson has successfully used the hydrophobic effect to template the synthesis of water-soluble [3]-
rotaxane 48 in reasonable yield.8! Also of interest are Fujita's catenanes 49 and 50,82 which represent one of the
few examples of the incorporation of a metal ion into the cyclic components of a catenane structure. Again,
aromatic interactions provide the molecular recognition to favour catenane formation. In the palladium system, the

catenane is in equilibrium with the free macrocycle, so the amount of catenane present depends on concentration.

At high concentration, 49 exists almost entirely in the form of catenane. For the less kinetic

A0 v nane. r X



system, the free macrocycles are stable at room temperature and do not equilibrate to catenane 58. However,
upon heating in highly polar media, catenane can form. Cooling to room temperature traps the macrocycles in the

catenane structure, and this has led Fujita to describe this system as a "molecular lock" .83
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TEMPLATED SYNTHESIS OF KNOTS

We have already discussed Schill and Liittringhaus's covalently templated catenane syntheses. Schill also
attempted to extend this methodology to a trefoil knot as outlined in Scheme 14.84 Here, the key intermediate is

51, where the geometry of the tetrahedral acetal carbon limits the number of possible products from

intramolecular cyclisation. There are four different p roducts that could arise from complete intramolecular

Vecaia memd Aeessl calsca
1YS1S dnd aryi-THir
cieavage discussed eariier. Schiil obtained three cyc'lised products in a total yieid of 2 % but couid not confidentiy

assign structures, so it is unclear whether 55 was produced or not.
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Scheme 14. Schill's attempted trefoil knot synthesis.

We have also discussed attempted strategies using molecular Mobius strips to obtain topologically
complex molecuies. We observed that such methods must be considered to be statistical in nature since oniy
random chance can result in the formation of the twists required to give objects with complex topologies upon
cleavage. Schill attempted to template a half-twist using a covalent method as shown in Scheme 15. He prepared
the doubly bridged system 56 in a number of steps from tetrachlorobenzoquinone.®-86 This can be considered to



'ollowed by a cyclisaiion reaction, the tripie
half-twist Mébius strip 57 would resuit. Cleavage of the aryi-nitrogen bonds would effectively cut the strip in

half and yield a trefoil knot as discussed earlier. However, no positive results were ever published.
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Scheme 15. Schill's attempted templated synthesis of a triple half-twist Mobius strip.

A further scheme for at least a partial templating of twists in a molecular strip is the “hook and ladder”
approach developed by Walba (Scheme 16).87 By making use of the Sauvage template, only one half-twist has to
be introduced statistically in the cyclisation of 58 in order to get the knot precursor 60. If two half-twists could be
introduced, then 61 would be a precursor for a figure-of-eight knot, a structure for which no other synthetic route
visted 59 was isolated and characterised from the cyclisation of 58 88

has been propose ed. However nnly nt
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We have discussed a number of different templating strategies for the synthesis of catenanes and
rotaxanes, and the ultimate extension of this came in 1989 when Sauvage published the first synthesis of a
molecular trefoil knot, using an ingenious extension of his copper-phenanthroline catenane template.33 If a double
helical structure is subjected to an intramolecular double macrocyclisation, there are three possible products, one

of which is a trefoil knot (Figure 14).



G. A. Breault et al. / Tetrahedron 55 (1999

Figurc 14. Sauvage’s double helix approach to a trefoil knot.

Lehn has shown that double helical structures can be assembled from bipyridine oligomers using metal ion

coordination.?* Combining such structurcs with Sauvage's interweaving template strategy produced the synthetic

sequence in Scheme 17. Addition of Cu(MeCN)4*BF4- to bisphenanthroline 62 gave the double helical complex

& -

63,which was not isolated. Macrocyclisation under high dilution conditions yielded a mixture of products, and
o 11~ 1 A iemlatad tia Y O viald afia Aneafial Al a bl T 0 11 P Ryt g [N <-4
the metallo-knot 64 was isolated in 3 % yield after careful chromatography. Demetallation gave the free knot 65.

K
A small amount of the unknotted topological isomer was also isolated. Although the yield was very low,?
variation of the group linking the two phenanthroline units % and the use of ring-closing metathesis in the
macrocyclisation step resulted in a yield of 74 %.92
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Scheme 17. Sauvage's trefoil knot synthesis.

Sauvage has proposed that this knot is just the second in a series of topologies available using this
strategy, the first member being the catenane discussed earlier (Figure 15).90 Recently, the group has indeed
published the first synthesis of a doubly interlocked [2]-catenane in 2% yield using this strategy.?? The doubly

interlocked catenane exhibits remarkably different properties to its singly interlocked isomer: the two compounds
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A

dergo different fragmentation in the FAB mass spectrum because of the more
highly strained nature of the doubly interlocked system.%¢ It remains to be seen if the group is now engaged in

extending this methodology further to a pentafoil knot.
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Figure 15. A series of interesting topologi

Most recently, Sauvage has extended his methodology further to the synthesis of composite knots, that is
to say knots made up of more than one subunit as opposed to the prime trefoil knot (Scheme 18, cf Figure 6).95
The precursor 68 is the first example of a synthetic pseudo-knot to appear in the literature, and as explained
above this structure represents a key intermediate for the preparation of knots. However, the pseudo-knot cannot
be isolated: it is the minor component in an inseparable mixture with 67, and so the yield of the diastereomeric

composite knots 69 and 70 is low.
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Scheme 18. Sauvage's synthesis of composite knots.
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In 1973, Sokolov suggested a templating sirategy based upon an octahedral metal centre with three
coordinated bidentate ligands.% If three functionalised ligands are arranged around an octahedral metai ion, they
are disposed in such a way that connection of the appropriate ends leads to a trefoil knot (Scheme 19). However,
the probability of linking the ends in the correct manner 1s fairly remote, when one considers the numerous wrong
connections that could be made. Not surprisingly, ncarly 25 years after the original proposal, no experimental
results have been reported using such a strategy. We are currently pursuing a strategy based on the Sokolov

proposal in our laboratory.

) = )

Scheme 19. Sokolov's strategy for a trefoil knot synthesis via an octahedral metal ion template. X and Y represent
groups that can react together to form a new bond.

in his catenane and rotaxane syntheses. Mac f71a gave a complex mixture of products: two
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tentatively assigned as the trefoil knot and the unknotted topological isomer (Scheme 20). 77
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