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The art and science of introducing mechanical-interlocking at the molecular level in order to ge
catenanes — molecules composed of two or more macrocyclic components — offers the opport
constructing a new range of molecular compounds possessing intriguing properties. However,
pological features displayed by catenanes has rendered the syntheses of such molecular cor
an extremely challenging task for synthetic chemists to address. Their early syntheses were
upon either statistical approaches — the threading of a small amount of a macrocycle on to an
precursor as a chance event — or directed approaches, relying upon the temporary introdu
covalent bonds in the multistep synthesis of a so-called precatenane, followed by its conversi
mately into a catenane. These approaches afforded catenanes in very low yields overall and ot
following tedious and laborious synthetic procedures. Fortunately, however, with the advent of
molecular chemistry, template-directed methods that allow us to self-assetjdaefianes much
more efficiently have become available. Numerous successful template-directed syntheses he
emerged — some by chance and others by design. These methods have been based upon
coordinating, (ii) hydrogen bonding, (iii) solvophobic, and/or (it stacking interactions which
have been found to govern self-assembly processes to catenated compounds from appropriats
sors. Their relative simplicity, the high degree of control with which they can be employed, ar
remarkable efficiency with which they proceed has already provided the opportunity to syn
chemists to self-assemble a seriesj€dtenanes, incorporating from two up to five mechanical
interlocked macrocyclic components.
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1. MECHANICALLY-INTERLOCKED MOLECULES

Catenanésare molecules composed of two or more mechanically-interlocked maci
clic components. Schematic representations of 2, 3, anél 2 mechanically-inter-
locked rings in the shape of a [2]-, a [3]-, and a {25]catenane, respectively, ar
illustrated in Fig. 1. Th@ macrocyclic components of eaafijdatenane are not coval
ently linked to each other: instead “mechanical bonds” are responsible for holding
together. Dismembering of an]¢atenane can be achieved only after “cutting” one
more of the rings +e, after cleavage of one or more covalent bonds in the molec
Thus, rather than an assemblyromolecules, ann]catenane is a discrete molecul
compound possessing well-defined structural and functional properties which
significantly from those of its individual macrocyclic components. As a result of
potential properties arising from their unusual topologies, catenanes have not onl
considered as challenging synthetic targets but they have also been viewed as
types for the development of new and novel kinds of molecular structures. More
the discoveryof many naturally-occurring catenated species has done much to s
late the search for appropriate and efficient synthetic procedures to construct cat
compounds in the chemical laboratory. In this review, we illustrate, with the aid
few selected examples, how the synthesis of catenanes has evolved over the la
decades from the very low-yielding early experimental approaches to the rela
simple and highly-efficient procedures of the present day.

2. STATISTICAL SYNTHESES

The most obvious approach to the generation of a [2]catenane involves threadin
preformed macrocyclic on to an acyclic species to afford an intermediate posses
“wheel-and-axle” geometry +e., a pseudorotaxane. Subsequent macrocyclisatior
the acyclic species mechanically-interlocks the preformed and the newly-gene
macrocycles, yielding a [2]catenane. However, the crucial threading step is an ent
ally unfavourable one which means that, in the absence of any noncovalent bc
interactions, the formation of the pseudorotaxane-like intermediate is only “stat
ally” driven. As a consequence, a very small amount of the precursor macrocy
threaded on to the precursor acyclic species in the reaction medium with the res
the [2]catenane can only be obtained in a very low yield. Nonetheless, the ver
[2]catenane was synthesised (Scheme 1) successfully by Was3asingna statistical
approach. Acyloin condensation bfvas performed in xylene at 14Q in the presence
of a very large excess of a preformed pentadeuterated cycloalkane to affol
[2]catenane? in a yield of less than 1%. Evidence for the formation of the [2]cateha
was obtained — after its careful isolation from the reaction mixture — by cleavage
acyloin ring, releasing the easily identified intact pentadeuterated cycloalkane.
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Bismacrocyclisation, after double twisting of a ladder-shaped molecule, affor
so-called Mobius strip. The observation that catenanes can be formed after the cl
of the links connecting the two strands of the Mobius strip prompted Wolt\eskgt
Wassermaret al?®, independently and simultaneously, to employ such an approax
attempts to generate catenanes. Indeed, mass spectrometric analyses of the pro
metal-catalysed metathesis of cyclic olefins revealed the presence of catenanes i
guantities. These catenated structures were believed to be formed as a result of
bius strip mechanism”. However, recently Bickelhaeptl® have suggested that th
formation of catenanes from the metal-catalysed metathesis of cyclic olefins can
from a straigthforward statistical threading process.

3. DIRECTED SYNTHESES

The directed synthesis of a [2]catenane involves the multistep construction of a
catenane” incorporating two interlocking macrocyclic rings which are connecte
each other by one or more covalent bonds. Cleavage of these covalent bonds affc
[2]catenane in which the two macrocyclic components are held together by mech
rather than covalent bonds. This elegant approach has been used successfully b
et all’to generate a number of [2]- and [3]catenanes. One of the first [2]cater
preparefl by a directed synthesis is illustrated in Scheme 2. The pre-cat@naas
obtained after some eleven steps and the cleavage of the ketal linkage, as well a
nitrogen to aromatic ring bond, required five additional steps to afford the [2]cateiran
a very low yield overall.

4. METAL TEMPLATE-DIRECTED SYNTHESES

The low-yielding statistical syntheses and the tedious and time-consuming directe
theses signalled the need for new synthetic approaches to catenanes. The break
in the field came with the method developed by Saueagd!®~29 -"who brought supra-
molecular chemistf/to the rescue. By employing transition metals possessing v
defined coordination geometries and appropriate organic ligands the threadinc
macrocycle on to an acyclic species can be dir@a#itiently by the metal-ligand
complex formation. Mixing the acyclic phenanthroline-based ligdndwith

[Cu(MeCN)][BF,] at room temperature in MeCN/GEl, in the presence of the pre
formed phenanthroline-based macrocy6lafforded® (Scheme 3) quantitatively the
complex7 possessing a pseudorotaxane-like geometry. The macrocyclisaffonwasf
performed under high dilution conditions in DMF with pentaethylene glycol bisioc
and CsCO; to afford? the [2]catenate in a yield of 42%. Alternatively, the compléx
could be assemblé®lquantitatively froms and [Cu(MeCN)][BF] at room tempera-
ture in MeCN/DMF. Bismacrocyclisation of the acyclic ligands incorporated w&hi
when performed under high dilution conditions in DMF with pentaethylene glycol
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iodide and CgCO,, gavé®®1lthe [2]catenatd in a yield of 27%. Demetallation of th
[2]catenate8 was achieveld!!quantitatively by stirring a solution & with KCN in
H,O/MeCN at room temperature. This efficient template-directed methodology wa
tended subsequently to the synthesis of a large number of singly- and doubly
locked pcatenane$-19.7:12

The first organometallic catenane was described by Bickelheiupt!® who ex-
ploited the ability of crown ethers to bind metal cations. Mixing the crown é&thend
the organomagnesium macrocyélein PhMe afforded (Scheme 4) the [2]catenaBe
The formation of this [2]catenane occurs after (i) spontaneous dissociation of one
aryl-magnesium bonds dfl, (ii) complexation of the resulting Ar—Mgation by the
crown etherlQ, and (iii) recombination of the aryl-magnesium bond to regenerate
organomagnesium macrocyeiew mechanically-interlocked by the crown ether. A d
tailed 'H NMR spectroscopic investigation of the process in octadeuteriotoluen
vealed?, beside the formation of the [2]catenah® the complexation of the
macrocyclell by the crown ethelO as a result of an “alongside” association. T
equilibrium between the two species.e;, the [2]catenané?2 and the “alongside com:
plex” — is temperature dependent, with the [2]catenane being the major species f
in octadeuteriotoluene at low temperatures.

The quantitative self-assembfyof [2]catenanes has been achieved quite elega
by Fujita et al!®, employing pyridine-based ligands and transition metals posses
square planar geometries, such & &t Pd*. In the example illustrated in Scheme
the [2]catenand4 self-assemblés® quantitatively from the preformed dinuclear ma
rocyclel3when it is heated at 10C in a highly polar medium, such as a concentra
aqueous solution of NaNOUnder these forcing conditions, the ligand—platinum boi
are reversible, and so sequential ligand exchange between the two individual din
macrocycles produc®s an intermediate Mobius strip compound which, again by
gand exchange, is transformed into the [2]cated@n®resumably, strong edge-to-fac
intercomponent interactiotftbetween aromatic units within the catenane drive the
cess thermodynamically towards the mechanically-interlocked compound.

5. HYDROGEN BONDING TEMPLATE-DIRECTED SYNTHESES

A large number of catenanes incorporating mechanically-interlocked macrocylic
tams have been synthesiseds a result of template-directed syntheses governec
hydrogen bonding interactiolfs The method was discoverédaccidentally by Hunter
while synthesising the macrocyclic lactam incorporated in the [2]catdi@f®cheme 6)
in its free form — a receptor f@g-benzoquinone. Reaction of isophthaloyl chloride

with the diaminel6 in the presence of §N in CH,CI, afforded’@the intermediate
diamine 17. Macrocyclisation ofl7 with 15 was performet2under high dilution con-
ditions to yield the desired free macrocyclic lactam in a yield of 51% in addition tc
unexpected [2]catenanE8 in a yield of 34%. Very shortly thereafter, the one-st
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synthesis of the [2]catenar®® was reported by Vogtlet all’® In this case, a high
dilution reaction of the diamin&6 with the bischloridel 9 afforded’® in a single step,
the [2]catenan@0 in a yield of 8%. In order to understand the mechanism of the
expected” catenation, a number of catenanes incorporating different substituents
bischloride precursor have been self-assemblénllowing one- and/or the two-stej
procedures. This systematic investigation prompiélde authors to suggest that cate
ation occurs after (i) the formation of individual macrocyclic lactams in their 1
forms, (ii) binding by the macrocyclic lactams of their acyclic precursors with pse
rotaxane-like geometries as a result of a network of hydrogen bonding interactio
volving the amide groups, and (iii) macrocyclisation at the termini of the bound ac
species to afford two mechanically-interlocked identical macrocyclic lactam rings.
self-assembly of the related [2]caten@2avas discovered accidentally by Leigtal.X”'in

an attempt to synthesise the corresponding macrocyclic lactam in its free forr
receptor which had been designed to bind, A0 this case, the high dilution reactio
of the commercially-available precursdrs and21 afforded” the [2]catenan@2in a

yield of 20% in a single step. Presumably, the catenane self-assembles followil
formation of a pseudorotaxane-like intermediate complex in the reaction medium

6. CATENANES INCORPORATING CYCLODEXTRINS

The first unsuccessful attempt to synthesise a [2]catenane, which was reported
tringhauset all®in 1958, was based on the ability fcyclodextrin (-CD) to bind

acyclic organic molecules with pseudorotaxane-like geometries in agqueous solt
However, the desired macrocyclisation of some acyclic hydroquinone-based di
included within the cavity obi-CD did not afford the desired disulfides and hen
[2]catenanes on oxidation. Some 35 years later, the same design logic was effip
successfully using a Schotten—Baumann reaction in our own research laborato
self-assemble the first catenanes incorporating cyclodextrins. Reaction of the di
23 with terephthaloyl chloride24 in basic aqueous solution and in the presence
B-cyclodextrin 3-CD) afforded®(Scheme 7) four different catenanes. The [2]catens
25 and 26 were obtained in yields of 3.0 and 0.8%, respectively. The [3]catenanes
two topological stereoisometd’ and 28 differing only in the relative orientation o
their cyclodextrin components — were obtained as an approximately equimolar m
in an overall yield of 1.1% and were separated successfully by reverse phase HPI
characterised b¥*C NMR spectroscopy.

Collect. Czech. Chem. Commun. (Vol. 62) (1997)
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7. DONOR/ACCEPTOR TEMPLATE-DIRECTED SYNTHESES

7.1. From Pseudorotaxanes to Catenanes

The trelectron rich hydroquinone-based macrocyclic polyethempigkenylene-34-
crown-10 bind&' the r-electron deficient bipyridinium-based bis(hexafluorophosphz
salt, Paraquat, to afford the 1 : 1 comp®(Fig. 2) possessing a pseudorotaxane-I
geometry both in solution and in the solid state. The complex formation is driven |
TeTt stacking interactiorf$ between the complementary aromatic units and -
[C-H...O] hydrogen bonds between the hydrogen atoms -{8Hand [CH-N] — in

the a-positions with respect to the nitrogen atoms on the bipyridinium unit. By re\
ing the roles of the recognition sites, the possibility of generating a bipyridinium-b
cyclophane able to bind acyclic hydroquinone-based polyethers was envisaged. |
the tetracationic cyclophane, cyclobis(paraquatienylene), bind$ a wide range of
T-electron rich acyclic polyethers, affording pseudorotaxane-like complexes, s3@hras
solution as well as in the solid state. The pseudorotaxane-like geometries ador
the 1 : 1 complexeg9 and 30 laid the basis for the donor/acceptor template-direc
syntheses (Scheme 8) of the [2]catenafaeéncorporating the two macrocyclic recey
tors of the 1 : 1 complexe29 and 30 mechanically-interlocked®?4 Alkylation of the

bis(hexafluorophosphate) s82 with the dibromide33, performed at ambient tempere
ture and pressure, affords a tricationic intermediate which is bound by the hydt
none-based macrocyclic polyethgt with a pseudorotaxane-like geometry. T}
subsequent macrocyclisation to give the tetracationic cyclophane component is
plate-directed by thetelectron rich macrocyclic polyether component incorpora
within the pseudorotaxane-like intermediate to afford the [2]cateBare a remark-

able yield of 70%, following counterion exchange. Similarly, the [2]cateB&nsas

self-assembled, by employing the 1,5-dioxynaphthalene-based macrocyclic polye
35instead of3], in a yield of 51% under otherwise identical conditions.

7.2. Self-Assembly of [n]Catenanes

The relative simplicity and remarkable efficiency of the donor/acceptor templat
rected syntheses developed in our own research laboratories has led to extend
approach to the self-assembly ofdatenanes incorporating more than two interlocki
macrocyclic components. Enlargement of eithermthedectron rich and/or the-elec-
tron deficient macrocyclic components of the [2]catenad®sind 36 is required in
order for it to become possible to construct higher catenanes. Reaction of the bis
fluorophosphate) saB7 — in which the two bipyridinium units are separated by lon
bitolyl spacer units — with the dibromic8 in the presence of eith&d or 35 at room
temperature and ambient pressure éa{@cheme 9) the [3]catenan@8or 40 in yields
of 25 and 30%, respectively, after counterion exchange. As a result of the enlarg

Collect. Czech. Chem. Commun. (Vol. 62) (1997)
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of the tetracationic cyclophane component, twelectron rich aromatic units can b
incorporated simultaneously into its cavity, thus providing the opportunity of mec
ically-interlocking three macrocyclic ring components. By reversing the design lof
i.e., enlarging thatelectron rich macrocyclic polyether — two bipyridinium units ¢
be inserted simultaneously inside the cavity of the macrocyclic polyether. Reacti
the bis(hexafluorophosphat82 with the dibromide33 in the presence of the hydroqu
none-based macrocyclic polyethét at room temperature under 10 kbar of press
afforded’ (Scheme 10) the [3]catena#d@ in a yield of 15% following counterion ex:
change. When the reaction was repeated in the presence of the 1,5-dioxynapht
based macrocyclic polyethe&r3, ultrahigh pressure reaction conditions were 1
required and the [3]catenadd was isolatetf, after counterion exchange, in a yield |
15%.

The next step towards higherf¢atenane was the mechanical-interlocking of an:
larged tr-electron rich macrocyclic polyether component with an enlamgetectron
deficient tetracationic cyclophane component. Reaction at ambient temperatur
pressure of the bis(hexafluorophosphate) 3ahvith the dibromide38 in the presence
of either41 or 43 gave’’2%(Scheme 11) the [3]catenards or 46 in yields of 3.5 and
6.0%, respectively. The [3]catenangs and 46 incorporate twortelectron rich aro-
matic units within the cavities of their enlarged tetracationic cyclophane compor
but only one bipyridinium unit within each of their two enlargedlectron rich macro-
cyclic polyether components. As a result, one additional bipyridinium unit can
sequently be inserted within each of their tw@lectron rich macrocyclic polyethe
components. Further reaction of the [3]catendBeincorporating hydroquinone-base
macrocyclic polyethers, with the bis(hexafluorophosphate32adnd the dibromid&3
under 14 kbar at room temperature gay8cheme 12) the [4]catenad@in a yields of
22% and a very small amount (<1%) of the [5]catené®dollowing counterion ex-
change. On the contrary, reaction of the [3]caterdhecorporating 1,5-dioxynaph-
thalene-based macrocyclic polyether components with the bis(hexafluorophosj
salt 32 and the dibromid&3, performed at ambient temperature and pressure, afférd
the [4]catenand9 and the [5]catenan®&0 in the somewhat better yields of 31 and 5
respectively.

7.3. Characterisation and Properties

Purification of the fijcatenanes incorporating complementarglectron rich macrocy-
clic polyether andtelectron deficient tetracationic cyclophane components was
formed by column chromatography employing silica gel as the stationary phase.
characterisation was achieved by single crystal X-ray crystallography, by liquid
ondary ion (LSI) and electrospray (ES) mass spectrometri¢$] bpd*3C NMR spec-
troscopies, and by elemental analysis. The fascinating topologies of !
mechanically-interlocked structures were unequivocally demonstrated by X-ray cr

Collect. Czech. Chem. Commun. (Vol. 62) (1997)
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lographic analyses performed on single crystals of the catenanes grown by the
diffusion technique. The X-ray crystal structure (Fig. 3) of the [2]caterddnee-
vealg3¢?4the mechanical bond holding together the two macrocyclic componen
T-donorftracceptonf-donorfracceptor stack is formed by the complementary arom
units which are separated by the interplamam stacking distances afa 3.5 A. The
r-donorftracceptor stack propagates along one of the crystallographic directions
result of “alongside et stacking interactions involving adjacent [2]catenane mc
cules in the crystal. In addition, secondary stabilising interactions, particularly (i) [C—F
hydrogen bonds between two of the hydrogen atoms i{besitions with respect to
the nitrogen atoms on the bipyridinium unit located “inside” the cavity of the macr
clic polyether and some of the polyether oxygen atoms, as well as (ii) edge-tc
T-type interactions between two of the hydrogen atoms attached to the hydroqt
ring located “inside” the cavity of the tetracationic cyclophane and the fatezlmuds
of the p-xylene spacers, are also observed. The X-ray crystal structure (Fig. 4) «
[3]catenane39 reveald® the three mechanically-interlocked macrocyclic ring comj
nents. In addition to the “usual” [C-H...O] hydrogen bonds and edge-to-face T
interactions, ardonorfracceptorf-donorftr-donoritacceptonf-donor stack is formed
within each [3]catenane molecule, once again with interplanar separatican8.5fA.

In solution, the ring components of the [2]catenddare free to circumrotate (Fig. 5
through each others’ cavities. Exchange of the “alongside” and “inside” hydroqui
rings (Process 1) is a achieved by circumrotation of the macrocyclic polyether co
nent through the cavity of the tetracationic cyclophane component. Exchange ¢
“alongside” and “inside” bipyridinium units (Process Il) is achieved by circumrota
of the tetracationic cyclophane component through the cavity of the macrocyclic
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ether component. Process | is slow ontHeNMR timescale at room temperature at
the “alongside” hydroquinone ring can be easily distinguished from the “inside” o
the latter gives raise to a singlet centredcard 3.4 as a result of the shielding effe
exerted upon it by the sandwiching bipyridinium units. On the contrary, Process
fast on the!H NMR timescale at this temperature and the “alongside” and “ins
bipyridinium units are indistinguishable. The free energies of activation associatec
Process | and Il (15.6 and 12.3 kcal halk coalescence temperatures of 354 and 25(
respectively) were obtainé&t}?*by a variable temperatufél NMR spectroscopic in-
vestigation performed in a selection (LIDCD;, CD,CN, and CRSOCD;,) of sol-
vents over a range (198-373 K) of temperatures.

The redox properties of the [2]catena@vewere investigated®?*by cyclic voltam-
metry. In the case of the tetracationic cycloph&fe(Fig. 6) in its free form, two
consecutive bielectronic reduction waves (—283 and —709 mV) are observed. Th
wave corresponds to the [bipyridiniufi[bipyridinium]* reduction and involves twa
simultaneous monoelectronic additions to the two identical [bipyridirfitumits. The
second wave corresponds to the [bipyridinitifbjpyridinium] reduction and involves,
again, two simultaneous monoelectronic additions to the two identical [bipyridihit
units. In the case of the [2]catenad4 the two [bipyridinium§* units are no longer
equivalent — one is located “inside” and the other “alongside” the cavity of the m
cyclic polyether. As a result, two consecutive monoelectronic reduction waves (
and -437 mV), followed by a bielectronic reduction (—845 mV) wave, are obse
The two consecutive monoelectronic waves correspond to the [bipyridaii{lsigy-
ridinium]* reduction of the “alongside” unit first of all and then to the [bipyrit
nium]?*/[bipyridinium]* reduction of the “inside” unit — the latter being stabilised
the -donor ability of the sandwiching hydroquinone units. On the contrary, the
sequent [bipyridinium}[bipyridinium] reduction of the two units occurs as two simt
taneous monoelectronic additions.

8. SUMMARY AND OUTLOOK

Molecules composed of two or more mechanically-interlocked macrocyclic cor
nents are termed catenanes. Their intriguing topologies have captured the imagit
of synthetic chemists and encouraged them in their quest for efficient synthetic f
dures leading to their construction. Following a pioneering unsuccessful atterr
catenate cyclodextrins that was repotféa the literature in 1958, the first [2]catenar
was synthesised two years later in very low yields by Wasséri@tatistical syntheses
were followed by the impressive directed syntheses devised by &chifl®. However,

the real breakthrough in the field came only in the early 1980s with the templa
rected syntheses reported by Sauvage and his cowarkamse then, a wide number c
supramolecular approaches to catenanes have been devised either by design «
bled upon by chance by many other investigators. Indeed, nowadays it can be sg
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catenanes can be self-assembled even in quantitative yields and often from inex
commercially-available starting materials. Among the numerous procedures
donor/acceptor template-directed syntheses, developed in our own research labo
have proved to be both simple and efficient. Using this particular self-assembly app
[n]catenanes incorporating up to five mechanically-interlocked rings disposed in
near array — that is, the pentacatenane we have called Olympiadane — have be
thesised successfully. In addition, the template-directed procedures develoy
synthesise catenanes have been extended successfully to the construct]ostaof |
anes’—i.e, molecules incorporating macrocyclic components encircling a dumbbe
shaped component bearing bulky groups at its both ends.

The ability of the synthetic chemist to reproduce the features of mechanical-
locking at the molecular level with a high degree of control and efficiency sugt
strongly the possibility of being able to generate nanometer-scale dévidbe equi-
valents of chains and belts in the macroscopic world. Chemically-, electrochemic
and/or photochemically-active units have already been incorpdfasedcessfully
within catenated compounds with the ultimate goal of controlling the relative dyn
properties of their components using external stimuli. Furthermore, extensic
mechanical-interlocking to oligomers and polymers (Fig. 7) could afford a new r
of materials with unusual properties. Polymerisatianar{db) and copolymerisations
(c), and grafting of preformed catenanes onto polymeric backbdjeai all be em-
ployed to generate main-chain and side-chain polycatetfanes

We wish to acknowledge the North Atlantic Treaty Organization (NATO collaborative grant
960659) for supporting this research work.
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