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1. Ordering Building Blocks about a Metal Ion
Template

The early metal ion template syntheses of catenanes,
rotaxanes and knots has been reviewed by Sauvage and co-
workers[1] with recent emphasis on the Strasbourg group�s use
of such structures as molecular machine prototypes.[2] Other
types of statistical methods[3] and template routes[4] (p–p

stacking,[5] hydrogen bonding,[6–8] ion pairing,[9] hydrophobic
interactions,[10] anions,[11] radicals[12] and dynamic assembly[13])
to mechanically interlocked molecules have also been
reviewed. Here we focus on the metal-ion-directed assembly
of interlocked molecules in terms of synthetic strategies and
tactics, a “tricks-of-the-trade” approach that encompasses the
use of metal ions as templates, catalysts for mechanical bond
formation, and as integral structural elements. X-Ray crys-
tallography often plays a crucial role in the design and
structural characterization of interlocked molecules. Here
crystal structures are shown wherever possible, both for their
aesthetic appeal and to illustrate the deviations from the
idealized geometries of ligands, metal coordination geome-
tries and noncovalent intercomponent interactions that are
not always apparent from line drawings of chemical struc-
tures. All of the cap-and-stick structures shown in this Review
are original representations produced from coordinates taken
from the Cambridge Structural Database (CSD).[14]

1.1. Historical Background

The idea of using organic ligands coordinated to a metal
ion to direct the assembly of mechanically interlocked
molecules is almost as old as the field itself. While discussing
possible strategies to catenane synthesis in their classic 1961

paper “Chemical Topology” [15] in the Journal of the American
Chemical Society, Frisch and Wasserman include in a footnote
that “Another interesting suggestion has been that of W.
Closson to utilize the geometry of the ligands about a metal
atom as a core. Both approaches are being investigated in Dr.
Lemal�s laboratory at the University of Wisconsin (D. Lemal,
private communication)”. In fact the experimental work
carried out in the Lemal laboratories at that time focused
on linking two macrocycles through a common quaternized
nitrogen atom (derived from lutidine), with the intention of
subsequently cleaving the two original C�N bonds to form a
[2]catenane in which one of the rings was a secondary
amine.[16] This was amongst the earliest attempts[17] to make
interlocked molecules and is reminiscent in strategy to the
directed syntheses of catenanes developed a few years later by
Schill and L�ttringhaus.[3a, 18] In 1973[19] Sokolov suggested
that octahedral metal ions might be used as scaffolds for the
assembly of both catenane-like structures and knots, and
experimentally in 1981 Ogino succeeded in using metal
complexes as stoppering groups to covalently capture a
cyclodextrin threaded onto an axle to form one of the very
first rotaxanes (see Section 4.1.2).[20] However, it is Sauvage�s
use of tetrahedral CuI ions to template the synthesis of a
[2]catenane in 1983 (see Section 1.1.3),[1a,21, 22] and the pro-
gram[1,2] on topologically complex molecule synthesis sub-

More than a quarter of a century after the first metal template
synthesis of a [2]catenane in Strasbourg, there now exists a plethora of
strategies available for the construction of mechanically bonded and
entwined molecular level structures. Catenanes, rotaxanes, knots and
Borromean rings have all been successfully accessed by methods in
which metal ions play a pivotal role. Originally metal ions were used
solely for their coordination chemistry; acting either to gather and
position the building blocks such that subsequent reactions generated
the interlocked products or by being an integral part of the rings or
“stoppers” of the interlocked assembly. Recently the role of the metal
has evolved to encompass catalysis: the metal ions not only organize
the building blocks in an entwined or threaded arrangement but also
actively promote the reaction that covalently captures the interlocked
structure. This Review outlines the diverse strategies that currently exist
for forming mechanically bonded molecular structures with metal ions
and details the tactics that the chemist can utilize for creating cross-
over points, maximizing the yield of interlocked over non-interlocked
products, and the reactions-of-choice for the covalent capture of
threaded and entwined intermediates.
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sequently established by the Strasbourg team (joined, a few
years later, by an influential program[5a,b, 7a,b, 12, 13] from the
Stoddart lab), that really sparked the development of the
wide range of mechanically interlocked structures that we
have today. In order to appreciate the diverse ways in which
metal ions can be used in the synthesis of mechanically
bonded molecules it is instructive to consider how the use of
metals to direct the formation of particular types of archi-
tectures has evolved, from the metal ion template synthesis of
simple macrocycles, to the assembly of entwined metal–ligand
complexes and, ultimately, to the formation of mechanical
bonds.

1.1.1. Template Effects: From Coordination Complexes to Macro-
cycles

Although the first examples of metal-template synthesis
by chemists probably date from the 19th century,[23] the
efficacy of metal ions in macrocycle synthesis only began to be
appreciated following pioneering work carried out in the
laboratories of Curtis[24] and Busch[25] in the early 1960s. The
role that metal coordination geometries can play in organiz-
ing organic building blocks[26] during chemical reactions was
formally recognized by Busch.[25, 27–32] Several factors form the
basis for the metal template[33] concepts introduced at that
time:

a) Stabilization/activation of the ligands: The formation of
a metal–ligand complex can either stabilize a ligand or
activate it to further reaction (as occurs in metal catalysis).

Both of these features have been exploited in interlocked
molecule synthesis.

b) Orientation of the ligands: The coordination geometry
of a metal ion is a “source of geometric information” [25a] and
ligands bound to metal ions are often positioned in well-
defined arrangements that can be used to direct chemical
reactions.

c) Effective concentration of the coordinated building
blocks: Due to proximity effects, the effective concentration
of reactive groups that are part of the same complex is high,
which reduces intermolecular reactions to form oligomeric or
polymeric products.[25a]

From these ideas, Busch outlined[25] two template effects:
the thermodynamic template effect[31] (or equilibrium tem-
plate[27, 31,34]) and the kinetic template effect[30, 31] (or proximity
effect[35]). In the former, the metal ion selectively sequesters
one component from a dynamic, equilibrating, reaction
mixture, thereby driving the composition towards that
product through Le Ch�telier�s principle.[34] The first example
of Busch deliberately exploiting a template effect is shown in
Scheme 1.[24, 27] NiII promotes the formation of the Schiff base
ligand 1 in high yield from reagents that form thiazolidines in
the absence of the metal ion. Similarly, it was shown that
although o-aminobenzaldehyde (2) undergoes a slow self-
condensation reaction to form a trimer 3,[36] in the presence of
a range of metal ions a cyclic tetramer is preferentially formed
as a square-planar complex 4-MII (M = NiII,[28, 37] FeIII,[29d]

CoII,[28a] CoIII,[29c] CuII,[28a, 29a] ZnII[29e] and others,[29] Sche-
me 2a).
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In the kinetic template effect a metal ion constrains[30, 31,38]

ligands causing spatial (including geometric and/or topolog-
ical) control of reactions between reactive functional groups
similar to the proximity effects[35] observed in some enzyme
catalysis. In Busch�s original example (Scheme 1),[30, 39] the
conformation of the tetradentate ligand of 1-NiII is controlled
by the metal ion so as to bring the two reactive thiolate end-
groups close together. Once one of these groups has reacted
with o-xylylene dibromide 5 the preorganization favors
intramolecular cyclization to form a small macrocycle 6-NiII,
rather than the intermolecular reaction which would result in
larger macrocycles or oligomers.[30] The use of template
effects was quickly extended to ligands with sufficient donor
atoms to completely enclose a metal ion (7-FeIII, Sche-
me 2b)[32] and three-dimensional cage structures[40] (e.g., 8-
CoIII, Scheme 2c).[41] Metal ion template effects[42] have
subsequently been used to access many macrocyclic[43] and
cage[44] structures and continue to be explored in many areas
of synthesis.[45]

1.1.2. Entwining: Assembling Helicates

The crucial additional feature required to access mechan-
ically bonded structures rather than just topologically trivial
macrocycles is for the metal ion coordination to hold
extended ligands in positions that cause them to physically
overlap, generating cross-over points. Some of the earliest
examples of entwined metal–ligand complexes included
triple-stranded bimetallic complexes containing CuII (Harris
and McKenzie)[46] or FeIII (Raymond)[47] and double-stranded
bimetallic complexes based on ZnII (Wester and Furlop)[48] or
AgI (van Koten),[49] structures that would later become known
as helicates.[50,51] Lehn initially made multi-ligand dimetal ion
complexes for their potential electrochemical properties (the
idea was that two-electron redox processes might take place
within the dinuclear complexes), but he was quickly struck by
the significance and beauty of their helical structures. His
group demonstrated through many elegant examples that
careful ligand design and metal ion selection can promote the
self-assembly[52, 53] of multinuclear entwined assemblies with
well-defined structures under thermodynamic control.[54] An
early example featured the complexation of two quaterpyr-
idine ligands (9) to two tetrahedral CuI ions forming the
dimetallic helicate complex 10-CuI (Scheme 3).[50a] The steric
and geometric demands of other oligopyridine ligands with a
range of metal ions were established by forming helicates with

Scheme 1. The first rational use of metal ion templates through
sequential thermodynamic[27] and kinetic[30] template effects. Reaction
of a-diketones with b-mercaptoethylamine generally results in thiazoli-
dines as the major products. However, in the presence of NiII, diimine
complex 1-NiII is formed in up to 78% yield.[27] Subsequent reaction of
1-NiII with a,a’-dibromoxylene affords macrocycle complex 6-NiII in
61% yield.[30, 39]
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Scheme 2. The synthesis of 2D and 3D molecular structures by metal
template effects. a) Busch’s preparation of a tetradentate macrocycle
using the thermodynamic template effect with square planar metal
ions.[25a, 28, 29] In the presence of NiII,[28] FeIII,[28d] CoII,[28a] CuII,[29c] or ZnII[29d]

the cyclic tetramer is formed in good yield as square planar complex 4-
MII.[28, 29] NiII also templates the formation of a tridentate macrocycle by
fac-octahedral coordination.[37] b) Busch’s use of FeIII in the synthesis
of macrocycle 7-FeIII from 2,6-diacetylpyridine and tetraethylenepenta-
amine.[32] c) Sargeson’s assembly of cage 8 around an octahedral CoIII

center in a single step from [CoIII(en)3]
3+, (en = 1,2-ethanediamine).[41]
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differing metal coordination geometries.[51a, 55] A significant
early example from the Constable group is shown in
Scheme 3b, where a mixed CuI/CuII helicate (11-CuICuII)
was prepared using quinquepyridine 12, taking advantage of
the preferences of tetrahedral and octahedral coordination
modes of CuI and CuII, respectively.[55b] One of the first triple
stranded helicates (13-CoII) was described by Piguet and
Williams, assembled from octahedral CoII ions and bis-
bidentate ligand 14 (Scheme 3c).[56]

Lehn used extended oligo(bipyridine) units to form
homo-duplex tri-,[52b, 57] tetra-[52] and penta-nuclear[52] and
hetero-duplex helicates,[58] and even circular assemblies[59]

favored by secondary anion-template effects, such as five-
(15-FeII)[59a] and six-membered circular double helicates
(Scheme 4).[59b] As well as being exquisite examples of
thermodynamically controlled self-assembly[53, 54] the physical
overlap of the extended ligands in these systems form well-
defined “cross-over points”. Linking cross-over points in the
correct sequence, stereochemistry and connectivity is the key
to generating mechanically linked molecular architectures.

1.1.3. Interlocking: Making Mechanical Bonds

At the time that Lehn was developing the chemistry of
self-assembled helicates, his former student Jean-Pierre
Sauvage, also in Strasbourg, was investigating the use of
hindered 1,10-disubstituted phenanthroline (phen)
ligands[60,61] to encapsulate metal ions with the aim of
improving the lifetime of photoexcited states.[60] Inspired by
the elegant but lengthy “directed synthesis” of catenanes by
Schill and others,[3a,b] Sauvage recognized that the shape and
mutually orthogonal arrangement of such bidentate ligands in
a tetrahedral CuI complex could generate the cross-over
points necessary for catenane formation.

With Christiane Dietrich-Buchecker, who would become
his long-term collaborator in this field, Sauvage introduced
hydroxyl groups onto the phenyl substituents of a 2,9-
diphenyl-1,10-phenanthroline (dpp) ligand (to form 17),
positioning them to undergo intracomponent (rather than
intercomponent or intermolecular) Williamson ether macro-
cyclization reactions. Complex 18-CuI was formed quantita-
tively from macrocycle 19 and ligand 17 from which the
[2]catenate 20-CuI was generated in 42 % yield
(Scheme 5).[1d,21, 22] This was a remarkable result given that
the statistical and directed synthesis routes to catenanes at the
time typically took 6–20 steps to complete and often resulted
in less than 1% overall yields of the interlocked products.[3a]

The copper ion could be removed quantitatively from
catenate 20-CuI with potassium cyanide to afford metal-free
catenand[62] 20 (Scheme 5).[22, 63] Various combinations of the
use of thermodynamic control (to self-assemble complicated
multi-component architectures) and kinetic template effects
(to direct reactions between ligands), featuring metal and
non-metal templates, have been the basis for forming the vast
majority of interlocked molecules ever since.

1.2. Metal-Ion-Mediated Strategies to Interlocked Molecular
Architectures

The approach of using metal ions as templates has
provided accessible pathways to topologically complex inter-
locked molecules that would be unobtainable by classical
chemistry methods. In the absence of a metal template, such
reactions generally result in the formation of oligomers and/
or macrocycles of various sizes with negligible threading of
one component through another. The key issues in the
construction of interlocked structures are (i) the generation of

Scheme 3. a) Lehn’s helicate 10-CuI, featuring CuI ions in a distorted
tetrahedral geometry in the sold state. The N-Cu-N bond angles range
from 80.6–81.38 for the ligand bite angle and 117.0–138.68 for the
remaining ligand–metal–ligand bond angles.[50a] b) Constable’s use of
polypyridyl ligands to assemble multinuclear helicate 11-CuICuII.[55b]

The N-Cu-N bond angles for the distorted tetrahedral CuI center range
from 85.0(7)–142.4(7)8 and for the CuII center cis-(N-Cu-N) from
74.8(7)–108.3(7)8, cf. 908 for an ideal octahedral geometry. c) Piguet
and Williams’ triple-stranded helicate 13-CoII, formed around two
octahedral CoII ions.[56] The ligand bite angles range from 74.1(6)–
78.2(6) with the remaining cis-(N-Co-N) angles from 79.5(6)–106.8(6)8.
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cross-over points and (ii) how these can be linked in a
controlled manner to form mechanically bonded molecules.

1.2.1. Entwining or Threading Molecular Components: The Gen-
eration of Cross-Over Points

A crucial design feature for the preparation of mechan-
ically bonded structures is the creation of cross-over points
(Figure 1), the points where the ligands physically overlap. In
the metal ion template approach the metal ion acts to gather
and organize the ligands (which are either cyclic or incorpo-
rate “turns” which bring the end-groups of particular ligands
close together in space) in a well-defined geometry to
generate the cross-over point. Subsequent ring closing or
stoppering (“covalent capture” [64]) reactions form the
mechanical bond.

Scheme 4. Lehn’s circular helicate assembly 15-FeII, constructed using
five FeII ions to organize five oligo(bipyridine) ligands 16. The X-ray
crystal structure shows a chloride ion in the center of the assembly
that templates the size (in this case five strands of the ligand and five
metal ions) of the cyclic helicate. The ligands are slightly too short to
allow for an idealized circular array of octahedra around the chloride
ion, resulting in the FeII geometries being amongst the most distorted
[FeII(py)6] complexes in the CSD database (cis-(N-Fe-N) bond angles
80.9(9)–99.0(10)8).[59a]

Scheme 5. The first metal ion template synthesis of an interlocked
molecule: Sauvage’s CuI catenane synthesis using one preformed
macrocycle.[21, 22] Formation of 18-CuI from 17 and 19 is quantitative
because of the principle of maximal site occupancy; two macrocycles
cannot bind to the same CuI ion (see Section 1.2.2.1). Subsequent ring
closure by Williamson ether synthesis gives 20-CuI in 42% yield. The
X-ray crystal structures of catenate 20-CuI (bottom right) and metal-
free catenand 20 (bottom left) conclusively established the interlocked
molecular structure.[62] Note that in the crystal structure of 20-CuI one
of the grey phenyl groups is actually close to planar with the grey
diphenylphenanthroline (dpp) system (rather than orthogonal to it, as
represented in the chemical drawing above) in order for it to p-stack
with a phenyl group (blue) of the other macrocycle—a common
feature in the crystal structures of this type of interlocked molecule.
Most CuI(dpp)2 catenate and rotaxane complexes have distorted
tetrahedral metal ion geometries because of the steric requirements of
the coordinated dpp components. For 20-CuI the ligand bite angles are
82.7(7) and 84.4(8)8 and the other N-C-N angles 88.0(8) and
136.6(7)8.
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1.2.1.1. Coordination Geometry and Metal Ion Selection

The key role of the metal ion is to gather and organize
ligands in the correct positions and orientations to promote
the formation of a physical cross-over point. Metal ions with
tetrahedral, trigonal bipyramidal and octahedral (Figure 2a–
c) coordination geometries[65] are ideal candidates for forming
cross-over points since bi- or tridentate ligands can be
orientated orthogonally (see Sections 2.1, 2.2, and 2.3).[66]

The two-dimensional arrangement of donor atoms in a
square planar metal–ligand coordination geometry (Fig-
ure 2d) might superficially appear unsuitable for directing
the assembly of a three-dimensional cross-over point. How-
ever, the steric requirements of the tridentate ligand in a
“3+1” donor set can force the monodentate ligand into an
orthogonal position such that the cross-over point can be
efficiently generated (see Section 2.4). Indeed, a significant
advantage of this “3+1” donor set is that the ligands must
perforce be different (one tridentate, one monodentate)
meaning heteroleptic complexes are formed which are
required for the template assembly of rotaxanes or hetero-
circuit (constitutionally different rings) catenanes. To effi-
ciently form heteroleptic complexes with ligands that have the
same number of donor atoms (“2+2” donor sets for tetrahe-
dral complexes, “3+3” donor sets for octahedral complexes
and “1+1” donor sets for linear complexes) requires addi-
tional tactics (see Section 1.2.2). Completing the range of
simple metal–ligand coordination geometries (coordination
number �6), one-dimensional linear coordination modes
(Figure 2e) based on AuI have also been used in catenane and
rotaxane template synthesis (see Section 2.5).

A number of different transition metal ions[67] have been
used to assemble stable[68] mechanically interlocked mole-
cules (e.g. CuI, CuII, ZnII, PdII, FeII, RuII, RhII, MnII, AgI,
etc).[69] Some metal ions, such as CuI, FeII, CoIII and PdII are
largely invariant in terms of their coordination number and
geometry, organizing ligands in a largely predictable fashion.
Others, such as CuII, AgI and CrIII, adopt a range of
coordination geometries making it more difficult to predict
how they will position building blocks in template reactions.
Metal ions which tend to form labile complexes with organic
ligands (e.g. CuI, ZnII, AgI etc) are usually best used in situ for
template synthesis. Others, notably PdII and RuII, often form
kinetically robust complexes that can be purified by column
chromatography prior to being used in a subsequent cate-
nane- or rotaxane-forming reaction. Metal ions that favor
higher coordination numbers (> 6) have rarely been utilized
in the synthesis of mechanically interlocked molecules (for an
exception, see the nine-coordinate BaII catenane in Figure 16)
and the use of lanthanides or actinides as templates for
interlocked molecules has yet to be reported.

An important feature of many interlocked molecules
prepared by metal ion template reactions is that they often
form very stable complexes with the ions used to template
their assembly (the so-called “catenand effect”).[22, 70] This is
because the three-dimensional structure of the interlocked
ligand means that decomplexation of multiple donor atoms
has to occur simultaneously, with limited access to solvent or
other ligands, in order for demetalation of the interlocked
ligand to occur.[22, 70] Furthermore, the donor atom geometries
in interlocked ligands are often so well-defined that they can
sometimes be used to force other metal ions to adopt usually
unfavored geometries,[71] or to stabilize complementary (low
with neutral ligands),[72] or destabilize non-complementary,[73]

oxidation states.

Figure 1. Using a metal ion to entwine or thread. The template metal
ion (gray sphere) holds the ligands (blue and orange) in positions
determined by the metal ion’s preferred coordination geometry; the
ligands physically cross to produce a “turn” around the metal center.
a) Non-covalent interactions between the ligands can be used to
control their relative orientations to generate cross-over points and
promote interlocking. b) Threading forms cross-over points without
the need for additional stabilizing interactions.

Figure 2. The range of simple (coordination number �6) metal–ligand
coordination geometries utilized in the construction of catenanes,
rotaxanes, knots, and higher order links: a–c) three-dimensional tetra-
hedral (a), trigonal bipyramidal (b), octahedral (c) with either “3+3”,
“4+2”, or “2+2+2” sets of donor ligands, d) two-dimensional square
planar, and e) one-dimensional linear motifs.
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1.2.1.2. Ligand Design—Introducing “Turns”

In addition to metal ion coordination geometry and
lability, another important factor for interlocking is the use of
ligands that generate an appropriate “turn angle” about the
metal ion. The substitution pattern of the ligands is often the
most crucial issue; Figure 3 illustrates how 60, 120 and 1808
turn angles can be formed around metal ions using differing
substitution arrangements on commonly used ligands. 2,9-

diphenyl-1,10-phenanthroline (dpp, 21) and 5,5’’-diphenyl-
substituted tpy (tpy = 2,2’’:6’,2’’-terpyridine) (22) are both
rigid ligands with the arms of the ligands orientated suitably
to form crossing points in combination with tetrahedral and
octahedral metal centers respectively. More flexible ligands
(such as 23–25) can be positioned by the metal ion to generate
1808 turns. In addition to the turn angle, the degree of
preorganization and the stability of conformations prior to
linking significantly influence the successful formation of
interlocked structures. Tactics to optimize and exploit these
features are discussed in Section 1.2.2.

1.2.2. Tactics for Forming Interlocked Structures

When forming interlocked structures a number of tactics
can be used to favor the formation of interlocked products
over unwanted non-interlocked macrocycles, oligomers and
polymers:

1.2.2.1. Use of Topology to Favor Threading (Maximal Site
Occupancy)

The principle of maximal site occupancy[52b] is that a
system is thermodynamically driven toward the species with
the highest occupancy of the binding sites available on both
the ligand and the metal ions.[74] Introducing steric or
topological restrictions can reduce the number of possible
outcomes where maximum favorable interactions can be
achieved and this can be exploited to favor the formation of
interlocked structures. Scheme 6 shows different synthetic

routes that could result in the formation of a [2]catenane.
Using two different acyclic ligands with similar metal-ion
binding modes (Scheme 6a) can lead to three different pre-
catenane complexes which can be ring-closed to give [2]cat-
enanes as well as non-interlocked figure-of-eight and ring-on-
ring complexes, and higher order oligomers and polymers.[75]

However, in many cases pre-forming one macrocycle (Sche-
me 6b) means that for steric reasons maximal site occupancy
can only be achieved through a threaded complex and only
one, mixed ligand, [2]catenane results. This tactic also
prevents reactions between the different ligands (which
could form figure-of-eight structures) and reduces the
number of larger cyclic oligomers possible.

This principle was used in the first CuI template catenane
synthesis (Scheme 5) and has since been exploited in several
other systems. For example, when octahedral CoIII was
employed as a template, attempted double-macrocyclization
of two identical ligands (26) in 27-CoIII resulted in formation
of the non-interlocked figure-of-eight complex 28-CoIII as the
major product (Scheme 7). Pre-forming tridentate macro-
cycle (29) enabled the interlocked [2]catenane (30-CoIII) to be
obtained in 84% yield.[76]

Figure 3. Some ligands and the turn angles that they complete around
a metal ion template. Bipyridine-based ligands such as 2,9-diphenyl-
1,10-phenanthroline (dpp, 21) units generate a 1208 turn; 5,5’’-
substituted-tpy (tpy = 2,2’:6’,2’’-terpyridine) ligands (22) generate 608
turns and 2,6-substituted pyridine ligands (23-25) are able to complete
1808 turns, particularly with the aid of secondary non-covalent inter-
actions (see Scheme 10).

Scheme 6. Exploiting topology and the principle of maximal site
occupancy[52b] in catenane synthesis. a) The use of equivalent binding
motifs on both rings results in a mixture of homo- and heterolepitc
complexes and products. b) The use of a pre-formed macrocycle
prevents the formation of homo-ligand complexes to selectively give
the mixed-ligand complex.
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The advantages of this approach are even more pro-
nounced for the synthesis of heterocircuit catenanes and
rotaxanes, where mixed-ligand complexes are intrinsically
required. For this reason “threading” approaches are often
used for assembling such interlocked structures.[6f] An alter-
native approach is to employ a template system that utilizes
different coordination modes on the two ligands bound to the
metal ion (Scheme 8). This approach is a particular feature of
the use of mono- and tri-dentate ligands with a square-planar
metal center to give quantitative formation of mixed-ligand

pseudorotaxanes[77] and catenanes.[78] In an early example, the
double-cyclization of the mixed-ligand complex (31 and 32-
PdII) led to the selective formation of a non-interlocked
figure-of-eight complex 33-PdII (Scheme 9). Instead, employ-
ing the pre-formed macrocycles (29-PdII and 34) allowed the

Scheme 7. The use of topological constraints to control the outcome
of macrocyclization reactions. Double macrocyclization of 27-CoIII led
to the non-interlocked figure-of-eight complex (28-CoIII). Use of a pre-
formed macrocycle (29) leads to the [2]catenane 30-CoIII.[76] The X-ray
crystal structures of 28-CoIII and 30-CoIII demonstrate their topologies
and the orthogonal arrangement of the tridentate ligands. The metal–
ligand bonds and angles are similar in both the catenate and figure-of-
eight complex. Due to the bite angles of the ligands, the cis-(N-Zn-N)
bond angles range from 81.2(1)–102.5(1)8 but the two pyridyl groups
remain close to orthogonal (85.78) in both structures. Note the
intercomponent p-stacking in the crystal structure of catenate 30-CoIII

(see Section 1.2.2.2 and Scheme 10).

Scheme 8. The use of unsymmetrical ligand donor sets prevents the
formation of homoleptic complexes and promotes heterocircuit [2]cat-
enane (or ring-on-ring complex) formation.

Scheme 9. Three isomers 35-PdII, 33-PdII and 36-PdII resulting from
sequential or simultaneous metal-directed cyclization of acyclic triden-
tate and monodentate building blocks (a “3+1” donor set, see
Section 2.4) about a PdII template.[78] In each of the X-ray crystal
structures the PdII coordination geometry is distorted from perfectly
square planar (the cis-(N-Pd-N) bond angles range from 80.1(1)–
102.8(3)8) by the bite angle of the tridentate ligand. The pyridine rings
are close to orthogonal in each complex (76.6–89.98). Only in the
[2]catenate, 36-PdII, is intracomplex intercomponent p-stacking pres-
ent.
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selective synthesis of either the ring-on-ring (35-PdII) or
[2]catenane (36-PdII) structures, depending on the order that
the building blocks were assembled and cyclized, highlighting
the subtleties involved in determining the reaction pathway
with such systems.

1.2.2.2. Use of Ligand–Ligand Interactions to Favor Mechanical
Bond Formation

Generally mechanically bonded molecules need to be
formed in preference to alternative non-interlocked struc-
tures (macrocycles, threads, linear oligomers, polymers, etc.)
that could be formed instead. In such reactions the outcome
usually depends on the preferred spatial arrangement of the
reactive functional groups. Pre-organization of stable con-
formations in which the reactive groups are positioned close
together in space can greatly favor the desired product.
Effective tactics for achieving this include sterically restricting
the space explored by the reactive end groups of the ligands
and/or the use of secondary interactions to stabilize desired
conformations. Conformational restrictions are generally
introduced most easily by using rigid ligands (such as the
phenyl-substituted dpp groups popularized by Sauvage[1, 2]),
but stereoelectronic preferences for certain conformations,[79]

such as the gauche effect[80] for glycol chains, can allow some
conformational control with more flexible regions of a ligand.

Non-covalent interactions, such as hydrogen bonding and
p–p stacking, have also proved useful in helping position
ligand end-groups to promote ring closure to favor mechan-
ical bond formation (Scheme 10). Aromatic-CH···O interac-
tions[81] (and the gauche effect) in 37-CuI probably play a
significant role in favoring[82] intra-ligand ring closing meta-
thesis (RCM)[83] to form 38-CuI rather than inter-ligand RCM
to form the topologically-trivial figure-of-eight isomer. Sim-
ilarly, aromatic p–p interactions are used with 2,6-substituted
pyridine ligands in 39-MII[84] to position the end-groups
suitably for RCM to form [2]catenane 40-MII.

1.2.2.3. Efficient Methods for Covalent Capture[64]

Once ligands are appropriately orientated the entwined or
threaded structure must be covalently captured to form the
mechanical bond. A number of different types of reactions
have been employed to accomplish this but amongst the most
widely used in the early years of metal-ion-template catenane
and rotaxane synthesis were Williamson ether synthesis
(Scheme 11a),[1, 22] Glaser and Eglinton oxidative acetylene
couplings (Scheme 11b)[85] and imine-bond formation (a mild
reaction under thermodynamic control, Scheme 11 c).[84]

However, the invention of highly efficient ring-closing
olefin metathesis[83] catalysts (Scheme 11c)[82a] and the Huis-
gen–Meldal–Fokin CuI-catalyzed 1,3-cycloaddition of azides
with terminal alkynes (the CuAAC “click” reaction,[86]

Scheme 11e)[87, 88] have significantly increased the yields of
many catenane and rotaxane template strategies. There are
three principal reasons for the effectiveness of these two
reactions for mechanical bond formation:
1. The intrinsic high functional group specificity of the

reactions—they are highly selective and few other

groups interfere with the reactions or are incompatible
with the reaction conditions.

2. The reactions can be carried out in relatively non-polar
solvents in which non-covalent interactions (often used to
stabilize favorable conformations in the pre-interlocked
architecture) are maximized.

3. The reactive end-groups are sufficiently stable, even when
attached to a transition metal catalyst, that they react
overwhelmingly in the desired fashion even when access-
ing the required reaction geometry is a rare event (as it is
for the cyclization of large rings). The yield of interlocked
versus non-interlocked products then depends on how
effectively the template preorganizes the ring-closing
reaction to take place while one component is threaded
through the cavity of the other.

The CuAAC reaction is particularly functional group
specific, substrate tolerant and high yielding and so it is
unsurprising that its discovery and development has rapidly
led to it becoming a reaction of choice for covalent capture to
generate catenane and rotaxane architectures.[88] The use of
RCM to form interlocked structures has also been
reviewed.[89]

Scheme 10. The use of a) aromatic-CH···O hydrogen bonds[81] in 37-CuI

and b) p–p stacking[84] in 39-MII to orient the reactive arms of ligands
to favor mechanical bond formation (see Scheme 26).
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Scheme 11. Methods for the covalent capture of interlocked structures: a) Williamson-ether reactions were often used in early metal-ion-template
syntheses of catenanes and rotaxanes.[1,21] b) Glaser–Eglinton acetylene coupling.[85] c) Imine-bond formation[84] allows metal ion template
catenanes, rotaxanes and links to be formed under thermodynamic control. d) Ring-closing-metathesis (RCM) macrocyclization[82, 89] and e) CuI-
catalyzed azide-alkyne 1,3-cycloadditions (CuAAC)[87, 88] are amongst the most effective modern methods for covalent capture.
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1.2.3. Metal–Organic Structures: Forming Stoppers, Linkages,
and Rings through Coordination Chemistry

As well as acting as templates for crossing points, metal
ions have been utilized in interlocked molecule synthesis by
being incorporated within the backbone of the components
themselves (see Section 4).[20,90, 92, 93] In such metal–organic
systems the role of the metal ion is usually simply structural
(Scheme 12; Figure 4).[94]

A range of different coordination motifs have been used
as linear or angular connectors to connect threaded compo-
nents (Figure 4a,b) and to form, potentially functional,
stopper units (Figure 4 c).

1.2.4. Combining Coordination Chemistry and Transition Metal
Catalysis: Active Metal Template Synthesis[100]

Whilst the passive metal template approach has proved to
be a highly successful strategy for catenane and rotaxane
synthesis, it does not take full advantage of the rich chemistry
of metal ions. Building on the principles of transition metal
catalysis, a new strategy was recently introduced[101] in which
the metal template ions play an additional active role in
promoting the crucial final covalent bond forming reaction
that captures the interlocked structure (i.e., the metal has a
dual function; acting as a template for entwining the
precursors and catalyzing covalent bond formation between
the reactants). This “active metal template” approach relies
upon the use of macrocycles that can bind metal ions
endotopically within their cavities. The metal ion is chosen
such that it is capable of promoting covalent bond formation
between two suitably functionalized “half-thread” units
(rotaxane synthesis) or to effect ring closure of a precursor
to a macrocycle (catenane synthesis). As the catalytic species
is immobilized within the cavity of the macrocycle the metal
ion selectively mediates the formation of new covalent bonds

through the ring, leading to the formation of a new
mechanical bond. The active metal template process is
shown schematically in Scheme 13 in both stoichiometric

Scheme 12. Metal–organic rotaxane and catenane structures. “Clip-
ping” of an acyclic ligand by a metal ion can generate a) metal-
coordinated-ring rotaxanes[90] or b) metal-coordinated-ring cate-
nanes.[91] Metal ions can also be used to link pseudorotaxanes to form
c) metal-complex-stoppered rotaxanes,[20] d) metal-coordinated-ring
[n]catenanes[92] and e) metal-coordinated-thread rotaxanes.[93]

Figure 4. Metal ion coordination geometries incorporated into metal–
organic interlocked structures. a) 1808 connectors [using i) linear,[95] ii)
tetrahedral, iii) square planar,[96] and iv) octahedral coordination geo-
metries]; b) 908 connectors [using i) square planar,[91] ii) square-based
pyramidal[90] and iii) octahedral[97] coordination geometries]; c) Coordi-
nation complexes have also been used as “stoppering” units [using i)
square-planar,[98] ii) tetrahedral,[99] and iii) octahedral[20] coordination
motifs].

Scheme 13. “Active” metal template strategy to interlocked molecules.
a) The metal plays a dual role; gathering and positioning of the ligands
as well as catalyzing covalent bond formation that captures the
threaded structure. b) If the metal is able to turn over during the
reaction cycle, sub-stoichiometric quantities of the template can be
used, a feature that is normally not possible with passive template
reactions.
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(one equivalent of the template is required) and catalytic (the
active template turns over during the reaction) variants.

There are several potentially attractive features of such a
synthetic approach to mechanically interlocked architectures:
1) the inherent efficiency and flexibility in having the
macrocycle-metal complex perform multiple functions
during the reaction; 2) the lack of requirement for permanent
recognition elements on each component of the interlocked
product, which increases the structural diversity possible in
catenanes and rotaxanes and enables their formation to be
“traceless”; 3) in some cases only sub-stoichiometric quanti-
ties of the active template are required (i.e., the catalytic
active metal template variant, Scheme 13b); 4) the strategy is
applicable to many different types of well-known transition
metal-catalyzed reactions; 5) reactions that only proceed
through a threaded intermediate can allow access to currently
inaccessible mechanically linked macromolecular architec-
tures; 6) the coordination requirements during key stages of
the catalytic cycle of active template reactions can provide
insight into the mechanisms of the metal-catalyzed reactions;
and the methodology can even act 7) as an effective conduit
for the discovery of novel chemical reactions.

The first active metal template synthesis reaction was
described[101] in 2006 using the copper(I)-catalyzed terminal
alkyne–azide 1,3-cycloaddition (CuAAC) to assemble a
[2]rotaxane. Since then the concept has been extended to
other transition metal-mediated reactions such as Glaser,[102]

Cadiot-Chodkiewicz[103] and PdII-mediated oxidative alkyne
couplings,[104] oxidative Heck,[105] PdII-catalyzed Michael
addition,[106] ZnII- and CuI-catalyzed Diels–Alder,[107] NiII-
CuI catalyzed alkyne homocoupling[108] and a NiII-catalyzed
alkyl bromide sp3–sp3 carbon–carbon homocoupling,[109] as
well as to the synthesis of molecular shuttles and catenanes
(see Section 3).

1.3. Linking Cross-Over Points to Generate Different
Mechanically Interlocked Architectures

The linking of crossing points in different ways (connect-
ing “over” to “under” crossings and which reactive end-
groups connect to which) determines the topology and
structure of the product. An overview of the routes that
have been used (or proposed) for the metal-ion directed
synthesis of interlocked molecules is shown in Scheme 14. The
most basic methods are the simple single or double cyclization
routes to catenanes (Scheme 14 a) and the clipping or
threading-followed-by-stoppering routes to rotaxanes (Sche-
me 14 b). More complex topologies, such as a trefoil knot or
doubly interlocked [2]catenane (Solomon link), can in
principle come from a common intermediate depending on
how the end-groups are linked (Scheme 14c and d).[110]

Homocircuit (all the rings are constitutionally identical)
Borromean links have been assembled by a remarkable
one-pot assembly of all three rings with the required links and
crossover points. Potential routes to homo- or heterocircuit
Borromean links have been proposed based on “ring-in-ring”
or “rack” approaches for linking threaded precursors (Sche-
me 14 e).[111]

2. Passive Metal-Ion-Template Synthesis of
Rotaxanes and Catenanes

2.1. Tetrahedral Geometries
2.1.1. Sauvage’s CuI(dpp)2 System

The classic[1] Sauvage group strategy of complexing two
dpp ligands to CuI so that they are held in orthogonal
orientations by the tetrahedral coordination preference of the
metal ion has been utilized in the synthesis of many types of
mechanically interlocked molecules.[1, 2] In addition to the
original “threading” method (Scheme 5),[21, 22] catenate 20-CuI

Scheme 14. Passive metal template strategies to rotaxanes, catenanes,
knots and links. In all cases metal ions are used to gather and
organize the subcomponents prior to the interlocked architecture
being captured by covalent bond formation. a) Catenanes can be
obtained by either a single macrocyclization, using one pre-formed
macrocycle and one acyclic ligand, or by a double macrocyclization,
using two acyclic ligands. b) Rotaxanes can be accessed through a
“threading-followed-by-stoppering” strategy in which an axle is
threaded through and complexed to a macrocycle by coordination to a
metal ion to generate a “pseudorotaxane”, stopper units can then be
introduced by covalent bond formation. c) Trefoil knots and d) Solo-
mon links can, in principle, be formed from a common intermediate,
with the outcome depending on which end-groups are linked to
which.[110] e) Borromean rings could be accessed by “ring-in-ring” or
“rack” approaches.[111]
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was also accessed by double macrocyclization of 41-CuI, albeit
in lower yield (27 % cf. 42 %, Scheme 15).

The CuI(dpp)2 motif has been used to make higher order
interlocked compounds ([� 3]catenanes, [� 3]rotaxanes and
knots) using two different strategies:
1. Assembling helicates with multiple CuI(dpp)2 motifs (each

CuI(dpp)2 unit corresponds to a cross-over point (see
Section 1.3)) and cyclizing the end-groups. Depending
upon the number of cross-over points in the helicates, and
which end groups react with which, single or multiply
entwined catenanes and knots can be generated
(Figure 5). Examples of this strategy are given in Sec-
tion 5.

2. The linking of CuI-complexed threaded pseudorotaxane
complexes to form [n]catenanes (Figure 6).

This latter strategy of linking pseudorotaxanes was used
by Sauvage to form [3]catenanes, initially using Williamson
ether synthesis,[116, 117] and later by oxidative acetylene cou-
pling (Figure 7),[85, 118] in each case employing linkers that
were too short to undergo intramolecular macrocyclization.
These catenates could be demetallated using potassium
cyanide and the X-ray crystal structures of a metal-free
[3]catenand (42) was reported (Figure 7a).[117] The yields of
42-CuI and related structures prepared by William ether
synthesis were modest at just 2–6% but the use of the
oxidative coupling of terminal acetylene groups afforded
[3]catenane 43-CuI in a yield of 58% (Figure 7b).[85,118–120]

That synthesis also gave a tri-metallic complex, in 22% yield,
tentatively assigned as a [4]catenate consisting of a central
hexayne 66-membered ring with three peripheral 30-mem-
bered rings. Higher order homologues of these catenates were

also accessed by this synthetic approach and electrospray
mass spectrometry of a crude reaction mixture provided
evidence of multi-ring [n]catenates up to n = 7.[121] A related
approach by Vçgtle and Sauvage employed a macrobicyclic
ligand to form [4]catenanes.[122] Kim later used a similar
strategy to form metal–organic “molecular necklaces”[92] (see
Section 4.2.2).

Gibson prepared rotaxanes through threaded pseudoro-
taxane complex 18-CuI by replacing the macrocyclization
reactions with a simple derivatization with bulky stoppering
groups (Scheme 16 a).[123] Demetalation with solid-supported
cyanide gave [2]rotaxane 44 in an overall 42 % yield. Sauvage
prepared [2]rotaxane 45-CuI in which the pseudorotaxane CuI

complex was stoppered in 25% yield by a reaction in which a
second porphyrin unit was formed from the thread aldehyde
(Scheme 16b).[124] Higher order [3]-[125] and [5]rotaxanes[126]

have also been synthesized by stoppering CuI(dpp)2 pseudor-
otaxanes with porphyrin groups.[127]

Scheme 15. Sauvage’s double macrocyclization “clipping” of 41-CuI to
give catenate 20-CuI in 27% yield (for the single macrocyclization
route, see Scheme 5).[22] Catenate 20-CuI can be quantitatively demetal-
lated with potassium cyanide (to give 20) and a range of other mono-
and divalent transition metal ions can be complexed by the catenand.
The kinetics[70, 112] of introduction of LiI, CuI, AgI, CoII, NiII, CuII, ZnII,
and CdII and their stabilities have been studied by electrochemical
methods.[71a, 113] The photophysical properties of many catenates of this
type have been extensively studied.[114]

Figure 5. Sauvage’s strategy for forming catenanes and knots by link-
ing the end groups of linear metal ion helicates with various numbers
of turns. To date, only the first three ([2]catenane, trefoil knot and
Solomon link) have been achieved experimentally.[115] Note added in
revision: A pentafoil knot has recently been prepared through a cyclic
helicate strategy.[373]

Figure 6. The linking of pseudorotaxane complexes to form higher
order catenanes.
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Alternative methods of covalent capture have also been
used to access single CuI ion template interlocked structures.
Lindoy and co-workers[129] employed reversible imine forma-
tion with a CuI(bpy)2 (bpy = 2,2’-bipyridine) core
(Scheme 17). Calculations were used to predict the likely
outcome of ring-closing reactions (catenane or figure-of-
eight) with diamines of variable lengths. The interlocked
topology of 46-CuI was confirmed by X-ray crystallography
(Scheme 17).

As discussed in Section 1.2.2, the development of ring
closing olefin metathesis dramatically improved the efficiency
of assembling interlocked systems[89,130] by linking CuI-tem-

Scheme 16. a) Gibson’s synthesis of the first metal template [2]rotax-
ane 44, through a CuI template.[123] [a] Yield over 2 steps. b) Sauvage
prepared a [2]rotaxane 45-CuI through a similar “threading-followed-by-
stoppering” approach using porphyrin formation as the stoppering
reaction[124] and studied photoinduced electron transfer between the
metallated porphyrin stoppers.[128]

Figure 7. a) [3]Catenand (42) assembled by Sauvage by linking pseu-
dorotaxanes through Williamson ether synthesis, followed by demeta-
lation with KCN (2 % overall yield).[116, 117] A shorter chain analogue was
formed in higher yield (6%) but proved difficult to demetallate.[117] In
the X-ray crystal structure of 42 the two central phen groups p-stack
with a separation of 3.40 �. b) [3]Catenate 43-CuI was formed by
linking pseudorotaxanes through Glaser couplings in 58% yield.[85, 119]

Note the intercomponent p-stacking between various phenyl groups
and the phenathroline units in the solid state structure. Using this
synthetic methodology, higher order [n]catenanes (up to [7]catenates)
were prepared, and detected by mass spectrometry.[121]
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plate pseudorotaxanes (Figure 6). Sauvage exploited RCM to
prepare increasingly complex structures, such as the bis-
macrocyclic catenane “handcuff” 47-CuI (Scheme 18)[131]

where the double RCM reaction proceeds slowly (10 days)
but in good yield (80 %).

Mayer recently applied olefin metathesis to synthesize a
[3]catenane in 71 % yield[132] and a non-mechanically bonded
but “self-entangled” lasso 48-CuI that could be threaded and
de-threaded by reversible complexation with CuI

(Scheme 19).[133]

The CuAAC “click” reaction has proved a very effective
method for stoppering CuI-complexed pseudorotaxane units
(e.g. Scheme 11 e).[87,134] This methodology has been adopted
by Megiatto, Schuster and co-workers for the preparation of
[2]rotaxanes decorated with porphyrin and [60]-ful-
lerenes[135, 136] and was recently extended to produce [2]-
[137,138] and [3]catenanes[139] using a CuI-(dpp)2 core in up to
92% yield (Scheme 20). This approach has allowed the
preparation of non-symmetrical-functionalized [3]catenanes
(e.g. 49-CuI) in good yields (65–70 % over three steps)[139] and
the preparation of [2]catenanes with potentially useful func-
tional groups on the periphery, such as 50-CuI.[138]

The Sauvage group have exploited the effectiveness of the
CuAAC reaction for linking CuI-complexed pseudorotaxanes
to make more complex structures such as a [3]rotaxane[134]

and a cyclic [4]rotaxane (51-CuI)[140] (Figure 8).
The Sauvage CuI(dpp)2 template has also been exploited

by other groups using less common covalent-capture methods.
Shinkai prepared chiral [2]catenanes by appending boronic

acids to the dpp core and reacting them with carbohydrate
derivatives.[141] A collaboration between Sauvage and Stod-
dart saw both groups trademark template motifs incorporated
into a [2]catenate which used a CuI(dpp)2 motif to organize
the ligands prior to a “clipping” reaction through alkylation of
the terminal pyridines to form the tetrapyridinium macro-

Scheme 19. Mayer’s “self-entangled [1]rotaxane” 48-CuI assembled
about a CuI template.[133]

Scheme 18. Sauvage’s “handcuff-like” bis-macrocyclic unit threads
quantitatively with CuI due to the principle of maximal site occupancy
(see Section 1.2.2). Subsequent RCM generated the doubly threaded
catenate 47-CuI in 80 % yield.[131]

Scheme 17. Lindoy’s [2]catenate based on a single CuI ion template
with bipyridyl ligands and assembled under thermodynamic control
through imine bond formation. Although the catenane assembly
appeared quantitative by 1H NMR spectroscopy, the imine reduction
was problematic resulting in a modest (7%) isolated yield. Reduction
of the imine groups yielded [2]catenate 46-CuI which was characterized
by X-ray crystallography.[129] Unlike many of the CuI(dpp)2 catenates,
the two binding motifs of 46-CuI are almost perfectly orthogonal
(89.28) in the solid state structure and the CuI center is, within the
limits imposed by the ligand bite angles, close to idealized tetrahedral
(N-Cu-N angles: ligand bite angles 82.0(2)8, 82.9(2)8 ; others
123.4(2)8, 126.0(2)8). Note also the intercomponent p-stacking
between the bipyridine and phenyl rings (centroid-to-least-squares-
plane distance 3.58–3.69 �).
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cycle.[142] Swager�s group synthesized [2]rotaxanes through
esterification of a CuI-chelated bis-acyl chloride-bpy unit.[143]

Saito explored the boundaries between rotaxanes and pseu-
dorotaxanes by forming rotaxanes with a CuI(dpp)2 template
using large (33- to 45-membered) macrocycles.[144] Sauvage
and Diederich covalently attached fullerenes through oxida-
tive acetylene coupling (using the precursor in Scheme 11b)
to form [2]rotaxanes to study electrochemical and photo-
induced processes.[145]

An interesting feature of interlocked molecules is the
potential for forming topologically chiral structures.[146] Sauv-
age prepared a topologically chiral catenane through CuI

template synthesis where the origin of chirality is the inability
of the pentaethylene glycol chain to move from one side of
the dpp ligand to the other.[147] Other topologically chiral
catenanes[148] have been accessed through the use of unsym-
metrical rings[149] (for example, 52-CuI[149a]) and classically
chiral catenanes have been formed by incorporating asym-
metric carbon centers,[150] as in 53-CuI (Figure 9).[150b]

The same type of CuI-complexed pseudorotaxane motif
has also been used to assemble catenanes and rotaxanes
containing other potential ligand sites, tailored for different
coordination geometries. The utility of such systems is as
prototypical molecular machine systems since the mechan-
ically interlocked components can undergo large amplitude

motions with respect to each other. By electrochemical
switching between CuI and CuII, the geometry preference of
the metal ion is switched between 4-coordinate tetrahedral
and 5-coordinate trigonal bipyramidal, driving mechanical
motion either by rotation of the macrocyclic ring (where two
binding sites are on a ring) or translation along the thread
(where multiple binding sites are on a thread). Examples of
catenanes in which rotation of one ring with respect to the
other can occur (54-CuI/CuII)[151] and rotaxanes with two (55-
CuI/CuII)[152a] or three (56-CuI/CuII)[152l] binding sites on the
axle[152] are shown in Figure 10. A so-called “molecular
muscle” 57-CuI/ZnII (Figure 11) that lengthens or contracts
in response to chemical stimuli has also been described.[153]

This chemistry has been extensively reviewed elsewhere.[2,153]

2.1.2. A Two CuI-Ion Template Motif

Using a diamine of carefully chosen length and shape,
reversible imine bond formation has been used by the
Nitschke group to assemble a catenane 58-CuI based on a
bimetallic bis-CuI helicate motif (Scheme 21).[154] Reduction
of the imine groups afforded the kinetically stable [2]cate-
nand 59. The interlocked structure was established by careful
mass spectrometry experiments. Using a shorter and more
flexible diamine in the CuI-template imine-forming reaction

Scheme 20. The use of CuAAC “click” reactions by Megiatto, Schuster, and co-workers to form catenanes. a) Non-symmetric [3]catenanes, such as
49-CuI, have been prepared in 65–70% yield over three steps from the free ligands.[139] b) [2]Catenanes such as 50-CuI have been prepared with
useful functional groups on the periphery in up to 92% yield.[138]
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gives rise to a non-interlocked macrocycle, illustrating again
the crucial role that small changes in the structure of the
ligand can have in mechanical bond formation (see Sec-
tion 1.2.2).

2.2. Trigonal Bipyramidal Geometries

In contrast to the CuI(dpp)2 motif, two ligands assembled
about a five-coordinate metal ion must necessarily be differ-
ent. Sauvage utilized ZnII, which can form coordination
complexes with 4–6 donor atoms, to assemble catenand 60

using a pair of tridentate and bidentate ligands
(Scheme 22).[155]

Initial complexation of the tridentate terpyridine (tpy)-
based macrocycle with Zn(OTf)2, followed by binding of a
bidentate dpp-based unit afforded pseudorotaxane complex
61-ZnII. RCM followed by hydrogenation of the olefin
afforded the pentacoordinate ZnII catenate 60-ZnII. The
metal-free catenand could be obtained by treatment with
aqueous base and the interlocked structure re-metallated with

Figure 9. Chiral catenanes 52-CuI[149] and 53-CuI[150b] prepared by CuI-
template synthesis.

Scheme 21. Nitschke’s [2]catenate 58-CuI based on a two CuI ion
template and assembled under thermodynamic control through imine
bond formation. Reduction of the imine groups and removal of the
metal ions yielded [2]catenand 59.[154]

Figure 8. Sauvage’s cyclic [4]rotaxane 51-CuI in which metal centers
are connected through long conjugated ligands. The quadruple stop-
pering CuAAC reaction proceeded slowly (5 days), but in excellent yield
(95%).[140] The ZnII atoms of the porphyrins are 5-coordinate with axial
water molecules (not shown). The ZnII-ZnII separation is 8.67 � in the
X-ray crystal structure and the molecule is over 64 � in length.
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ZnII or other metal ions that support a five-donor-atom ligand
set, such as CuII and FeII. Recently five-coordinate ZnII was
used to template the formation of a pseudorotaxane from the
classic dpp macrocycle 19 and a functionalized tpy ligand.
From this structure a linear [5]rotaxane was formed in 75%
yield through CuAAC reactions with an appropriately
functionalized [3]pseudorotaxane containing two Cu(dpp)2

units.[156]

Another example of metal ions being used to direct
mechanical interlocking while they are likely five coordinate
comes from the Sanders group. Two Li+ ions enhanced the
binding strength of components assembled predominantly by

p–p stacking interactions in the construction of a pseudor-
otaxane 62-LiI that was cyclized by RCM to form a
[2]catenane 63 (Scheme 23).[157] The X-ray structure of the
pseudorotaxane showed four glycol oxygens coordinated to
each Li+ ion with the fifth coordination site occupied by a
water molecule. A collaboration between Sanders and
Stoddart saw this motif used in the synthesis of [2]rotaxane
molecular shuttles.[158]

Although there are few examples of interlocked structures
being assembled through a five-coordinate metal ion tem-
plate, a number of catenanes and rotaxanes containing a five-
coordinate binding motif have been prepared using the

Figure 10. Rotaxanes and catenanes from the Sauvage group in which the redox chemistry of CuI/CuII is used to control the co-conformation of
the macrocycle between tetradentate and pentadentate coordination modes. a) A CuI/CuII switchable [2]catenane 54-CuI/CuII.[151a,b] b) A redox-
switchable shuttle 55-CuI.[152a] c) A CuI/CuII shuttle 56-CuI with three binding sites on the axle which exhibits fast shuttling between the binding
sites in response to electrochemical stimuli.[152l] For a recent review of these switchable systems, see Ref. [2i] .

Figure 11. “Molecular muscle” 57-CuI. The threaded ligand can be held in extended form by complexation of the phenanthroline units with
tetrahedral CuI (as shown here) or a contracted form by decomplexation and subsequent binding of the terpyridine groups (and phenanthroline
ligands of the macrocycle) to five-coordinate ZnII.[153]
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tetrahedral CuI(dpp)2 motif at a separate site to direct the
template synthesis. The resulting structures contain multiple
recognition sites in one or more of the components and their
differing coordination properties can be used to change the
relative positions of the interlocked components (see
Figure 10 and 11).[2, 151, 152]

2.3. Octahedral Geometries
2.3.1. Octahedral “3+3” Donor Ligand Set

Some of the issues that arise in using a “3+3” donor set for
octahedral metal ion template catenane and rotaxane syn-
thesis are similar to those that apply when using a “2+2”
donor set for tetrahedral coordination template: having the
same number of donor atoms on each ligand means that
forming the heteroleptic complexes required for heterocircuit
catenane or rotaxane assembly is non-trivial (see Sec-
tion 1.2.1.1). Although the idea of using an octahedral metal
ion coordination geometry to direct catenane formation was
actually proposed[19] a decade before tetrahedral CuI was used
for this purpose, the first catenane assembled around an
octahedral metal ion was reported in 1991 by Sauvage and
Ward.[159] They used a tridentate 5,5’’-diphenyl-tpy ligand for
the synthesis of catenate 64-RuII (Scheme 24a). A 5,5’’-
substitution pattern was employed as it generates a less
hindered binding site for the metal ion than a 6,6’’-system.
Double macrocyclization of 65-RuII by Williamson ether
synthesis afforded [2]catenate 64-RuII in a modest 11 % yield.
The stability of the ruthenium catenate prevented its deme-
talation and attempts to make the more labile FeII analogue
from 66-FeII by RCM resulted in the formation of the “figure-
of-eight” complex 67-FeII (Scheme 24 b).[160] Yet again (see
Schemes 6–9) this illustrates the crucial role that ligand bite-
angle, metal size and geometry, and interligand interactions
(Section 1.2.1) can play in directing mechanical interlocking
in metal ion template syntheses.

Siegel and co-workers developed an octahedral metal
template for catenane synthesis based on 5,5’’-manisyl-tpy

Scheme 22. Sauvage’s synthesis of [2]catenane 60 using a five-coordi-
nate ZnII ion as the template with tpy- and dpp-based ligands. Both
CuII and FeII form stable five-coordinate complexes with 60.[155]

Scheme 23. Sanders’ use of five-coordinate LiI ions to help template
the synthesis of [2]catenane 63. A ligand with improved p donor-
acceptor interactions was used to assemble a similar catenane in 60 %
yield.[157] The X-ray crystal structure shown is that of the pseudorotax-
ane precursor 62-LiI. Note the intercomponent p-stacking (3.23 �) in
the solid state.

Scheme 24. a) Sauvage’s octahedral template synthesis of catenate 64-
RuII using RuII and Williamson ether synthesis macrocyclization
reactions of pre-catenate 65-RuII.[159] b) Attempts to increase the yield
using RCM macrocyclization on pre-catenate 66-FeII afforded “figure-
of-eight” complex 67-FeII.[160]
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and 2-pyridyl-phen-based ligands and RuII or FeII templates
(Scheme 25).[161] RuII complexes with terminal olefins or
acetylene groups were cyclized using RCM or copper-
mediated oxidative acetylene coupling respectively to yield
� 1:2 mixtures of catenanes (68a/69 a-RuII) and “figure-of-
eight” complexes in each case. Incorporating a more rigid
biphenyl linker (68b/69 b-RuII) resulted in an improved ratio
(1:1) and, when combined with the use of FeII as the template
ion, resulted in the formation of a [2]catenane 69b-FeII as the
exclusive product (Scheme 25b).

A simple method for preparing [2]catenanes using a
variety of divalent octahedral transition metal ions has been
developed (Scheme 26).[84] Ligand 70 is based on the structure
successfully used to assemble hydrogen bond-assembled
benzylic amide catenanes and rotaxanes.[162] It is modified to
incorporate a tridentate 2,6-diiminopyridine coordination
motif that allows two distinct routes for the preparation of

catenates. A kinetic template effect route utilizes formation
of pre-catenate complex 39-MII. Subsequent double macro-
cyclization by RCM reactions between the terminal alkenes
generated the [2]catenane (40-MII) in good yields. Alterna-
tively, the thermodynamic template effect can be exploited by
forming the catenates through reversible imine bond forma-
tion between the bis-benzylamine chain and 2,6-diformylpyr-
idine in the presence of a divalent metal salt (Scheme 11 d,
Section 1.2.2). The solid state structures of several of the
catenates show interligand aromatic stacking interactions
which are a feature of benzylic amide catenanes and
rotaxanes and serve to favor assembly of the interlocked
structure rather than the macrocyclic “figure-of-eight” isomer
(Scheme 10, Section 1.2.1).

Although the same number of donor atoms are present in
each building block ligand, [2]rotaxanes could be efficiently
formed using this system by exploiting the principle of
maximal site occupancy (Section 1.2.2.1).[163] Using a pre-
formed bis-amine macrocycle 71, rotaxanes 72-MII could be
formed in good-to-excellent (57–99%) yields by imine bond
formation between stopper aniline 73 and 2,6-diformylpyr-
idine (74) in the presence of an appropriate divalent metal ion
(Scheme 27). To demonstrate that the rotaxane was thermo-
dynamically favored, amine-based macrocycle 71 was treated
with one equivalent of ZnII. Addition of two equivalents of
imine-based thread quickly led to abstraction of the octahe-
dral metal ion from the macrocycle to form a bis-thread metal

Scheme 25. Siegel’s synthesis of catenanes about octahedral metal
centers using tpy-based ligands. A RuII octahedral template in combi-
nation with a) oxidative acetylide coupling macrocyclizations or
b) RCM led to a �1:2 mixture of catenane (68a/b-RuII or 69 a-RuII) and
the corresponding figure-of-eight complexes. The use of an FeII

template with more rigid linkers and RCM macrocyclization led
exclusively to catenane 69b-FeII.[161] In the X-ray crystal structure of
68b-RuII the RuII center adopts a distorted octahedral geometry with
the tpy groups almost orthogonal (79.18).

Scheme 26. Octahedral [2]catenates 40-MII formed around a range of
divalent metal ions through double RCM reactions of pre-catenate 39-
MII or imine-bond formation (see Scheme 11).[84] The ZnII center in the
X-ray structure of 40-ZnII is distorted octahedral (cis-(N-Zn-N) bond
angles 74.7(3)–99.7(3)8 due to ligand bite angle) and the least-squares
planes of the two pyridine rings are almost perfectly orthogonal
(89.88). Stabilizing p–p interactions between the phenyl and “sand-
wiched” pyridyl rings (ring-to-ring distances 3.10–3.38 �) are present
in both ligands and likely play an important role in the assembly of the
catenanes (see Section 1.2.2.2).
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complex. However, over the course of a 24 hour period, the
product distribution altered to give [2]rotaxane 72-ZnII in
quantitative yield. p-Stacking between the thread and the
macrocycle, which is absent in the bis-thread complex, also
contributes to the stability of the rotaxane.

With the same basic scaffold, this ligand system could be
modified to work with harder, trivalent, metal ion templates
such as CoIII by using a 2,6-pyridinedicarboxamide coordinat-
ing motif (Scheme 7 and Scheme 28).[76] [2]Catenane 30-CoIII

(see Scheme 7) and [2]rotaxane 75-CoIII were assembled using
either a preformed macrocycle (in the case of the catenane) or
thread (in the case of the rotaxane) bound to CoII. Oxidation
of CoII to CoIII locked the ligands in place (CoIII undergoes
very slow ligand exchange) and RCM generated the inter-
locked structures. (Double RCM of two bis-olefin ligands
coordinated to CoIII gave the non-interlocked “figure-of-
eight” isomer (see Scheme 7 in Section 1.2.2)).

2.3.2. Octahedral “4+2” Donor Ligand Set

Heteroleptic complexes (necessary for accessing rotax-
anes and heterocircuit catenanes) can be conveniently
accessed with octahedral metal ions by using a “4+2” set of
donor atoms on the ligands. Catenate 76-RuII was assembled
in 68% yield by RCM of 77-RuII (Scheme 29).[164] In the
resulting RuII-catenate the bipyridyl ligand can be selectively
decomplexed upon photochemical excitation in the presence
of chloride ions or acetonitrile to form 78-RuII.[165] A similar
system could be assembled through a double macrocycliza-
tion approach.[165] Changing to a less hindered 4,4’-substitu-
tion pattern for the bipyridyl-ligand allowed the preparation
of a [2]catenate in 34 % yield with RhIII as the template
ion.[166]

A similar octahedral “4+2” donor ligand set has also been
used for the template synthesis of rotaxanes (Scheme 30).[167]

RuII complex 79-RuII was complexed with a bipy-based
macrocycle 80 to afford a pseudorotaxane which was cova-
lently captured by Williamson ether synthesis to form
[2]rotaxane 81-RuII in 56% yield.[167] As in the catenane
system,[164b] decomplexation of the bipy macrocycle from the
metal center could be accomplished photochemically.

2.3.3. Octahedral “2+2+2” Donor Ligand Set

Entwining three strands about a single metal ion template
(see Scheme 3c for triple-stranded helicates) opens up the
possibility of assembling doubly-threaded rotaxanes and
other complex interlocked architectures. The first investiga-
tions of such metal ion template systems have been carried

Scheme 27. Octahedral amine/imine-based [2]rotaxanes 72-MII formed
through reversible imine bond formation, templated around a range of
divalent metal ions.[163] As is common for CdII complexes, in the X-ray
crystal structure of rotaxane 72-CdII the metal coordination geometry is
distorted octahedral with cis-(N-Cd-N) bond angles ranging from
68.6(2)–124.6(2)8.

Scheme 28. CoIII template synthesis of [2]rotaxane 75-CoIII formed by
assembly of the components around a labile CoII center followed by
oxidation to kinetically stable CoIII.[163] For a related [2]catenate syn-
thesis see Scheme 7.[76]
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out by the Sauvage group (Scheme 31) using biisoquinoline-
based ligands.[168] These systems have a similar bite angle to
dpp systems but, with an appropriately large macrocycle, their
shape results in less steric crowding around the metal
center.[152l,m, 169] This allows an octahedral metal ion to
coordinate three bidentate biisoquinoline ligands, one a
macrocycle (82) the others acyclic (83), to generate the
“2+2+2” doubly-threaded complex 84-MII (where MII = FeII

or CoII) (Scheme 31).[168] Derivatizing the azides of the
threaded axles with bulky groups through a CuAAC reaction
afforded [3]rotaxane 85-MII/MIII. Although the metal com-
plexes 85-FeII and 85-CoIII are extremely stable, upon
demetalation the components slowly dissociate showing that
the bulky groups are insufficiently large to prevent dethread-
ing.

2.4. Square Planar Geometries

A “3+1” donor ligand set[77] necessarily forms a hetero-
leptic complex and the steric demands of the tridentate ligand
can be used to orient the monodentate out of the plane of the
donor atoms in a square planar coordination complex to
create a crossing point. This, in turn, can be used to generate a
three-dimensional interlocked structure from a two-dimen-

sional template. A tridentate pyridine-2,6-dicarboxamide
ligand was complexed with PdII to form 32-PdII

(Scheme 32). Substitution of the acetonitrile ligand with a
2,6-substituted pyridine-based thread 86 formed a pre-
rotaxane which upon RCM and hydrogenation of the result-
ing olefin yielded [2]rotaxane 87-PdII in 77 % yield.[170] The
crystal structure of 87-PdII shows the square planar coordi-
nation geometry of the PdII template and the conformation of
the macrocycle reveals the reasons behind some subtleties in
the ligand design. The 2,6-substitution pattern of the pyridine
unit in the thread is necessary for the formation of the
interlocked product, as with a 3,5-substitution pattern macro-
cyclization preferentially occurs without encircling the
thread, forming a non-interlocked ring-on-thread complex.
The restrictions on the degrees of freedom of the components
of interlocked molecules often force functional groups into
unusual positions and the demetallated [2]rotaxane 87[170] was
used to demonstrate binding motifs, such as bifurcated
pyridine-amide-pyridine hydrogen bonding, that are either

Scheme 29. Sauvage’s octahedral “4+2” motif using RuII as the
template ion. RCM of pre-catenate 77-RuII affords [2]catenate 76-RuII in
68% yield.[164b] Treatment of 76-RuII with a chloride source and
irradiation affords [2]catenane 78-RuII.[165] A related [2]catenane formed
by double RCM ring closure was prepared in 46% yield.[165]

Scheme 30. a) Sauvage’s “4+2” octahedral construction of rotaxane
81-RuII.Thread 79-RuII contains two phen units and macrocycle 80
contains a bipy unit for coordination to an octahedral metal ion. The
macrocycle can be displaced photochemically (quantitatively) from the
metal center.[167] b) X-Ray crystal structure of a related RuII pseudor-
otaxane (R = Me). All the coordination bond angles and lengths are
similar to [Ru(phen)2(bpy)](PF6)2 (CSD refcode UCUSIV)—indicating
that the threaded structure is relatively strain-free.[167a]
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unobserved or unstable in non-interlocked structures.[171]

[2]Catenanes could be synthesized using the same basic
ligand structure and template, but required pre-forming the
monodentate macrocycle (see Scheme 9, Section 1.2.2.1).[78]

Similar [2]rotaxane syntheses based on the same “3+1”
approach were later reported by Takata and Hirao[172] and,
more recently by Chiu[173] using the same type of PdII-
containing macrocycle. In both cases the precursor pseudor-
otaxane was stoppered by reaction of bulky isocyanate units
with the terminal hydroxyl groups of the thread. A subse-
quent report demonstrated that the PdII center was capable of
progressively catalyzing isomerization reactions of propargyl-
or allyl-urethane groups within the thread, transforming them
into oxazolidone and oxazolidinone units respectively.[174]

The exceptional kinetic stability of PdII complexes makes
this template particularly versatile. The heteroleptic pre-
catenate and pseudorotaxane complexes are stable to purifi-
cation by column chromatography which means that this
template motif can be used in ways that dynamic complexes of
metal ions cannot.

The robust nature of the square-planar PdII methodology
was used in the synthesis of rotaxanes with multiple rings by
the repetitious use of a single template site on axle 88
(Scheme 33).[175] Macrocycles were added in an iterative

Scheme 31. a) The formation of a triply-entwined complex of biisoqui-
noline ligand with FeII or CoII leads to the synthesis of doubly-threaded
[3]rotaxane 85-MII.[168] Where M =CoII the metal is first oxidized to
kinetically inert CoIII before the subsequent click reaction.[168b] b) X-Ray
crystal structure of a related CoIII-containing pseudorotaxane in which
the coordination bond angles show little deviation from ideal octahe-
dral, indicating the doubly-threaded structure is not particularly steri-
cally crowded (the cis-N-Co-N bond angles, 83.8(3)–95.1(3)8, deviate
less than 1.38 from the corresponding angles in [Co(bpy)3]-
(ClO4)3·2H2O (CSD refcode: FIXKUT)).[168]

Scheme 32. [2]Rotaxane 87-PdII assembled around a square-planar PdII

template by RCM.[170] Note the intercomponent p-stacking interactions
in the solid state. The “kinked” conformation of the benzylic macro-
cycle means that a 2,6-substituted pyridyl thread is necessary for
rotaxane formation (a 3,5-substituted thread forms a non-interlocked
perch complex). The coordination geometry about the metal center is
similar to the structures shown in Scheme 9.
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fashion through the following steps: 1) complexation of the
pyridine group of the thread or rotaxane with 32-PdII ; 2)
RCM macrocyclization to mechanically lock an additional
macrocycle onto the thread; 3) demetalation, to regenerate
the metal-free pyridine coordination site. Repeating this
procedure three times generated [4]rotaxane 89. In principle,
the only limiting factor in the synthesis of higher order

rotaxanes is the length of the thread.[176] The concept was
extended to produce controlled sequence isomerism in
rotaxanes, through constitutionally different macrocycles
being sequentially added to the thread in any order (90 a
and 90 b, Figure 12).[177]

Incorporation of a second heterocycle into the thread
component, a 2,6-substituted dimethylaminopyridine
(DMAP) unit, allowed the synthesis of a proton-driven
molecular shuttle (Scheme 34).[178] Under neutral conditions

Scheme 33. Synthesis of [4]rotaxane 89 by the repetitious use of a single template site on the axle. Assembled by an iterative assembly procedure
of 1) complexation, 2) macrocyclization, 3) demetalation, repeated n times to build up n threaded rings.[175]

Figure 12. Sequence isomerism in [3]rotaxanes. Diastereomers 90 a
and 90b are constitutionally identical other than for the relative
positions of the different macrocycles on the thread, a sequence
determined by the order of addition of the rings to the thread.[177]

Scheme 34. A bistable acid-base driven molecular shuttle 91-PdII.[178] In
the absence of acid, the PdII-center preferentially coordinates to the
stronger binding ligand, DMAP. The addition of acid selectively
protonates the more basic DMAP site and displaces the macrocycle to
the free pyridine site.
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the PdII-macrocycle preferentially resides on the more basic
heterocycle (DMAP-91-PdII), but upon protonation and
heating to 110 8C the macrocycle is translocated to the less
basic pyridine unit (Py-91-PdII). Treatment with base and
heating re-establishes the original equilibrium position of the
macrocycle coordinated preferentially to the DMAP binding
site. A second generation molecular shuttle, using a macro-
cycle with different steric constraints around the metal center,
gave more rapid dynamics and improved positional bias in
both the protonated and neutral states of the rotaxane.[179]

2.5. Linear Geometries

The one-dimensional linear coordination geometry of AuI

has been used to template the assembly of mechanical
interlocked architectures (Scheme 35).[180] A monodentate
pyridine ligand (92) coordinates to AuI in a 2:1 stoichiometry
to form 93-AuI. RCM followed by hydrogenation afforded
[2]catenane 94-AuI in 41 % yield, the efficiency of catenane
formation being aided by intercomponent stacking interac-
tions between the ligands. The X-ray crystal structure of the
AuI [2]catenate shows the near-linear pyridine-AuI-pyridine

coordination geometry. Rotaxanes could also be made
through a statistical heteroleptic AuI complex with 92 and
an appropriate thread ligand.

3. Active Metal Template Synthesis

The key feature of active template synthesis[100] is that,
unlike the systems detailed in the previous section, the metal
plays a dual role during the assembly of the interlocked
architecture, acting as both a template for entwining or
threading the components and as a catalyst for covalently
capturing the interlocked product. Unlike passive metal
template methods, permanent recognition motifs are not
always required on each of the components to be interlocked
(i.e., the assembly can be traceless) and the template can
often be used in sub-stoichiometric quantities. A rapidly
growing number of different metal-catalyzed reactions have
proven suitable for the active metal template synthesis of
rotaxanes and catenanes including the copper(I)-catalyzed
terminal alkyne–azide cycloaddition (the CuAAC “click”
reaction), palladium- and copper-catalyzed alkyne homocou-
plings and heterocouplings, and palladium-catalyzed oxida-
tive Heck couplings and Michael additions. In addition to
simple interlocked structures, the synthetic strategy has been
used to construct switchable molecular shuttles with weak
intercomponent interactions (a requirement for fast shuttling)
and to provide insight into the mechanisms of transition
metal-catalyzed reactions.

3.1. Active Template Copper(I)-Catalyzed Azide–Alkyne 1,3-
Cycloaddition

3.1.1. [2]- and [3]Rotaxanes

The first active metal template synthesis reaction was
reported in 2006.[101] A copper(I)-catalyzed azide–alkyne 1,3-
cycloaddition (CuAAC) was employed to generate rotaxanes
(Scheme 36) from macrocycle 34, featuring a monodentate
pyridine unit, alkyne functionalized “stopper” 95 and azide
functionalized “stopper” 96. With a stoichiometric quantity of
CuI, [2]rotaxane 97 was formed in up to 94% yield.[101]

Varying the ligating motif in the macrocycle showed that
either mono- or bidentate macrocyclic ligands could form
[2]rotaxanes in this way,[181] and by adding pyridine the metal
could turn over during the reaction (82 % yield with only 20
mol% of CuI) giving a catalytic active metal template
assembly process. Both the stoichiometric and catalytic
versions of the reaction were used to synthesize more
complex two-station molecular shuttles in which the dynamics
of the translocation of the macrocycle by ligand exchange
could be controlled by coordination to different metal ions
(rapid shuttling is observed with CuI, slow shuttling with PdII).
Under active metal template reaction conditions that feature
a high macrocycle (98):CuI ratio, [3]rotaxane 99 (two macro-
cycles on a thread containing a single triazole ring) was
unexpectedly produced during the reaction (Scheme 37). This
shows that under these conditions the mechanism of the CuI-

Scheme 35. The linear coordination geometry of AuI allowed the syn-
thesis of catenanes (above) and rotaxanes.[180] The N-Au-N angle in the
X-ray crystal structure of the AuI-catenate, 94-AuI is close to linear
(175.3(3)8). Note also the offset intercomponent p-stacking interac-
tions. [a] The yield is from the free ligand 92.
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catalyzed terminal alkyne-azide cycloaddition involves a
reactive intermediate that features at least two metal ions.

3.1.2. [2]Catenanes

Active template synthesis of [2]catenanes through the
CuAAC reaction can be achieved either through macro-
cyclization about one preformed macrocycle (Scheme 38 a) or
by forming both rings during the reaction (Scheme 38b).[182]

The latter approach is particularly demanding, with the metal
ion having to catalyze two covalent bond forming reactions as
well as templating the assembly of the interlocked product.
Although the reaction is highly concentration dependent,
[2]catenane 102 can be formed in up to 46% yield from open
chain precursor 103.[182]

3.1.3. Macrobicyclic [3]Rotaxanes: Forming Threads Through Two
Rings with One Template Site

Active metal template synthesis allows access to types of
mechanically interlocked structures that are not accessible
through traditional passive template methods. By incorporat-

ing the metal-ion-ligating group at the junction of two rings, it
is possible to use one template site to direct the formation of
mechanical bonds through both rings, forming two threads
that are either constitutionally identical or different depend-
ing on the reaction protocol (Scheme 39). [2]- and [3]rotax-
anes (104 and 105, respectively) were prepared from macro-
bicycle 106 by two successive active template CuAAC
reactions with alkyne 95 and azide 96.[183] Two diastereomers
of [3]rotaxane 105 were formed, differing in the relative
orientations of the two threads (syn–syn and syn–anti) in the
[3]rotaxane.

It is even possible to use two different chemical reactions,
catalyzed by different metal ions, to form the two threads in a
macrobicyclic [3]rotaxane by successively using two different
active template reactions (Scheme 39). Active template PdII–
alkyne homocoupling (see Section 3.3.2) of alkyne 107 and
bicyclic macrocycle 106 afforded [2]rotaxane 108 in 10%
yield. Subsequent treatment of 108 with alkyne 95 and azide
96 formed [3]rotaxane 109 (40%) through a CuAAC active
template threading reaction.

3.2. Active Template Alkyne–Alkyne Couplings

Metal-catalyzed alkyne–alkyne homo- and heterocou-
plings are often high yielding, structurally tolerant, reactions
that produce a bis-alkyne group in the product. This is a rigid
structural unit for the rotaxane thread, potentially useful for

Scheme 37. Active metal template CuAAC reaction using macrocycle
98. At high macrocycle:copper ratios [3]rotaxane 99 is formed (33%
yield). The X-ray crystal structure confirmed two pyridine macrocycles
threaded onto an axle featuring only one triazole unit.[181]

Scheme 36. Active metal template CuAAC reaction of macrocycle 34,
alkyne 95 and azide 96 to form [2]rotaxane 97 in the presence of
stoichiometric (94% yield of 97) and sub-stoichiometric (20 mol%
CuI, 82% yield of 97) quantities of CuI.[101]
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materials applications (insulated molecular wires) and in
molecular machines (rigid, nonfolding axles). Accordingly,
several different active template alkyne–alkyne coupling
reactions have been developed employing a range of different
metal ions.

3.2.1. CuI-Mediated (Glaser) Alkyne Homocoupling

Saito and co-workers reported active metal template
rotaxane formation using a dpp-based macrocycle 110 and the
CuI-catalyzed Glaser oxidative homocoupling of arylalkyne
stopper 111 (Scheme 40).[102] The active template Glaser
reaction generated [2]rotaxane 112 in 72 % yield
(Scheme 40). [2]Catenanes could also be prepared using this
method in 64% yield.[184] In all cases the reactions employed
at least stoichiometric quantities of metal (i.e. the catalyst/
template does not turn over during the reaction).

Scheme 38. Active metal template catenane synthesis through the
CuAAC reaction. a) Heterocircuit [2]catenane 100 formed from macro-
cycle 34 and 101 in 53 % yield. b) Homocircuit [2]catenane 102
produced in 46 % yield by successive CuAAC reactions with two
equivalents of 103.[182]

Scheme 39. Active template synthesis of two threaded axles by one
ligating site of a macrobicycle. a) [3]Rotaxane 105 in which both
threads are formed by CuAAC reactions (of the two diastereomers
formed, only the syn,syn-[3]rotaxane is shown). b) [3]Rotaxane 109 in
which the different threads are formed by successive active metal
template reactions: the first by a PdII-catalyzed alkynyl homo-coupling
(forming 108) and, secondly, a CuAAC active metal template reac-
tion.[183]
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3.2.2. PdII-Mediated Alkyne Homocoupling

The use of PdII as the catalyst for alkyne–alkyne bond
formation allows for substoichiometric amounts of the active
template metal ion to be employed (Scheme 41).[104] During
the reaction the alkyne groups add to opposite faces of
macrocycle-PdII complex 34-PdII through transmetalation of
the copper-acetylide 113-CuI. A concerted trans–cis isomer-
ization of 114-PdII in which the ligands do not detach from the
PdII center ensuring the threaded geometry is maintained,
allows for C�C bond formation by reductive elimination of
cis-114-PdII to form [2]rotaxane 115. In fact, both stoichio-
metric and sub-stoichiometric quantities of PdII resulted in
good conversions of alkyne-functionalized stopper 107 to
[2]rotaxane 115 However, conditions which employ 5-10
mol% of PdII and iodine to oxidize Pd0 back to PdII, resulted
in higher yields of [2]rotaxane (90%) compared to the
stoichiometric reaction (61 %).[104] This reaction was used in
conjunction with the CuI-catalyzed active template CuAAC
reaction to form a [3]rotaxane of a bicyclic macrocycle with
two different axles formed by successive different active
template reactions (Scheme 39).[183]

3.2.3. CuI-Mediated (Cadiot–Chodkiewicz) Alkyne–Alkyne Heter-
ocoupling

Homocoupling active template reactions can only be used
to form rotaxanes with symmetrical axles. The active template
cross-couplings of alkynes to form rotaxanes with unsym-
metrical axles has been demonstrated using the Cadiot–
Chodkiewicz CuI-catalyzed reaction of copper acetylide and
bromoalkynes (Scheme 42).[103] Reaction of 116-CuI with 117
in the presence of a bipy-based macrocycle 118 led to
[2]rotaxane 119 in 85 % yield, with > 98% selectivity for the

hetero- vs homo-coupled product. The reaction is proposed to
proceed through coordination of 116-CuI to the bidentate
macrocycle 118 (Scheme 42) forming 120-CuI. Oxidative
addition of 117 forms the presumed intermediate 121-CuIII,
in which both acetylides are coordinated to the macrocycle
through coordination to CuIII. Subsequent reductive elimi-
nation forms [2]rotaxane 119.

This reaction was used to illustrate the potential utility of
a feature of most active template reactions: the interactions
used to assemble the interlocked structure do not persist in
the products. A switchable rotaxane-based molecular shuttle
122 was assembled by active template Cadiot-Chodkiewicz
reaction of alkyne-derivatized aniline and dimethylaminopyr-
idine (DMAP) units in the presence of bipy-macrocycle 118
(Scheme 43). The position of the ring in 122 is determined by
the hydrogen bond interactions between the bipyridyl macro-
cycle and the aniline group of the thread. Protonation of the
DMAP group, or coordination to LiI, means that the most
favorable intercomponent interactions then occur when the
macrocycle is translocated to the DMAP group. The position

Scheme 40. Saito’s active template CuI oxidative (Glaser) homo-cou-
pling of aryl–alkyne stopper 111 to generate rotaxane 112 in 72%
yield.[102]

Scheme 41. Active template PdII-catalyzed homo-coupling of alkyne 107
in the presence of pyridine-based macrocycle 34 to form [2]rotaxane
115. The reaction proceeds with either stoichiometric (61% yield) or
sub-stoichiometric (90% yield with 5 mol% of PdII) quantities of
metal.[104] DIPA= diisopropylamine.
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of the ring in the rotaxane is thus determined by much weaker
intercomponent forces than are usually introduced into
molecular shuttle systems through passive template methods.

Strong attractive intercomponent interactions necessarily
dampen rotaxane dynamics.[103]

3.2.4. NiII-CuI-Mediated Alkyne Homocoupling

Whilst attempting to develop a NiII-mediated active
template system, an unusual NiII–CuI bimetallic alkyne
homocoupling reaction was discovered and applied to the
active template synthesis of rotaxanes (Scheme 44).[108] Treat-
ment of the NiII-complexed macrocycle 118-NiII with a lithium

acetylide (123) affords a threaded NiII-bis-acetylide complex.
Addition of copper iodide results in formation of [2]rotaxane
124 in 95% yield, the highest yield for any active template
alkyne-alkyne coupling reaction developed to date. The
effectiveness of having both nickel and copper present can
be rationalized by the nature of a p-activated, s-bonded,
bimetallic intermediate 125-CuINiII in which the substitution
of NiII for one CuI ion in the classic bimetallic Glaser reaction
intermediate aids reductive elimination of the acetylide
ligands (Scheme 44). The system may prove useful for the
development of general mixed-metal protocols for catalytic
alkyne coupling reactions as well as being a highly effective
route to rotaxanes with bis-alkyne threads.

3.3. Active Template Ullmann C�S Bond Formation

Saito and co-workers have employed dpp-based macro-
cycle 110 (see Scheme 40) in an active template CuI-catalyzed

Scheme 42. Cadiot–Chodkiewicz active template synthesis of [2]rotax-
ane 119 (with an unsymmetrical bisalkyne thread) in 85% yield.[103]

Scheme 43. A molecular shuttle 122 with weak intercomponent inter-
actions (fast shuttling dynamics) synthesized by an active template
Cadiot–Chodkiewicz reaction. The position of the macrocycle on the
axle is switched by addition of p-toluenesulfonic acid (or lithium
iodide); addition of base (or water) drives the macrocycle back to the
starting position.[103]

Scheme 44. Active template synthesis of [2]rotaxane 124 by NiII-CuI

mediated alkyne homo-coupling of 123. [2]Rotaxane 124 was formed in
up to 95% yield.[108] DME= dimethyoxyethane; EDTA= ethylenediami-
netetraacetic acid.
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Ullmann C�S bond forming reaction.[102] Aryl iodide 126 and
thiol-functionalized stopper 127 gave a modest 27 % yield of
[2]rotaxane 128 (Scheme 45).[102]

3.4. Active Template PdII-Catalyzed Oxidative Heck Coupling

Efforts to utilize the plethora of available Pd0-mediated
coupling reactions[185] in active template synthesis have thus
far proved unsuccessful because of the difficulty of coordi-
nating Pd0 to the macrocycle and ligands (required to achieve
and maintain threading) throughout key stages of the
catalytic cycle. However, the oxidative Heck reaction is a
PdII-catalyzed variant that couples aryl boronic acids with
activated olefins, and this reaction has proved applicable to
active template rotaxane synthesis (Scheme 46).[105]

Using just 10 mol% of Pd(OAc)2, [2]rotaxane 129 was
prepared in 73% yield from bipy-based macrocycle 118, aryl
boronic acid 130 and vinylic ester 131 in the presence of
benzophenone and atmospheric oxygen. Reducing the
amount of Pd to 1 mol% still produced [2]rotaxane in 66%
yield (i.e. the metal template/catalyst turns over 65 times
during the reaction). The proposed mechanism for rotaxane
formation is shown in Scheme 46. Transmetalation of boronic
acid 130 with macrocyclic PdII complex 118-PdII, followed by
p-coordination to alkene 131, leads to complex 132-PdII that
features the groups coordinated through opposite faces of the
macrocycle. Migratory insertion and subsequent b-hydride
elimination forms the covalent bond through the cavity of 118
to generate [2]rotaxane 129. Re-oxidation of Pd0 to PdII with
O2-benzophenone regenerates the catalytically-active com-
plex 118-PdII and enables the reaction to be conducted using
substoichiometric amounts of palladium.

The active template reaction works well with vinyl esters,
vinyl ketones and styrenes and proved tolerant to both
electron-rich and electron-poor aryl boronic acids and alkene
boronic acids.[105]

3.5. Active Template Lewis Acid Catalysis

Most active template syntheses involve metal-ligation to
the functional groups directly involved in covalent bond
formation, sites that are chemically changed in the inter-
locked product. An exception is active template reactions in
which metal ion coordination is used to promote a chemical
reaction at an adjacent site. In such cases the original
coordination group is retained in the final product in a
similar manner to traditional passive template synthesis.

3.5.1. Coordination-Promoted Michael Addition

Double PdII-mediated Michael addition has been used to
assemble rotaxanes with exceptional efficiency
(Scheme 47).[106] Upon coordination to PdII–macrocycle com-

Scheme 45. Saito’s active template CuI-catalyzed Ullmann C�S bond
forming reaction which generates [2]rotaxane 128 in 27% yield.[102]

Scheme 46. Active template oxidative Heck reaction between alkene
functionalized stopper 131 and boronic acid functionalized stopper
130 in the presence of bipy-based macrocycle 118 generates [2]rotax-
ane 129 in good yield with sub-stoichiometric quantities of PdII (72%
yield using 10 mol%, 66% yield using 1 mol%).[105]
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plex 133-PdII, ethyl cyanoacetate 134 becomes activated to
deprotonation by N,N-diisopropylethylamine (DIPEA)
(Scheme 47). The resulting enolate, still bound within the
cavity of the macrocycle, undergoes 1,4-conjugate addition to
vinyl ketone 135 generating “mono-stoppered” PdII–macro-
cycle complex 136-PdII. A second Michael addition forms
[2]rotaxane complex 137-PdII in yields of up to 99%. The X-
ray crystal structure (Scheme 47) shows that the coordination
motif is fully maintained in the rotaxane product. In the
demetallated [2]rotaxane, the amide macrocycle shuttles
between the two ketone groups of the thread.

3.5.2. Coordination-Promoted Diels–Alder Cycloaddition

Functional group activation by coordination to a metal ion
has also been exploited in Diels–Alder active template
rotaxane formation.[107] Coordination of ZnII or CuII to
tridentate macrocycle 34 generates a complex in which the

acryloyl imidazolidinone unit 138 (see Scheme 48) is activated
to reaction with a diene. The steric congestion of the
macrocycle means that the dieneophile reacts with a 2-
substituted cyclopentadiene (139) in preference to the 1-
substituted cyclopentadiene it is in equilibrium with, generat-
ing one of four possible rotaxane isomers with 90–99%
selectivity (140, Scheme 48). Here, the original metal binding
site remains essentially unchanged in the rotaxane, a feature
that was exploited to construct a molecular shuttle in which
the position of the macrocycle could be controlled according
to the coordination requirements of different metal ions.[107]

3.6. Active Template Alkyl–Alkyl Coupling
3.6.1. NiII-Mediated C(sp3)�C(sp3) Homocoupling

The rigorous coordination requirements during the cova-
lent bond forming steps means that active template synthesis
can serve as a useful probe of reaction mechanism and even as
a source of reaction discovery. Whilst investigating the
possibility of using the NiII-mediated cross-coupling of alkyl
halides with alkyl zincates for active template rotaxane
synthesis, a high yielding NiII-catalyzed C(sp3)�C(sp3) homo-
coupling of unactivated alkyl bromides was discovered.[109,186]

The active template rotaxane-forming reaction that achieves
this unusual transformation employs a pybox-based macro-
cycle 141, inspired by studies on the enantioselective cross-
coupling of racemic alkyl bromides with alkyl nucleophiles by
Fu and co-workers.[187] Reaction of 141 with alkyl bromide 142
in the presence of NiII and Zn0 afforded [2]rotaxane 143 in up
to 46% yield (Scheme 49). The mechanism probably involves

Scheme 47. Four component active template Michael addition synthe-
sis of [2]rotaxane 137-PdII in up to 99% yield. The X-ray crystal
structure of the [2]rotaxane shows the PdII center coordinated to both
macrocycle and thread.[106] DIPEA =diisopropylethylamine.

Scheme 48. Lewis-acid-mediated active template Diels–Alder synthesis
of [2]rotaxane 140 from imidazolidinone-dienophile 138 and diene 139.
The active template reaction selects 2-substituted cyclopentadienes
over 1-substituted cyclopentadienes to react with the dienophile in the
generation of 140.[107]
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reduction of 141-NiII to 141-Ni0 by Zn0. Oxidative addition of
142 to 141-Ni0 forms intermediate 144-NiII, which is reduced
by Zn0 to 144-NiI. A second oxidative addition of 142 forms
145-NiIII, which reductively eliminates to form the [2]rotaxane
(143).

4. Metal–Organic Interlocked Architectures

As well as being used as templates based on their
coordination chemistry and catalytic properties, metal ions
have also been incorporated into catenanes, rotaxanes and
knots as integral parts of one or more of the components.
Advances in this area have led to effective synthetic routes to
both rudimentary and higher order interlocked molecular
architectures. The presence of metal ions brings about the
possibility of combining the electrochemical, magnetic or
catalytic properties of the metal centers with the dynamic

behavior often associated with mechanically bonded mole-
cules.

4.1. Metal–Organic Rotaxanes

Coordination complexes can be incorporated into rotax-
anes either through the macrocycle or the thread, where they
can connect various parts of the axle or can act as bulky
terminal groups that prevent dethreading.

4.1.1. Metal-Ion Coordination within the Axle

A 1987 report[93] from Richey provided evidence that di-
arylmagnesium compounds could form rotaxane-like com-
plexes with crown ethers (e.g. 146-MgII, Figure 13a). This was

later corroborated by Bickelhaupt and co-workers who
determined the X-ray crystal structure of the related (1,3-
xylyl-[18]crown-5)diphenyl magnesium compound 147-MgII

(Figure 13 b).[188] The Bickelhaupt group also prepared an
organomagnesium [2]catenane[189] 148-MgII and a bicyclic
[3]rotaxane.[190] In these systems the primary driving force for
threading is electrostatic interactions between the MgII ion
and the electron-rich crown ether, with the aryl groups
protruding from opposite sides of the crown ether ring.

Second-sphere coordination of metal ions has been
introduced as a method for forming interlocked structures,
with the metal centers acting both as templates to form
crossing-points and as connecting units.[191] Wisner described
the formation of [2]rotaxanes (e.g. 149-PdII) with metal-
containing axles through reversible second-sphere coordina-
tion.[191] Interlocking is driven by intercomponent hydrogen
bonding between trans-palladium(II)-dichloride complexes
and isophthalamide units (Scheme 50).[192] Bromide[193] and
thiocyanate ligands[194] also give interlocked structures. The
use of second-sphere coordination through ion-pairing

Scheme 49. A novel Ni-mediated active template C(sp3)�C(sp3) cou-
pling reaction used for the synthesis of [2]rotaxane 143. Two equiv-
alents of unactivated alkyl bromide 142 is coupled through the
macrocyclic cavity to generate the rotaxane. The reaction pathway led
to the development of a general method for alkyl bromide homo-
coupling.[109]

Figure 13. a) Richey’s MgII rotaxane-like complex 146-MgII.[93] b) Bick-
elhaupt’s related compound 147-MgII [188] (including X-ray structure)
and c) [2]catenane 148-MgII.[189]
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between an anionic macrocycle metal complex and a cationic
thread has been used to assemble a [2]rotaxane molecular
shuttle, 150-PdII (Scheme 51).[9c]

4.1.2. Coordination Complexes as Stoppers

The first example of a metal-containing interlocked
structure was Ogino�s 1981 trapping of a threaded 1,2-
diaminododecane-a-cyclodextrin (CD) inclusion complex
with [CoCl2(en)2]Cl, (en = 1,2-diaminoethane) affording
[2]rotaxane 151-CoIII in 19% yield (Scheme 52).[20] Related
CD-containing rotaxanes were later prepared using stoppers
incorporating CoIII,[195] FeII,[196] PtII,[197] RuII,[198] or mixed
valence heteronuclear metal (FeII and RuIII) complexes.[199]

In a similar fashion Kim et al. synthesized a MnIII-stoppered
[2]rotaxane employing cucurbituril as the macrocycle.[200]

Loeb and co-workers modified the classic Stoddart alkyl
viologen-crown ether system to assemble pseudorotaxanes[201]

comprising of electron-rich dibenzo-[24]crown-8 (DB24C8)
and electron-poor bis(4,4’-bipyridinium)ethane units through
CH···O hydrogen bonding and p-stacking interactions. Coor-
dination capture of the threaded host–guest complex with a
PdII complex formed [2]rotaxane 152-PdII in quantitative
yield (Scheme 53a).[98] The same approach was used for the
assembly of RuII- and FeII-bis-terpyridine [2]rotaxanes that

exhibited interesting photoelectron transfer properties.[202]

CoBr3
� and MnBr3

� groups have also been incorporated as
stoppering groups in related systems.[99] Balzani, Stoddart and
co-workers have used a RuII complex as both a stopper and
photosensitzer in a molecular shuttle in which the favored
position of the ring can be transiently switched by visible light
(Scheme 53b, 153-RuII).[203] Other metal ion complexes
(including CoII [204] and RuII [205] complexes) have also been
employed as stoppering groups in rotaxanes.

Scheme 50. Wisner’s rotaxane 149-PdII[191] assembled around both
primary and secondary coordination spheres. With no bond angle
restrictions imposed by the ligands, the PdII center adopts a close-to-
ideal square planar geometry. NH···Cl distances 2.54–2.86 �, N-H-Cl
angles 152–1628. Cyclohexyl and macrocycle tert-butyl groups removed
for clarity.

Scheme 51. Second-sphere coordination of a PdII complex in the
assembly of an ion-pair [2]rotaxane shuttle 150-PdII.[9c] Covalent capture
of the threaded complex was achieved using the CuAAC reaction. The
position of the macrocycle could be controlled by a) addition of AgPF6

(removing Cl� , enabling the triazole unit to bind to the PdII center)
and b) addition of Bu4NCl (replacing PF6

� for Cl� , which coordinates
to PdII).

Scheme 52. Ogino’s a-CD [2]rotaxane (151-CoIII) stoppered with
CoIIIen2Cl units.[20]
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4.1.3. Ferrocene and Porphyrin Units as Stoppers

In view of their interesting electrochemical, photochem-
ical and catalytic properties, both ferrocene and porphyrin
derivatives have been incorporated into a range of rotaxane
structures.[127, 135,207] The most common synthetic approach to
such systems is to use the organometallic unit to covalently
capture a pseudorotaxane complex (e.g. Scheme 54).

Building on a 1991 report describing inclusion complexes
of a/b-CDs with alkylammonium-ferrocene derivatives,[208]

Kaifer and co-workers used an amide-coupling reaction to
stopper a threaded a-CD-alkylammonium complex with
ferrocenoyl chloride to afford [2]rotaxane 154-FeII in a
modest 15% yield.[209] Their investigation inspired the devel-
opment of a number of ferrocenyl-stoppered rotaxanes,[135,207]

such as 155-FeII.[210] Takata and co-workers have shown that 1-
ferrocene carboxylate is an excellent moiety for assembling
[2]rotaxanes comprised of a crown ether macrocycle and

alkylammonium threads.[211] Osakada et al. have prepared
related [2]- and [3]rotaxanes making use of cross-alkene
metathesis to install the stopper groups[206, 212] and Beer et al.
have used bulky ferrocence derivatives to prepare surface-
assembled rotaxane sensors, such as 156-FeII (Scheme 55).[213]

Axially-coordinated porphyrin-like (e.g. vitamin B12,
cobalamine) stoppers have been introduced into rotaxane
systems by Kr�utler et al.[214] Synthesized electrochemically
(50 % yield), the displacement reaction results in the for-
mation of stable Co�C bonds from 1,12-dibromododecane
and preformed cobalamine. Branda et al. employed axial
coordination of a substituted pyridine thread to an octahedral
RuII metallo-porphyrin complex to form [2]rotaxane 157-RuII

with the aim of studying photochemical charge-transfer
processes between the chromophores (Scheme 56a).[215] The
groups of Gunter and Sanders stoppered a [2]pseudorotaxane
comprising a pyridyl-terminated naphthodiimide thread
encircled by a crown-ether based macrocycle with various
metallo-porphyrins to form [2]rotaxanes 158-M (M = ZnII,
RuII, and RhIII) (Scheme 56b).[216] The lability of the metal–
ligand coordinate bonds allowed the rotaxanes to be formed
under thermodynamic control at room temperature. The
same system was used to prepare rotaxanes bonded to
polymer supports.[217] This methodology has also been
exploited with pyridyl-terminated dialkylammonium-crown
ether pseudorotaxanes, using RhIII metallo-porphyrin com-
plexes as the stoppering groups.[218] Porphyrin groups have

Scheme 53. a) Loeb and co-workers’ [2]rotaxane 152-PdII formed by
coordinating PdII stoppers to terminal pyridyl groups of a bis-pyridi-
nium ethane-based [2]pseudorotaxane,[98] b) Stoddart, Balzani and co-
workers’ RuII-tris-bipyridine-stoppered photoswitchable molecular shut-
tle (153-RuII).[203]

Scheme 54. a) Ferrocene groups were introduced as stopper units for
rotaxanes in 1991 by Kaifer, forming 154-FeII.[208] b) X-ray crystal
structure of a ferrocene stoppered rotaxane 155-FeII reported by
Harriman and co-workers.[210]
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also been used as stoppering groups for [2]rotaxanes tem-
plated by amide-based hydrogen-bonding interactions.[219]

Porphyrin-containing rotaxanes and catenanes have been
recently reviewed.[127]

4.1.4. Rotaxanes Incorporating Metal–Organic Macrocycles

Labile metal–pyridine bonds in metal–organic macro-
cycles have been exploited to assemble metal–organic rotax-
anes using reversible bond forming/breaking conditions.
Jeong et al. employed OsVI-corner units for the formation of
rotaxanes 159 a-OsVI and 159 b-OsVI through a clipping
mechanism driven by the formation of inter-component
NH···O hydrogen bonds (Scheme 57).[97] Later examples
incorporated PdII and PtII corner units to form [2]rotax-
anes[220] and homo-bimetallic OsVI macrocycles to assemble
[2]- and [3]rotaxanes.[221] All of these examples exist in
equilibrium with their non-interlocked components. A ReI-
coordinated metallo-macrocycle proved to be kinetically
stable at room temperature enabling [2]rotaxane 159-ReI to
be isolated in 62 % yield.[220] A related [2]rotaxane molecular
shuttle was also prepared.[222]

Hunter et al. have utilized axial coordination between
pyridine and zinc(II)-porphyrins to assemble macrocycles
suitable for rotaxane formation.[90] The assembly of rotaxane
160-ZnII is driven by amide–amide hydrogen bonding
between macrocycle 161-ZnII and the terephthalamide

thread 162 (Scheme 58). Osakada and co-workers described
the synthesis of [2]rotaxanes (through a crown ether–ammo-
nium ion template) in which ferrocence groups form part of
the macrocycle and impart interesting photochemical and
electrochemical properties on the resulting structures.[223]

One of the largest synthetic pseudorotaxanes reported to
date (163-MII) was recently described by Shionoya and Clever
(Scheme 59).[224] Using a cage held together by PdII or PtII

coordination bonds the pseudorotaxane 163-MII assembles
through distortion of the portals of the pre-formed cage or, in
the case of PdII, by reversible breaking/formation of labile
Pd�N bonds.

Rotaxanes such as 164-PdII have also been prepared in
which metal coordination is used to reduce the size of the
macrocycle cavity so that it may no longer pass over the bulky
stoppers. Asakawa and co-workers introduced this “thread-
ing-followed-by-shrinking” concept by utilizing a macrocycle
that incorporated both crown ether and salophen moieties
(Scheme 60).[225] The strategy was extended to porphyrin-
stoppered [2]rotaxanes and macrobicyclic [3]rotaxanes.[226]

Using larger stoppers and NiII centers the group demon-
strated that [2]rotaxanes could be formed under thermody-
namic control through the reversible ring-opening-ring-clos-
ing[227] of the salen macrocycle.[228]

Scheme 55. Using an anion template, Beer et al. prepared [2]rotaxane
156-FeII stoppered with a pentaphenylferrocene unit at one end and a
gold surface at the other. The molecule can act as a redox-active
chloride sensor.[213]

Scheme 56. Porphyrin-stoppered [2]rotaxanes from a) Branda (157-
RuII)[215] and b) Sanders and Gunter (158-MII)[216] .
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4.1.5. Hybrid Organic–Inorganic Rotaxanes

In addition to using coordination bonds to link together
organic ligands to form interlocked molecules, hybrid
organic-inorganic rotaxanes have been assembled from
organic threads and heterometallic rings consisting of eight
or more metal ions bridged by alkylcarboxylate and fluoride
anions (Scheme 61).[229, 230] In a 33 component assembly
process, macrocycle 165-CrIII

7CoII forms around axle 166 to
generate [2]rotaxane 167-CrIII

7CoII.[229]

Rotaxane 167-CrIII
7CoII is a neutral molecule; the positive

charge on the secondary ammonium thread is balanced by the
single charge remaining on the heterometallic macrocycle
consisting of 24 anionic ligands (8 fluorides and 16 pivalate
groups) bound to seven trivalent CrIII cations and a single
divalent CoII cation. Ion pairing and hydrogen bonding
between the secondary ammonium group and the fluoride
ligands of the heterometallic wheel direct the assembly of the
interlocked structure. Changing the divalent ion from CoII to
NiII, FeII, MnII, ZnII, CuII or CdII also led to [2]rotaxane
formation (Scheme 61).[231] By using more stable stopper
groups and additives to template the heterometallic ring
assembly, [2]rotaxanes (168-CrIII

7M
II) could be formed in up

to 92 % yield.[231] Using two appropriately spaced secondary
ammonium sites on the thread a [3]rotaxane (169-CrIII

14CoII
2,

Figure 14 a) and [2]rotaxane molecular shuttle were synthe-
sized with the CrIII

7–CoII macrocycle.[229] With the two

ammonium site thread and CuII as the divalent metal ion, a
remarkable [4]rotaxane (170-CrIII

20CuII
4) featuring two

dodecametallic rings each encircling two threads was assem-
bled in 37 % yield from 98 components (Figure 14b).[229]

4.1.6. Metal Centers as Connectors in Higher Order Rotaxanes

The reversible formation of metal–ligand coordination
bonds to link pseudorotaxanes has proved useful for the
assembly of higher order [n]rotaxane structures in both
solution and the solid state.

Metal ions have been used to assemble threaded cyclo-
dextrin or cucurbituril complexes into rotaxanes. For exam-
ple, Anderson and co-workers have described an a-cyclo-
dextrin-based [3]rotaxane (171-CoIII) prepared by coordinat-
ing two pseudo[2]rotaxanes to CoIII (Scheme 62).[232] A cyclo-
dextrin-based [5]rotaxane has been reported by Osakada and
co-workers, using PdII or PtII coordination to bridge two
pseudo[3]rotaxanes.[233] Kim demonstrated the construction
of 1D polyrotaxanes such as 172-AgI, by employing CoII,[95]

NiII,[95] CdII,[95] CuII [95, 200] or AgI [95, 234–236] as “connectors” to
form a linear network of pseudorotaxane cucurbituril-bispyr-
idyl-bis(dialkylammonium) units, threaded by intercompo-
nent hydrogen bonding (Scheme 63). Lui and co-workers[237]

prepared related 1D-polyrotaxanes based on 4,4’-bipyridine
and cyclodextrins linked by NiII[237a] or CuII ions[237b] or
RuII(bpy)2 groups.[238] A number of 1D-,[95, 234–236] 2D-,
[95,234, 236, 239] and 3D-[236, 240] polyrotaxane networks have been

Scheme 57. [2]Rotaxanes from Jeong et al. in which dynamic metal–
ligand bonds in the macrocycle provide a pathway for interlock-
ing.[97, 221] [2]Rotaxanes 159a/b-OsVI 159a-PdII, and 159a-PtII[220] exist in
equilibrium with their non-interlocked components. [2]Rotaxane 159a-
ReI proved to be kinetically stable at room temperature.[220]

Scheme 58. Hunter’s [2]rotaxane 160-ZnII assembled through dynamic
formation of ZnII-porphyrin-based macrocycle 161-ZnII.[90]
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assembled using a variety of metal centers, making use of
different coordination geometries and coordinating counter-
ions to govern the structural geometries of the networks.[236]

The DB24C8-crown-ether–1,2-bis(pyridinium)ethane
cation pseudorotaxane motif introduced by Loeb[5c] (see
Scheme 53a) was used to generate [2]rotaxanes 173-CoII and
173-MnII through reaction of the pseudo[2]rotaxane with
anionic metal complexes [CoBr3]

� or [MnBr3]
� in a 2:1 ratio

(Figure 15 a).[99] Treatment of the pseudorotaxane with a 1:1
stoichiometry of CoII or ZnII tetrafluoroborate in a coordi-
nating solvent gave solid state 1D polyrotaxanes, termed
“metal–organic rotaxane frameworks” (MORFs),[241] while
reaction in non-coordinating solvents led to 2D-networks

Scheme 59. Clever and Shionoya’s large pseudo[2]rotaxanes 163-MII using
cages formed with PdII and PtII and threaded with (very) bulky stoppers[224] De-
threading occurs on addition of acid.

Scheme 60. Asakawa’s “threading-followed-by-shrinking” strategy for
preparing rotaxanes. The size of the cavity of pseudorotaxane 164 is
contracted by PdII coordination within the macrocycle so that the
macrocycle can no longer pass over the stoppers, forming rotaxane
164-PdII.[225] Yield 30 %, from free macrocycle and thread.

Scheme 61. Hybrid organic-inorganic rotaxane 167-CrIII
7CoII assembled

in pivalic acid at 140 8C. The polyhedra in the X-ray crystal structure
represent the octahedral coordination geometry of the metal
ions.[229, 231] The CoII ion is disordered over the eight metal sites in each
heterometallic wheel. N-H···F hydrogen bonds template the assembly
with H···F lengths of 2.03 and 2.01 �, and N-H-F angles of 168.9 and
168.28. In addition, the fluoride anion between the two metal centers
is close enough to both ammonium protons to provide some electro-
static stabilization of the intercomponent binding motif (that is, it
participates in what can be considered long and poorly directional
NH···F hydrogen bonds, not depicted in the figure): NH···F= 2.38 and
2.56 �, N-H-F angles of 114.2 and 101.78.
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(174-CdII, Figure 15 b).[241] The assembly of 3D arrays was
realized by employing lanthanide ions (SmIII, EuIII, GdIII,
TbIII, and YbIII) with N-oxide derivatives of the DB24C8-bis-
bipyridinium ethane ligands.[242] Recently, 1D polyrotaxanes
were assembled with non-coordinating counterions incorpo-
rated into the macrocycle, balancing the charges of the metal
center and removing the need for additional anionic
ligands.[243]

Figure 14. Hybrid organic–inorganic a) [3]rotaxane 169-CrIII
14CoII

2 and
b) [4]rotaxane 170-CrIII

20CuII
4 assembled in pivalic acid at 140 8C. The

polyhedra in the X-ray crystal structure indicate the coordination geo-
metries of the metal ions (pivalate tBu-groups removed for clarity).[229] In
169-CrIII

14CoII
2 the divalent metal ion, CoII is disordered over the eight

metal sites on each heterometallic wheel (as for [2]rotaxane 167-CrIII
7CoII);

in 170-CrIII
20CuII

4 the divalent CuII ions are localized at the positions
shown. Intercomponent hydrogen bonding motifs responsible for templat-
ing the interlocked structure are indicated in the X-ray structures. Hydro-
gen bond length and angles: 169-CrIII

14CoII
2 NH···F 2.03–2.31 �, N-H-F

138.6–159.18 ; 170-CrIII
20CuII

4 NH···F 1.84–2.85 �, N-H-F 109.8–170.48.

Figure 15. Progression in the development of higher order rotaxane
structures, from a) discrete [2]rotaxanes (173-CoII and 173-MnII)[99] to
b) 2D-polyrotaxane arrays (174-CdII).[241] Black arrows indicate direction
of repeat units. 3D-Polyrotaxanes, termed “MORFs”, have also been
assembled.[242] The CdII ions in 174-CdII are close to ideal octahedral
(cis-N-Cd-N angles 88.4(2)–92.7(2)8) with a BF4

� ion and a water
molecule completing the coordination sphere.

Scheme 62. Anderson’s [3]rotaxane 171-CoIII assembled from a-cyclo-
dextrin and CoII. Under the reaction conditions, CoII is oxidized to
kinetically stable CoIII generating the [3]rotaxane. Using an excess of
the diamine to compete for the coordinating sites on the metal ion,
[2]rotaxanes could also be formed.[232]
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4.2. Metal–Organic Catenanes

Coordination complexes can be incorporated into cate-
nanes with the lability of some metal–ligand bonds allowing
their formation to be carried out under thermodynamic
control.

4.2.1. Self-Assembled Metal–Organic Catenanes

The use of dynamic metal–ligand coordination in the
assembly of interlocked molecules was pioneered by Fujita,
following his group�s discovery that PdII-macrocycles form
[2]catenanes in aqueous solution driven by hydrophobic
binding (Scheme 64).[91, 244,245] In basic aqueous solution mac-
rocycle 175-PdII spontaneously interlocks (a feat memorably
likened by the authors to a conjuror�s linking of “magic”
rings[91]) to form [2]catenane 176-PdII. At low concentrations
the equilibrium lies towards the macrocycle, however at high
concentrations (or at high salt concentrations to increase the
hydrophobic effect) the [2]catenane is formed almost quanti-
tatively.[246] Using PtII instead of PdII, the slower dynamics of
ligand exchange require elevated temperatures to form
[2]catenane 176-PtII.[247] The strategy was extended to the
formation of chiral,[150c] mixed (complementary) ligand,[248]

mixed-metal (PdII and PtII)[249] and higher order cyclic[250] and
linear[251] catenanes.

The photochemical lability of some types of PtII–pyridine
bonds enabled the preparation of [2]catenane 177-PtII that
could be assembled and disassembled in response to light
(Scheme 65).[252] As in the previous examples, catenane
formation is driven by hydrophobic effects which enables
changes of solvent and/or concentration to alter the position
of equilibrium in favor of either the catenane or discrete
macrocycles.

The Fujita group extended these assembly principles to
create a triply interlocked molecular cage in a one-pot ten-
component self-assembly reaction.[253] Two equivalents of two
different tripodal monodentate pyridyl-based ligands with six
equivalents of a square planar metal, PdII or PtII, in D2O

Scheme 63. Silver(I)-assembled 1D polyrotaxane (172-AgI) prepared by
Kim and co-workers.[234] The N-Ag-N angle is close to linear (170.0(5)8)
in the solid state. Linear bis-pyridyl ligands with a variety of transition
metals have been used to assemble 1D-, 2D- and 3D-polyrot-
axanes.[95, 236] The host–guest [2]pseudorotaxane complex is pre-assem-
bled in water, followed by addition of the metal ion in methanol.

Scheme 64. Fujita’s “magic ring” [2]catenane synthesis, exploiting
dynamic metal–ligand interactions and driven by hydrophobic binding.
The equilibrium between macrocycle 175-MII and [2]catenane 176-MII is
influenced by the use of high salt concentration (NaNO3 in D2O) to
strongly favor catenane formation and the introduction of guest
molecules or less polar solvent (D2O/glycerol mixtures) to favor
discrete macrocycles.[91, 245]

Scheme 65. Fujita’s photoswitchable molecular lock 177-PtII.[252] UV-
light labilizes the PtII�N bonds allowing rearrangement to the most
thermodynamically stable assembly. Catenane formation is driven by
hydrophobic effects in polar solvents, which can be reversed by
“unlocking” in non-aqueous solvents.
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resulted in spontaneous formation of the interlocked molec-
ular cage 178-MII in 61–65% yield (Scheme 66).

A topologically related interlocked cage structure has
been reported by Hardie and co-workers, using ZnII or CoII

ions to connect bipy-derivatized cyclotriveratrylene units
(Scheme 67).[254] Reaction of two equivalents of 179 in the
presence of three equivalents of ZnII in DMSO generated
interlocked cage 180-ZnII in 63% yield.[255] Similiarly, Kuroda
and co-workers have used a pyridine-functionalized benzo-
phenone ligand and PdII ions to form quadruply interlocked
cages 181-PdII (Scheme 68).[256] Remarkably, single cages
form rapidly in DMSO solution and upon heating assemble
into the interlocked form, which is thermodynamically stable.
The driving force for interlocking in both these systems is
probably a combination of solvophobic forces (expulsion of
poorly solvated DMSO molecules from the cage cavities) and
intercomponent aromatic stacking interactions.[257]

A novel type of metal–organic catenane was serendip-
itously discovered by Beer and co-workers when bis-CuII-
dithiocarbamate macrocycle 182-CuII was partially chemically
oxidized by iron(III) chloride (Scheme 69).[96] The resulting
mixed-valency [2]catenane, 183-CuIICuIII was obtained in
93% yield and the solid state structure revealed each metal
ion to be in a four coordinate square planar environment. It is
thought that charge transfer interactions between the CuII and
CuIII centers, in conjunction with weak intermolecular S···Cu

contacts, drive the formation of the catenane. This reasoning
was later applied to a “magic ring” synthesis of mixed-metal
CuII–AuIII catenanes.[258] Various spacer groups between the
dithiocarbamate moieties were investigated but the original
naphthyl spacer afforded catenanes in the highest yields.

Korybut-Daszkiewicz and co-workers have prepared
catenanes featuring a crown ether threaded onto a large
macrocycle containing two cyclen rings bearing the same,[259]

or different,[260] metals ions (Scheme 70). Catenane formation
is driven by the affinity of the electron-rich crown ether
aromatic rings for the electron-poor metal-cyclen units. In
solution and the solid state, the crown ether sits over the NiII

center (see crystal structure of 184-CuIINiII, Scheme 70).
However, CuII is more easily oxidized than NiII and the
resulting CuIII center provides an effective electron-poor
station for the p-donor macrocycle. Subsequent oxidation of
the nickel moves the crown ether back to its original site.

Scheme 66. Fujita’s triply-interlocked cages 178-PtII, formed spontane-
ously on mixing the ten components.[253] The PtII ions are in close-to-
ideal square planar geometries (cis N-Pt-N bond angles 86.6(1)–
93.4(1)8) and extensive intercomponent p-stacking is a major feature
of the solid state structure.

Scheme 67. Hardie’s triply interlocked cages 180-ZnII constructed from
two bipy-derivatized cyclotriveratrylene units and three octahedral
metal ions. In the solid state structure two coordination sites of each
ZnII ion are taken up by the two oxygen atoms of a nitrate anion
(omitted for clarity).[254]
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Quintela�s group have modified the viologen unit intro-
duced for catenane and rotaxane synthesis by Stoddart,[262] so
that catenanes can be assembled using metal ion connectors in
one of the rings.[263] PdII or PtII complexes were used to form
[2]-[263] and [3]catenanes[264] from crown ethers and the
viologen-like ligands in good yields (e.g. 70 % for 185-PtII,
Scheme 71).[265] Favorable aromatic interactions and hydro-
gen bonds between the crown ether macrocycle and the
bisamine ligands of the metal corner units (see crystal
structure, Scheme 71) drive [3]catenane formation. Upon
masking the hydrogen bond donor abilities of the corner units

Scheme 68. Kuroda’s quadruply interlocked cages 181-PdII. With no
ligand imposed bite angle restrictions, the PdII centers are near-
idealized square planar (cis-N-Pd-N angles 89.9(2)–90.0(5)8). The solid
state structure is highly symmetric, with all four Pd atoms laying on a
4-fold rotation axis.[256]

Scheme 69. Beer’s mixed valence CuII–CuIII catenane 183-CuIICuIII

formed from a partial oxidation and re-arrangement of CuII macrocycle
182-CuII (nbutyl groups omitted for clarity).[96] The X-ray structure
contains four non-equivalent copper centers which adopt distorted
square planar geometries restricted by the bite angle of the ligands
(cis-S–Cu–S angles: 76.3(4)–79.6(4)8 and 101.2(4)–104.3(4)8). The
different oxidation state copper ions, CuII and CuIII, have average Cu�S
bond lengths of 2.29(1) and 2.25(1) �, respectively. Cu�Cu distances
range from 3.87–3.92 �.

Scheme 70. Korybut-Daszkiewicz’s crown ether–mixed-metal cyclen
[2]catenanes in which the position of the crown ether can be switched
electrochemically.[259–261] The crystal structure of 184-CuIINiII shows
intercomponent p-stacking between the electron-rich aromatics of the
crown ether and the electron-poor metal cyclen units.

Scheme 71. Quintela’s [3]catenane 185-PdII employing two PdIIen
corner units.[264a] These types of metallomacrocycles have since been
studied for their inclusion complexes.[264c] As in Fujita’s systems, the
PdII centers are almost perfect square planar in the solid state (cis-N-
Pd-N bond angles range 84.0(1)–95.4(1)8). An NH proton is engaged
in a hydrogen-bonding interaction with an oxygen of the glycol chain
(N…O distance 3.023(4) �), which is attributed as assisting formation
of the interlocked structure. See Scheme 89 for a related system.
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by methylation of the biamine ligand, Stoddart and co-
workers were able to form a ring-in-ring complex in
preference to the [3]catenane.[266]

Crystal packing forces have been found to drive the
formation of catenanes.[257] Tetranuclear [CoII

2CoIII
2(2-picolyl-

amine oxalic dihydrazide)4] units that form squares (186-
CoIICoIII) in solution crystallize as discrete [2]catenanes (187-
CoIICoIII) in the presence of NH4SCN (Scheme 72 a).[267]

Similarly, a PdII-coordinated ligand set which exists largely

as a metallomacrocycle in solution forms [2]catenane 188-PdII

in the solid state (Scheme 72b). Extensive p–p stacking
interactions are a feature of its X-ray structure (Sche-
me 72 b).[268]

4.2.2. Metal Centers as Connectors of Pseudorotaxanes to Form
Catenanes

Metal ions have also been used to form catenanes by
acting to ring-close pseudorotaxane structures (see
Scheme 12d and Figure 6). Yu and co-workers used ZnII-
porphyrin tweezers to cap the ends of a bispyridyl thread
bearing an ammonium crown ether pseudorotaxane to
generate a [2]catenane.[269] Sanders and co-workers formed
[2]catenanes using ZnII–bpy coordination to interlock elec-
tron-rich dinaphthocrown ether and electron-poor naphtho-
diimide units.[270]

By switching from a polyrotaxane-forming linear AgI

coordination mode (see Scheme 64) to a 908 (en)PtII con-
nector unit, Kim connected three cucurbituril–bis-ammo-
niumbutane pseudorotaxanes into a ring to form a “molecular
necklace” [4]catenane in 90% yield (Scheme 73).[92,236] Using
the same procedure but altering the substitution pattern of
the pyridyl group from 4- to 3-substitution gave [5]catenane
189-PtII in 84% yield.[271] A phen-containing thread was also
used to prepare a related CuII-containing [5]catenane by
joining two pseudo[3]rotaxanes through five- and six-coor-
dinate CuII ions.[272]

Scheme 72. Crystallization-driven formation of a) Thompson’s CoII–CoIII

[2]catenane 187-CoIICoIII.[267] The solid state structure shows two types
of distorted octahedral metal centers (CoIII centers cis-N-Co-N bond
angles 81.0(3)-103.0(3)8 ; CoII centers cis-(N-Co-N) bond angles
73.7(3)-120.0(3)8). b) Batten’s PdII-coordinated [2]catenane 188-PdII.[268]

Scheme 73. Kim’s synthesis of [5]catenane “molecular necklace” 189-
PtII, assembled from threaded cucurbituril macrocycles and PtII(en)
connecting units.[92, 271]
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4.2.3. Coordination-Capture of Metal Template Catenanes

Metal ion coordination has been used to ring-close
catenanes assembled around traditional metal ion templates
(see Section 2). Piguet et al. prepared catenane 190-AgIFeII

by assembling two units of 191, which possess a tridentate
coordinating motif, about an octahedral FeII center followed
by coordination of the bidentate end-groups to AgI ions
(Scheme 74).[273] A similar type of [2]catenane was unexpect-
edly obtained by Ward and co-workers whilst investigating
helicates formed between AgI, HgI and HgII and multidentate
pyrazolyl–pyridine ligands.[274] The crystal structure revealed
that a HgII ion acted as a distorted octahedral template
organizing the central tridentate unit of each ligand, while two
additional HgII ions coordinatively connect the arms of each
ligand through N- and C-donors formed by cyclometalation to
a pyrazolyl ring.

Sauvage et al. have used RuII–terpyridine complexes both
as the stoppering groups in CuI(dpp)2 rotaxanes[275] (e.g. 192-
CuIRuII) and as connectors to close a ring to form cate-
nanes[276–278] (e.g. 193-CuIRuII), depending upon the source
and stoichiometry of RuII used (Scheme 75).[277] No competi-
tion was observed between the dpp and terpy units for
complexation to CuI, demonstrating the advantages of using
metal ions with particularly preferred coordination geome-
tries (see Section 1.2.1.1). The different labilities of the metal–
ligand coordination bonds meant that the CuI template could
be removed from both the rotaxane and the catenane whilst
leaving the RuII complexes intact. Related catenanes incor-
porating three different metals have also been prepared using
related ligand systems employing CuI and RuII with CuII, CoII,
ZnII or FeII.[278]

Using a second-sphere template strategy previously
applied to [2]rotaxane synthesis (Scheme 50), Wisner et al.
prepared [2]catenane 194-PdII (Scheme 76), where an acyclic
ligand 195 spontaneously assembles into [2]catenane 194-PdII

on addition of [PdCl2(PhCN)2].[279] Puddephatt et al. have
used a similar motif and trans-pyridine–PdCl2 coordination to
generate a [2]catenane.[280]

PdII-coordination has been used to quantitatively ring-
close ligands entwined using the CuI(dpp)2 template motif to
form [2]catenane 196-CuIPdII (Scheme 77).[281] The same
ligand system, 197-CuI, was cyclized with RuII–bis-phen
complexes to form a [2]catenane.[282]

Using a related strategy, Sauvage et al. used bispyridyl
ligands to bridge metal centers of ZnII-[283] or RhIII- contain-
ing[274] porphyrins appended to a CuI(dpp)2 core to generate
[2]catenanes. Other examples of metal–organic catenanes
where metal ions act as both templates and bridging centers
include Rees and co-workers[285] use of nine-coordinate BaII to
form [2]catenane 198-BaII (Figure 16).

The use of metal ion coordination to form rings within a
catenane was taken a step further by the B�uerle group in the
synthesis of a remarkable [2]catenane made from fully p-
conjugated oligothiophene-based rings (Scheme 78).[286]

Using a CuI(phen)2 motif, [2]catenane 199-CuIPtII was
synthesized by insertion of PtII to bridge the terminal alkynes.

Scheme 74. Piguet’s trinuclear [2]catenane 190-AgIFeII assembled
around an octahedral FeII ion and coordinatively captured with two AgI

ions.[273a] The crystal structure shown is of the meso-diastereomer of
190-AgIFeII.[273b] The AgI geometry is severely distorted tetrahedral (N-
Ag-N bond angles 72.6(3)–135.3(3)8).

Scheme 75. Sauvage’s use of octahedral RuII ions to coordinatively
capture a) [2]rotaxane 192-CuIRuII,[275] in which the metal ion acts a
stoppering unit, and b) [2]catenane 193-CuIRuII, where the metal ion is
an integral part of one macrocycle.[276–278]
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Iodine-mediated reductive elimination of platinum gave
[2]catenane 200-CuI. The template CuI ion could be removed
by treatment with potassium cyanide to form a [2]catenane in
which each macrocycle consists of an unbroken sequence of
unsaturated centers.[286b]

4.2.4. Catenanes Formed Through Metal–Metal Interactions

Gold(I) has been used to prepare a range of simple
inorganic catenanes in which aurophilic interactions are the
driving force for catenane formation. Mingos et al. reported a
AuI organometallic catenane, 201-AuI

12 (Figure 17 a),[287] in
which each macrocycle contains six AuI ions connected
through a mixture of coordination modes. Catenanes have
also been accessed through AuI-thiolate interactions.[288] Che
and co-workers have described a mechanically interlocked
precursor (202-AuI

11) of the AuI anti-rheumatic drug Aur-
anofin (Figure 17 b).[289]

A family of organometallic catenanes assembled from AuI

ions and bis-alkynyl and bis-phosphine ligands has been
reported by Puddephatt and co-workers.[290] Reaction of AuI-
acetylenes, such as 203-AuI, with bis-phosphine ligands with
various spacers (such as 204) afforded a range of macrocycles
(e.g. 205-AuI), [2]catenanes (e.g. 206-AuI) and higher-order
interlocked structures, depending on the components
employed (Scheme 79). For example, for the system contain-
ing 206-AuI, catenanes were isolated by crystallization, but
when re-dissolved in dichloromethane the system reverted to
the non-interlocked macrocycle and other higher-order
oligomers over the course of several days.[291] Other structural

Scheme 76. Wisner’s use of PdII ions to assemble metal–organic
[2]catenane 194-PdII through first and second sphere coordination.[279]

(For a related [2]rotaxane see Scheme 50.) NH···Cl distances and
angles: 2.46–2.74 �; N-H-Cl 151–1638. Cyclohexane and macrocycle
tert-butyl groups removed for clarity.

Scheme 77. Sauvage’s CuI(dpp)2 motif is combined with Fujita’s PdII–
pyridyl “clipping” strategy to form catenate 196-CuIPdII.[281]

Figure 16. Rees’ catenane 198-BaII assembled around the coordination
spheres of two barium ions. Each BaII ion is coordinated to nine
oxygen atoms in the X-ray crystal structure.[285]

Scheme 78. B�uerle’s p-conjugated catenate assembled around a CuI–
phen motif. PtII coordination is used to close the macrocyclic rings
prior to reductive elimination to generate catenate 200-CuI.[286b]
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permutations were studied[292–294] which led to controlled
topological outcomes depending on linker length[289, 292] and

substituents on the bridging unit (204-AuI).[293, 295] This type of
aurophilic assembly was extended to rotaxane structures by
Raubenheimer and Barbour, incorporating N-heterocyclic
carbenes into a tris-AuI macrocyclic species while using an
AuI-diphosphine thread.[296]

4.3. Polycatenanes and Interpenetrated Networks

Interpenetrated and polycatenated architectures are
common in the solid state for coordination complexes that
feature weak or reversibly formed bonds.[298,299] They arise not
because of particular recognition motifs between building
blocks, like in solution, but rather because “nature abhors a
vacuum”. In the solid state this manifests itself in the
tendency for filled cavities that maximize van der Waals
interactions and reduce the energy of the resulting structure.

An example of a linear poly[n]catenane system is 207-AgI,
formed in the solid state from the self-assembly of AgI and
bis(2-methylimidazolyl)methane ligands (Figure 18).[300]

Geerts and Sauvage have covalently linked CuI(dpp)2 cate-
nanes to form short mechanically linked polymers.[299a] Inter-
penetrated networks and polycatenanes structures, some of
which possess interesting properties that are potentially
useful for gas storage, sensing or catalysis, have been reviewed
elsewhere.[298]

5. Knots and Higher Order Links

Knots[301] are mathematically defined as an entwined
closed loop and can be characterized by their “crossing
number” (the number of crossing points needed to represent
the knot in two dimensions) and a second identifier (the
“order” of the knot), often indicated by a numerical subscript

Figure 17. Gold(I) catenanes from a) Mingos et al.[287] (201-AuI
12) and

b) Che et al.[289] (202-AuI
11). Sulfur atoms are shown in green and

carbon atoms light blue with the peripheral glycosylate units omitted
for clarity. The structure of 201-AuI

12 contains six crystallographic
independent AuI atoms of which only two have linear coordination
geometries (C-Au-C bond angles 176.3(1) and 177.8(1)8); the remain-
ing AuI ions are dihapto (h2) to one or two acetylene groups. The inner
core of the structure of 202-AuI

11 is made up of eleven crystallo-
graphically non-equivalent linear AuI ions bridged by thiolate anions
(S-Au-S angles 165.5(4)–179.8(4)8). The distance between the two
“non-bonded” AuI atoms is 3.149(2) �.

Scheme 79. Puddephatt and co-workers control of the topological
outcome of cyclization reactions by careful ligand design, generating
catenane 206-AuI through aurophillic interactions.[291, 294] P-Au-C angles
for the two crystallographically non-equivalent 206-AuI catenanes
166.3(1)–174.9(8)8 ; inter-component Au-Au distances 3.216(2)–
3.686(2) �. With a n-propyl bis-phosphine linker n = 3, a mixture of
macrocycle, [2]catenane and higher order macrocycles is formed, from
which the catenane was isolated in 68% yield on crystallization.[291]

Shorter spacers (ethyl) gave exclusively macrocycle formation and n-
butyl gave exclusive [2]catenanes. Different substituents on the central
methylene group of the bis-alkyne bridging unit could be used to
selectively generate macrocycles, catenanes[293, 295] or a Solomon link[297]

(see Scheme 88).

Figure 18. Jin’s solid state [n]catenane 207-AgI formed from bis(2-
methylimidazolyl)methane ligands connected by AgI ions.[300] Carbon
atoms of one ring are shown in light blue and those of the other in
grey. The four different AgI centers have N-Ag-N angles 164.7(4)–
177.9(2)8 with inter-component Ag···Ag distances 3.656(2) and
3.875(1) �.
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in modern knot tables, to unambiguously assign their top-
ology.[302] The trefoil knot, with only three cross-over points, is
the simplest non-trivial knot (3A in Tait�s original knot tables;
31 in most modern knot tables[302]), and complexity increases
rapidly with increasing crossing number. Unlike knots, which
are single component species, links consist of two or more
components that cannot be separated without breaking the
connectivity of at least one of them. Links can be mathemati-
cally characterized by their crossing number, the number of
components and, as with knots, additional identifiers to
uniquely identify the topology of the link. The simplest non-
trivial link is the Hopf link, consisting of two loops with two
crossover points (i.e. the topology of a simple [2]catenane).
Brunnian links are higher order link systems in which the
components cannot be separated without breaking a loop, but
in which no two loops are directly linked. The simplest
example of a Brunnian link is the Borromean rings (see
Section 5.5).

Molecular knots and entanglements are important struc-
tural elements in some types of DNA and proteins and can
contribute significantly to the properties of synthetic poly-
mers.[1g] The synthesis of specific molecular knots and higher
order links offers a significant challenge to the synthetic
strategies and abilities of chemists. Remarkably, of the 249
different prime knots with three to ten crossing points, just
one type—the trefoil knot—has succumbed to total synthesis
to date.[303] Sauvage extended the Strasbourg strategy of
linking helicates with multiple turns (Figure 5) used for
catenane formation to the synthesis of the first molecular
trefoil knot[304] and attempted unsuccessfully to use it to make
higher prime knots. Other metal template strategies to knots
and links have evolved over the past 20 years. Knotted
molecular architectures have also been obtained using hydro-
gen bonding templates or DNA, approaches that have been
reviewed elsewhere.[305]

5.1. Molecular Trefoil Knots
5.1.1. Trefoil Knots using Two Tetrahedral Metal Templates

The synthesis of molecular trefoil knots by linking Cu-
(dpp)2 template motifs to form double helices such as 208-CuI

is shown in Scheme 80. Covalent capture of the three crossing
points in 208-CuI through Williamson ether bond formation
gave the molecular trefoil knot 209-CuI in 3% yield.[304] The
molecular topology was indicated by a variety of analytical
techniques and later conclusively demonstrated by X-ray
crystallography (structure shown in Scheme 80).[306] 1H NMR
analysis of the bis-CuI helicate 208-CuI showed that a
significant amount of the mononuclear CuI complex was
present; that is, the ligand had folded to act as a tetradentate
ligand for one CuI center. Accordingly, different spacers were
tried to help induce tighter entwinement in the helicate
leading to improved yields (up to 29%) of trefoil knot 209-CuI

(Scheme 80a).[307] The use of mild, high yielding, covalent
capture reactions such as ring closing olefin metathesis (see
Section 1.2.2.3), as with the synthesis of [2]catenanes (Sche-
me 11 c), resulted in significantly higher yields of knotted
products, with 210-CuI being synthesized in 74 % yield.[308] A

number of studies on this series of molecular trefoil knots
ensued, examining chirality,[309] introduction of other metal
ions,[310] the kinetics of demetalation,[311] and electrochemical
treatments of the entwined structures.[312]

5.1.2. Stereoselective Synthesis of a Trefoil Knot using Two
Tetrahedral Metal Templates

A trefoil knot is intrinsically topologically chiral, the
structure cannot be deformed into its mirror image. The use of
achiral ligands produces trefoil knots as racemic mixtures.

Scheme 80. Sauvage’s synthesis of trefoil knots 209-CuI [304,306, 307] and
210-CuI.[308] The yields of knots of type 209-CuI were improved by
adjustment of the spacer groups R and R’. The introduction of a
longer R spacer (209b) allowed the formation of a more stable helicate
precursor giving a modest increase in yield (3% to 8%). The use of a
rigid phenylene R spacer (209c) further stabilized the precursor
helicate and resulted in a more significant yield increase (to 29%).
The X-ray crystal structure of 209a-CuI is shown. Bond angles are
distorted in comparision with non-interlocked Cu(dpp)2 complexes
(ligand bite angles 78.8(9)–83.5(10)8 ; other N-Cu-N angles 112.7(9)–
143.1(11)8). Note the short inter-dpp spacer still allows for extensive
dpp–dpp p-stacking. For other crystal structures see refs [309b] and
[310].
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Using the chiral ligand 211, von Zelewsky, Sauvage and co-
workers were able to form double helicate 212-CuI with a
single helical twist sense. When cyclized under RCM con-
ditions this generated a homochiral trefoil knot, 213-CuI, in
74% yield (Scheme 81).[313] The single handedness of the knot
was established by the presence of a strong signal in the
circular dichromism spectrum of 213-CuI. Demetalation gave
the metal-free homochiral knot.

5.1.3. Trefoil Knots using Two Octahedral Metal Templates

The linking of extended helicates has also been used to
construct a trefoil knot around octahedral metal centers
(Scheme 82). Terpyridine-derived ligands and FeII ions were
employed to form a precursor helicate, and RCM successfully
generated trefoil knot 214-FeII in 20 % yield.[308b] (For an
attempt to form a [2]catenane using a related terpyridine
motif, see Section 2.3.1, Scheme 24.[160])

5.1.4. Trefoil Knots using One Octahedral Metal Template

An interesting example of an open-knotted structure
assembled about an octahedral metal center was described by
Hunter and co-workers in 2001 (Scheme 83).[314] An octahe-
dral ZnII template was used to entwine a multidentate ligand
containing three bipyridyl units into an open knot conforma-
tion 215-ZnII. The structure was confirmed by X-ray crystal-
lography. The folding process is fully reversible. Addition of
chloride ion regenerated the free ligand, and subsequent
addition of silver salts (precipitating the chloride ion as AgCl)
reassembles the open knot complex. In a recent report, it was
demonstrated that the open knot could be closed to a trefoil
knot through either a bis-esterification reaction of the two
terminal alcohols in 215-ZnII, or by ring closing metathesis
from 216/217-ZnII to form 218/219-ZnII.[315] Successful
removal of the ZnII template from 219-ZnII was achieved
with Li2S.

5.2. Molecular Composite Knots

Composite knots are entwined closed loops that can be
expressed as the connected sum of two or more prime knots.
The simplest composite knots are derived from the sum of two
trefoil knots. This addition can take place in one of two ways:
If two trefoil knots of the same handedness are combined a
granny knot is formed, which is topologically chiral, whereas
if two trefoil knots of opposite handedness are combined a
meso species, a square knot, is produced. Composite knots can
be formed from the addition of any two prime knots meaning

Scheme 81. von Zelewsky and Sauvage’s stereoselective synthesis of homochiral trefoil knot 213-CuI through chiral bisbipyridine ligand 211.[313]

Scheme 82. Sauvage’s molecular knot, 214-FeII synthesized using heli-
cates based on octahedral metal ions.[308b]
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that even with a relatively small number of crossing points,
the number of possible composite knots rapidly becomes
enormous.

5.2.1. Square and Granny Knots using Four Tetrahedral Metal
Templates

Sauvage and co-workers synthesized molecular composite
knots by employing their strategy of linking linear helicates
(Figure 5).[316] The isomers 220-CuI and 221-CuI form in a 3:7
ratio upon CuI complexation with the precursor open chain
ligand (Scheme 84). When this mixture was cyclodimerized
through Glaser–Eglinton alkyne coupling, three reactions
were observed to take place: homocoupling of 220-CuI

generates the desired composite square and granny knots
222-CuI ; homocoupling of 221-CuI gives the large macrocycle
223-CuI ; and heterocoupling of the two isomers produces
trefoil knot 224-CuI. The square/granny composite knots were
isolated from the crude reaction mixture by column chroma-
tography in 2.5% yield and were fully characterized in their
metallated and demetallated form.

5.3. Molecular Solomon Links

A Solomon link (the topology is actually that traditionally
known as a “Solomon knot”, but as it is a link rather than a
knot, chemists have renamed it for molecular structural
purposes)[317] is composed of two components that are
interlocked with four crossing points (Figure 5). The structure
is that of a [2]catenane possessing an additional two crossing
points—a “doubly interlocked” [2]catenane. Like trefoil
knots, Solomon links are intrinsically chiral.

5.3.1. Solomon Links using Three Tetrahedral Metal Templates

Sauvage�s group prepared molecular Solomon links by
cyclizing the end groups of helicates derived from three dpp-
coordination units (Figure 5).[318] Cyclization of 225-CuI was
achieved through William ether synthesis. The interlinked
complex 226-CuI, (Scheme 85) proved to be unstable, thus
purification was attempted after demetalation to yield metal-
free 226 in 2 % yield.[318] An improved synthesis was achieved
with the more stable double-stranded tri-LiI helix 227-LiI

combined with RCM cyclization reactions to give the
doubly-entwined catenane 228-LiI.[319] Purification difficulties
prevented isolation of catenane 228-LiI. Instead it was
converted to the copper analogue 228-CuI, which was more
amenable to purification and was isolated in 30% yield.
Catalytic hydrogenation followed by demetalation gave the
metal-free Solomon link.

This strategy of using multiple crossing points from linear
helicates (Figure 5) for the synthesis of knots and links could

Scheme 83. Hunter’s open-knot 215/216/217-ZnII[314] derivatives of
which could be cyclized to produce trefoil knot 218/219-ZnII.[315] In the
solid state structure of the open knot the ZnII ion adopts a slightly
distorted octahedral geometry (N···Zn bond lengths 2.110(8)–
2.176(7) �, cis-(N-Zn-N) angles 76.8(3)–99.5(3)8).

Scheme 84. Sauvage’s synthesis of a molecular composite knot
through acetylenic oxidative coupling of two trefoil knot precursors.[316]
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theoretically be extended to the synthesis of a pentafoil knot
and a “Star of David” link and higher order topologies.
However, to date, the Solomon links are the most complex
topology synthesized by this approach.[115]

5.3.2. Solomon Links using Four 5-Coordinate Metal Templates

Stoddart and co-workers have employed dynamic bond-
forming reactions with multiple metal template sites in the
assembly of topologically complex structures such as Solomon

links and Borromean rings (see Section 5.5.4). Solomon link
229-CuIIZnII was an unexpected product from the reaction of
four equivalents of ligands 74 and 230 and two equivalents of
each of ZnII and CuII ions, with the link isolated by
crystallization (Scheme 86).[317] An all-ZnII Solomon link
was recently isolated as a side product from a reaction that
also produces Borromean rings (see Section 5.5.4).[320] The
factors influencing the formation of Solomon links in
preference to the Borromean rings remain unclear.[320]

Scheme 85. Sauvage’s original (226-CuI)[318] and improved (228-LiI/CuI)[319] synthesis of Solomon links.

Scheme 86. Stoddart’s Solomon link 229-CuIIZnII, assembled by imine bond formation around a multi CuII and ZnII ion template.[317] The structure contains
one crystallographically independent octahedral metal center (for both CuII and ZnII) with a coordinated trifluoroacetate anion (not shown for clarity).
Extensive intercomponent p-stacking is a feature of the crystal structure.
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5.3.3. Metal–Organic Solomon Links

Sauvage and Fujita combined metal–template and metal–
connector approaches (see also Scheme 77, Section 4.2.3) to
produce both singly (196-CuIPdII) and doubly (231-CuIPdII)
interlocked [2]catenanes. Early attempts resulted in the
serendipitous formation of the topologically more complex
Solomon link (231-CuIPdII, Scheme 87).[321] The bidentate

ligand 232 is too small to form a simple singly entwined
[2]catenane from one CuI ion, two PdII ions and two dpp-
based ligands. Instead, two CuI ions, four PdII ions and four
equivalents of 232 assembled to generate a larger [2]catenane
with four crossing-points, 231-CuIPdII. The Solomon link was
the preferred product irrespective of the order of addition of
the metal ions. Use of a larger macro-bidentate ligand
resulted in the formation of the simple Hopf link [2]catenane
196-CuIPdII (Scheme 77).[281]

Building on their Au-catenane systems[294] (Scheme 79),
Puddephatt and co-workers reported the formation of a
“doubly braided” [2]catenane (Solomon link 233-AuI) assem-
bled through aurophilic interactions.[295, 297] Incorporating a
diphenylcyclohexyl unit as the spacer changes the topology of
the product from the catenane-forming reactions shown in
Scheme 79 to the Solomon link 233-AuI (Scheme 88). The
topology was determined by X-ray crystallography.

Recently, Quintela and co-workers reported the synthesis
(Scheme 89) of a Solomon link (234-PdII)[322] using p-donor–
acceptor interactions to template the molecular link and
pyridyl–PdII or PtII coordinate bonds (see also the assembly of
[3]catenane 185-PdII,[264] Scheme 71). The palladium Solomon
link is in exchange with its non-interlocked components at
room temperature, however, the platinum-containing molec-
ular link was isolated in 61% yield. A diazopyrene derivative
(234-PdII) was crystallized and the doubly entwined nature of

the molecular link confirmed by X-ray crystallography
(Scheme 89).

5.4. Other Metal–Organic “Metallaknots”
5.4.1. Silver(I) “Metallaknots”

Two examples of metal–organic knots based on AgI

coordination to quinoline ligands come from Hosseini�s
group (Scheme 90).[323] Subtle changes in the spacer of the
ligand used, penta-ethyleneoxy 235 or tetra-ethyleneoxy 236,
have a significant impact on the constitution of the final knots.
The larger ligand 235 led to a trinuclear entwined complex
237-AgI, whereas the smaller ligand 236 led to the tetranu-
clear entwined complex 238-AgI.

Scheme 87. Fujita and Sauvage’s Solomon link 231-CuIPdII.[321]

Scheme 88. Puddephatt and co-workers’ synthesis of Solomon link
233-AuI through aurophillic interactions.[297] In the solid state the P-Au-
C angles are near-linear (170.9(12)–177.9(9)8) with intercomponent
Au-Au distances 3.130(2) and 3.239(2) �. In the crystal structure the
phospho-phenyl and cyclohexyl groups are omitted for clarity.
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5.4.2. Metal–Organic “Solomon Cube”

Hardie and co-workers have described the assembly of a
“Solomon cube” (239-PdII), a cage structure related to a
Solomon link (Scheme 91).[324] Inter-ring PdII–ligand bridging
creates eight triple-connecting centers, like a cube, as part of
the PdII

4L4 system�s doubly-braided topology. The remarkable
structure was assembled in DMSO from ligand 240 and
PdII(NO3)2. The product, 239-PdII, was isolated in 80 % yield
by crystallization, which may provide much of the driving
force for its formation[257] (see Scheme 72 for other examples
of crystallization-driven catenane formation).

5.5. Molecular Borromean Rings

Borromean rings[325] are a Brunnian link consisting of
three rings, each threaded (not interlocked) through one of
the other rings and threaded by the other one. Although each
ring is not interlocked with any other individual ring the
ensemble cannot be dissociated without breaking any one
ring. Synthetic molecular Borromean rings were first con-
structed using DNA by Seeman and co-workers,[326] and
molecular strategies[111] to them have ranged from multistep

“rack”[327] and “ring-in-ring” attempts[328–330] to metal–organic
self-assembly[331] and a remarkable one-pot 18 component
multiple metal ion template assembly.[332]

5.5.1. Metal–Organic Borromean Rings

The first molecular Borromean ring structure featuring
metal ions was serendipitously discovered by Champness,
Schrçder and co-workers.[331] In the presence of tetrahedral
metal templates CuI and AgI, ligand 241 spontaneously
assembles into a structure with a Borromean ring-like top-
ology, albeit with metal–ligand bonds between the macro-
cycles (Scheme 92). The CuI structure (242-CuI) proved to be
stable in both solid and solution phases whereas 242-AgI

could only be isolated in the solid state and was unstable in
acetonitrile because of the lability of the Ag–pyridine bond.
Encapsulation of a single counter anion was observed in the
central cavity of the Borromean rings, suggesting the anion
may also template the assembly. A closely related structure
was reported by Schmittel using a phen ligand with similarly
positioned pendant pyridyl groups.[331b]

5.5.2. Rack Approach using Two Octahedral Metal Templates

A strategy that has been pursued towards molecular
Borromean ring involves a “rack approach” (see Sche-
me 14 eii, Section 1.3). Siegel and co-workers constructed a
basic rack assembly 243-RuII based on orthogonal positioning

Scheme 89. Quintela’s Solomon link 234-PdII.[322] In the solid state the
amino protons of the ethylenene diamine ligand are involved in
hydrogen bonding interactions with the glycol chain (NH···O 2.18 �)
and a triflate counterion. Extensive p-stacking is observed between the
pyrene and hydroquinol units (3.39 and 3.51 �), with a large spacing
between the internal hydroquinol groups (3.72 �). See Scheme 71 for a
related structure.

Scheme 90. Hosseini’s metal–organic knots. Depending on the size of
the polyether unit either a) the trinuclear knot 237-AgI or b) the
tetranuclear knot 238-AgI are produced.[323] In the solid state structures
each AgI center can be considered primarily N-coordinated with N-Ag-
N angles 146.5(6)–157.3(3)8 and Ag�N bond distances 2.18(2)–
2.24(2) �. For 237-AgI each AgI atom is weakly coordinated to two
oxygen atoms (Ag�O distances 2.60(1)–2.62(3) �). In 238-AgI each AgI

center is involved in interactions with four oxygens of the glycol chains
(Ag�O distances 2.60(2)–3.09(2) �).
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of tridentate molecular fragments by octahedral RuII ions that
could possibly be developed towards a Borromean ring
synthesis (Figure 19).[327]

5.5.3. Ring-in-Ring Approaches using Two Tetrahedral or Two
Octahedral Metal Templates

A “ring-in-ring” approach (Scheme 14ei) to Borromean
rings has been investigated which involves threading one pre-
formed macrocycle through the cavity of a second. A third
ring would then need to be inserted such that it was threaded
through one ring whilst encircling the other. Stoddart�s group
reported a ring-in-ring assembly based on ammonium–crown
ether interactions,[328] which was followed by reports from two
other groups on using metal–ligand coordination to generate
ring-in-ring complexes. Schmittel�s group made use of the
tetrahedral CuI(phen)2 motif, one macrocycle (244) featuring
two exotopic phen units while the other (245) had two
complementary endotopic dpp-sites (Scheme 93a). Treat-
ment with CuI generated ring-in-ring complex 246-CuI in
79% yield.[329] Siegel�s group utilized an octahedral metal–
terpyridine motif with two vacant bipy units built into one
ring to assemble ring-in-ring complex 247-RuII in 49% yield.
(Scheme 93b).[330] As yet there have been no reports on
elaborating any of these ring-in-ring strategies further
towards either Borromean rings or other higher order links.

5.5.4. Molecular Borromean Rings using Six 5-Coordinate Metal
Templates

A one-pot metal template synthesis of molecular Borro-
mean rings was reported by Stoddart and co-workers.[332,333]

Six ZnII metal ions direct the assembly of six bipy-based
ligands 230 featuring terminal primary amines groups and six
2,6-diformylpyridine ligands 74 to form 248-ZnII (Scheme 94).
The homocircuit Borromean ring structure was confirmed by
X-ray crystallography, which also reveals non-covalent inter-
actions that presumably aid the assembly process. Each bipy
unit is flanked by a pair of phenolic rings at a distance well-
suited for p-stacking. Reduction of the imine bonds with
NaBH4 to form secondary amines, followed by demetalation
with ethylenediaminetetraacetic acid (EDTA, 22 8C, 5 days)
resulted in metal-free Borromean rings.[334] Other Borromean
rings have been self-assembled with differing substitution on
the pyridine ring,[335, 336] and the resulting assemblies demon-
strated to be in dynamic exchange.[335] The introduction of
appended alkene groups allowed simple functionalization by

Scheme 91. Hardie’s “Solomon cube” 239-PdII.[324] In the solid state all
of the PdII centers are crystallographically equivalent and are 5-
coordinate, with a weakly coordinated nitrate anion (here omitted for
clarity) completing the coordination sphere. Bond angles: N-Pd-N:
89.0(3), 90.8(3), 178.1(5); N-Pd-Oin-plane : 163.3(4), 92.0(3), 88.7(4); N-
Pd-Oout-of-plane : 152.6(5), 96.5(5), 82.9(5); O-Pd-O: 43.7(5)8. Pd�N bond
lengths 2.01(1)–2.03(1) �; Pd�O bond lengths 2.31(1)–2.50(2) �.

Scheme 92. Champness and Schrçder’s metal–organic Borromean
ring-like complex 242-CuI/AgI.[331] All AgI centers are equivalent and
adopt a distorted tetrahedral geometry (ligand-bite angle 69.6(2)8 with
the remainder N-AgI-N angles 102.6(2)-131.7(2)8).

Figure 19. Siegel’s rack complex 243-RuII, part of a strategy towards
Borromean rings (Scheme 14eii, Section 1.3).[327]

D. A. Leigh et al.Reviews

9312 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 9260 – 9327

http://www.angewandte.org


cross metathesis,[337] the use of appended thiol groups allowed
attachment to gold surfaces,[338] and the inclusion of chiral
groups in the components generated chiral Borromean
rings.[339] Synthesis of Borromean rings using the same or
related ligands and employing other transition metals (CuII,
CoII, MnII and CdII) as templates has also been achieved.[320]

Scheme 93. a) Schmittel’s 246-CuI[329] and b) Siegel’s 247-RuII[330] ring-
in-ring complexes, model routes for positioning two of the three
macrocycles of Borromean rings.

Scheme 94. Stoddart’s Borromean rings 248-ZnII.[332] The carbon atoms
of each macrocycle are shown in different colors—grey, light blue and
orange. The anions occupying the sixth coordination site in the solid
state structure have been omitted for clarity. The ZnII centers are all
crystallographically equivalent with distorted octahedral geometries
(cis-N-ZnII-N bond angles 72.5(2)–109.5(3)8). Extensive p-stacking
occurs between the phenyl rings and bipyridine groups (distances of
3.51 and 3.72 �).
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6. Conclusions and Outlook

The kinetic and thermodynamic metal template effects
introduced for preparing macrocycles in the 1960s have
proved key to the development of increasingly effective
synthetic routes to ever more complex molecular topologies
(Section 1). The tetrahedral CuI-template system introduced
by Sauvage in the 1980s has been joined in recent years by
template systems based on every common metal coordination
geometry (octahedral, trigonal bipyramidal, square planar
and linear; Section 2), with tactics based on maximal site
occupancy, the shape of ligands, stereoelectronic effects, and
non-covalent interactions between the components helping to
create turn angles and favor ring closure or threading. The
kinetic stability of some metal–ligand bonds enable metal-
organized ligand systems (e.g. square planar template PdII

complexes) to be isolated, purified, and used as stable
building blocks in their own right, while the lability of other
metal–ligand coordination bonds allows for the dynamic
assembly of structures around multiple metal ions under
thermodynamic control. The development of highly effective
methods for the covalent capture of supramolecular inter-
mediates (especially RCM and CuAAC) has dramatically
improved the yields of many types of mechanical interlocking
strategies (Section 1.2.2). Metal ions have been extensively
used themselves to “coordinatively capture” threaded or
entwined organic building blocks, becoming an intrinsic part
of the interlocked structure itself (Section 4). Systems have
been developed where template sites can be used repetitively
to direct the assembly of multiple ligands, meaning that the
number of interlocked components in an assembly is no
longer limited to the number of template sites available. In
addition to using the coordinating properties (geometries and
binding) of metal ions, the catalytic properties of metals are
have been used to actively promote covalent bond reactions
in the precise region of space required to form mechanically
interlocked structures (Section 3).

Moving beyond catenanes and rotaxanes, metal template
routes have allowed synthetic chemists to access the simplest
classes of knots and higher links (Section 5). Whilst only the
most basic types of such architectures have been prepared to
date, synthetic strategies and techniques are rapidly develop-
ing that will enable far more elaborate structures to be tackled
rationally. The challenge that such structures represent—for
example, as yet unachieved molecular architectures such as a
pentafoil knot, Star of David (a triply interlocked [2]cate-
nane), Whitehead link or a 12-crossing Brunnian link—can be
comparable in complexity to the most demanding natural
products.

One reason for tackling such problems is that they extend
the limit of what it is possible to achieve in synthesis, serving
to continually improve the quality of the tools (in terms of
both chemistry and strategy) available for molecular con-
struction. However, as biology exemplifies, the organization
of matter with topological complexity at the molecular level
also offers tremendous potential for achieving novel material
properties, for controlling the dynamics of components in
molecular machine systems and, in general, for the develop-
ment of functional molecular/supramolecular/macromolecu-

lar systems. Metal-directed synthesis provides powerful,
diverse and increasingly sophisticated ways of accessing
such structures.

7. Addendum (August 2011)

Since this Review was accepted for publication the field
has continued to progress rapidly, with many new and exciting
developments. Focused reviews covering topics such as the
linking of heterometallic rings (Winpenny),[340] biisoquinoline
shuttles (Sauvage)[341] and novel and efficient templates for
the assembly of rotaxanes and catenanes (Tian)[342] have all
appeared.

The Sauvage group have further developed their “molec-
ular press” [4]rotaxane 51-CuI (Figure 8), reporting the
binding of tetrathiafulvalene between the porphyrin
“plates”.[343] Using the dpp-containing macrocycle 19
(Scheme 5) and an axle with both bi- and tridentate domains
allowed the preparation of a linear [5]rotaxane by a modular
assembly strategy.[156] The related [2]-, [3]- and [4]rotaxanes
formed from the same axle but with differing numbers of
threaded macrocycles were also reported, which have the
potential to act as multiple-ring shuttles.[344] The Beer group
has used a pyridyl N-oxide motif to coordinate alkali metals
(M = BaII or NaI) to template the formation of [2]rotax-
anes.[345] A safer method of demetalation of the classic
Sauvage CuI(dpp)2 motif—using NH4OH rather than highly
toxic KCN—was reported by Schuster,[346] which could prove
a very useful and general procedure. The Schuster group has
also reported on the photoexcited state properties of pre-
viously reported porphyrin- and fullerene-containing rotax-
anes (see Scheme 20 for related structures).[347]

The active metal template strategy has been further
refined and its uses elaborated. The use of smaller macrocycle
sizes has delivered up to quantitative yields using the CuAAC
reaction (with a stoichiometric amount of half-threads), and
allowed the use of smaller, commercially available stoppering
units, establishing this as amongst the highest yielding and
readily accessible routes to stable interlocked structures.[348]

Using the NiII-catalyzed alkyl–alkyl homocoupling active-
metal template protocol (Scheme 49), multiple axles have
been threaded through a single large macrocycle cavity to
form [3]rotaxanes in up to 51 % yield.[349] These were found to
be stable to dethreading despite the large macrocycle ring size
(unlike previous examples, see Scheme 31). In principle, this
approach may allow a rotaxane to be assembled with as many
axles in the cavity as the size of the ring and the stoppers will
allow. The Anderson group has used an active-metal template
directed copper-mediated Glaser coupling[102] to form
[2]rotaxanes consisting of butadiyne-linked porphyrin
dimers threaded through a phen-based macrocycle (in yields
of up to 61%).[350] The process was used to prepare a
spectacular [4]catenane cyclic porphyrin hexamer in 62%
yield, using palladium-catalyzed alkyne homocoupling; a
minor by-product shown to be a [7]catenane was also isolated
in 6% yield. Active template synthesis has recently been
extended as a strategy to include the synthesis of molecular
trefoil knots.[351]
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A number of new rotaxanes that use metal coordination
as stoppering groups or as axle components have been
reported. Crown-ether containing pseudorotaxanes with
pendant pyridyl groups were capped with RuII porphyrins or
PdII pybox (pybox = 2,6-bis(4-phenyl-2-oxazolinyl)pyridine)
complexes.[352] The Stoddart and Sauvage groups have
reported a new RuII(bpy)3-stoppered rotaxane where the
RuII center acts as a photosensitizer (in the presence of the
sacrificial electron donor) to reduce the viologen units to their
radical cations and induce switching.[353] A cucurbituril–
viologen rotaxane was also stoppered with RuII(bpy)3

groups in 21 % yield by Sun,[354] and its photoinduced
electron-transfer properties studied. Ferrocene groups were
used by Osakada to stopper rotaxanes in which the rings with
pendant PdII centers were shown to catalyze the ring-closure
Mizoroki–Heck reaction more effectively than palladium(II)
acetate alone.[355] A rotaxane containing an axle with ferro-
cene in the center was reported by Beer, which proved
capable of electrochemically sensing chloride and sulfate
anions.[356] A related system with a ferrocene appended to the
macrocycle has also been described.[357] “Branched” [3]rotax-
ane molecular shuttles with PdII or PtII ions in the center that
could be operated by photoisomerization of an azobenzene
unit,[358] and rotaxane-like structures with axially coordinated
FeIII(cyclam) complexes (topologically related to the MgII

containing species shown in Figure 13) have also recently
been reported.[359] A CuI(dpp)2 core with pendant pyridyl
groups was coordinated to the ZnII centers of a porphyrin
dimer to form a 43-membered ring metal–organic catenane in
quantitative yield.[360] The assembly has a high association
constant due to the high degree of preorganization and
matched spatial orientation of the components. Building on
their previous strategy (180-ZnII, Scheme 67) the Hardie
group has incorporated AgI ions into new triply interlocked
cages;[361] minor modifications of the ligands allowed control
over the formation of either interlocked or non-interlocked
assemblies.

New metal–organic rotaxane frameworks (MORFs) have
been developed by Sessler and co-workers (see Figure 15 for
related concepts introduced by Loeb) from a macrocyclic
tetraimidazolium “molecular box”, a naphthalene dicarbox-
ylate bridging ligand and ZnII cations.[362] Loeb has prepared
new [2]rotaxanes with aromatic nitrogen donors appended to
the crown-ether macrocycle which act as ligands to coordinate
CdII ions to form extended polyrotaxane systems.[363] Exam-
ples in the more traditional sense of polycatenated networks
include those by Yang, Ma and co-workers which incorporate
rotaxane-like elements[364] and a remarkable 54-fold inter-
penetrated coordination network[365] that demonstrates the
complexity which can be achieved using metal-directed
assembly.

A topologically interesting triskelion knotted cyclophane
has been prepared by Siegel[366] based on a diphenylbipyr-
idine-containing ligand and CuI ions, following a previously
synthetic strategy to open analogues;[367] the removal of the
central template would lead to a trefoil knot. The first
molecular example of a new class of interwoven molecules—
“ravels”[368]—has been reported by Lindoy.[369] Unlike the
other structures in this Review, ravels are not links or knots

but have nodes that join multiple connectors making them a
type of “branched knot”. The beautiful 20-component
“universal 3-ravel” was assembled with FeIII ions and bis-b-
diketone ligands to generate the [Fe8L12] structure in 97%
yield (on crystallization over a 3 month period).

The CuI(dpp)2 template has also found new applications.
Functionalized with terminal thiol groups, the CuI(dpp)2

template has been used to form catenated species by
coordination to silver or gold nanoparticles.[370] The inter-
locked nanoparticles were shown to exhibit intense Raman
spectra, which may have future sensing applications.[370] When
functionalized with suitable groups, a CuI(dpp)2 template
motif acts as an initiator for atom-transfer radical polymer-
ization (ATRP) reaction which can generate interlocking
polymer rings.[371] This may also prove an effective route to
higher order knotted polymeric structures with useful phys-
ico-mechanical properties.

The CuAAC “click” reaction continues to increase in
popularity as a method for covalent capture,[88] with many of
the above recent examples exploiting this versatile reac-
tion.[344, 345,348, 353, 372]

Finally, inspired by Sauvage�s strategy for generating
complex molecular topologies by linking the end groups of
entwined metal complexes (Figure 5),[115] the seminal work of
Lehn in the development of circular helicates (Scheme 4),[59]

and by employing many of the strategies and tactics discussed
in this Review (Sections 1.1, 1.2 and 1.3), the first synthetic
pentafoil knot has been prepared through metal- and anion-
directed self-assembly in combination with reversible imine
bond formation.[373] More than six billion prime knots are
known to mathematics.[301d, 374] The number[303] that have
succumbed to small molecule chemical synthesis now stands
at three.
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