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Preface

When we invited authors to contribute to the first Topics in Current Chemistry
volume on “Templates in Chemistry”, the resonance was overwhelming and
encouraged us to edit a second volume which together with the first one pro-
vides an even broader overview of and a deeper insight into the template top-
ic adding new aspects and new views.

The present volume begins with a chapter by Daryle H. Busch, the pioneer
in the field, who puts molecular templates into the context of their 40 years’
history. In view of the many different new aspects appearing in the current
chemistry literature, we sometimes tend to lose sight of the long and successful
history of templates. Therefore, this chapter may well serve as a reminder of
the wealth of chemistry that developed from the template strategy even several
decades ago.

The other contributions to the present volume are organized roughly in
order of the decreasing bond strengths involved and the increasing complexi-
ty of the systems under study. Zachary Laughrey and Bruce Gibb review tem-
plated macrocycle formation starting with covalent templates and proceeding
to other, weaker interactions involving coordinative and hydrogen bonds. The
third chapter by Achim Kaiser and Peter Bäuerle is devoted to macrocycle for-
mation through coordination to Pt(II). Then, Fraser Stoddart and his col-
leagues describe the templated synthesis of interlocked molecules, followed by
an overview on molecular knots by Jean-Pierre Sauvage and his coworkers.
The two latter chapters thus continue a theme which was already touched on
in the first volume on templates in this series of monographs.David Reinhoudt
et al. show how templation can assist the hierarchical self-assembly of complex
hydrogen-bonded rosette-type aggregates. Finally, imprinted polymers which
form around a template and – after its removal – can recognize guest mole-
cules or even accelerate reactions, form the topic of the last chapter by Börje
Sellergren and his colleagues. These two final chapters thus deal with increas-
ingly complex and structurally rich systems which were not possible without
the use of templates. This nicely illustrates how templates help to tame com-
plexity by a suitable design of smaller and simpler building blocks.

We believe that this volume not only provides excellent and comprehensive
overviews for expert readers, but also certainly shows that there are many new
aspects of templates still to be discovered for readers not so familiar with the
chemistry presented here.

Bonn, March 2005 Christoph A. Schalley, Fritz Vögtle, Karl Heinz Dötz
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1
Introduction

Despite a 40 year history, molecular templates continue to open new frontiers
in chemistry. They greatly facilitated the availability, study, and exploitation of
macrocyclic molecules and the many chemical developments associated with
macrocyclic ligands and receptor chemistry. The use of molecular templates to
optimize catanane and rotaxane formation (in their many small molecule,
dendritic, and polymeric manifestations) and the yielding by templates of both
simple and composite molecular knots has opened the universe constituted by
the orderly entanglement of molecules of various topologies. Chemists stand
at the border of that new land of great promise and toy with the simplest of
examples while coveting the ultimate, for example, template-generated mole-
cular scale computer elements or new kinds of materials such as 3-dimensional
substances woven at the molecular level.As is typical of true frontiers of knowl-
edge, each unique advance opens the way for myriads of other advances. One
example of a new interlocked form of matter constitutes the creation of a new
molecular species of unknown and, perhaps, unexpected properties. We now
recognize the parallel nature of synthetic chemical templates (which we have
called molecular templates) and DNA, the marvelous template of nature that
implements genetic information and directs the construction of whole organ-
isms, molecule by molecule. Remarkably, it has been shown that DNA can pro-
duce a most extensive and astounding list of topological motifs in its multitude
of molecular entanglements [1]. Here we deal with the orderly molecular 
entanglements and interlocked structures that chemists have managed to make
from small molecules.

Chemists and physicists have long been the pico- and nanoscientists, but
popular literature and public fascination with extremes of all kind have made
words like nanoscience and nanotechnology common language. The molecu-
lar scientists and the public equally expect new marvels from these realms, at
least in molecular electronics and molecular machines. Chemical templates will
provide guiding principles for many advances as these ambitions are realized.
A clear point of application for molecular templates is the building of nanos-
tructures in the direction proceeding from the smallest of atomic and molec-
ular components to the nanoscale final product. The new fields of dynamic 
organic chemistry [2] and dynamic combinatorial chemistry [3] exemplify 
exciting chemical frontiers that have a less than universally recognized, but 
undeniable, relationship to molecular templates. In fact, the equilibrium mol-
ecular template described at a later point in this discussion is a very early 
recognized example making use of dynamic organic chemistry.

Along with the concept of complementarity, the principles of molecular tem-
plates provide the foundations for understanding the vast array of scenarios in
which interactions occur between individual atomic or molecular entities,
regardless of the complexity of the examples involved. In a templated process,
molecular entities, or their components, actively organize complementary 
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entities, resulting in selected results that would be highly improbable in the 
absence of the templating interaction. A second feature of template processes
is the common, but not essential, use of molecular/atomic entities as anchors
that facilitate the selected result but which, post reaction, can be removed,
leaving the highly improbable structure as a stable entity.

A simple example, the formation of a rotaxane, dramatizes the essential 
relationships (Fig. 1).A rotaxane is a molecularly interlocked molecule in which
a relatively linear molecule occupies a threaded position through a cyclic mol-
ecule; bulky groups at both ends of the linear molecule prevent it from slipping
out of the ring. Over 40 years ago, Frisch and Wasserman wrote about mol-
ecular topology and the formation of such simple interlocked structures as 
interlocked rings (catenanes) and knots in molecules [4]. As part of their in-
vestigations, they considered the probability that linear molecules might
thread through appropriately sized cyclic molecules, as required for rotaxane
or catenane formation (by certain mechanisms), and concluded that it would
be a tiny fraction. Harrison and Harrison [5] performed elaborate experiments
in which threadings were repeated some 70 times with a result indicating that
the likelihood of threading linear molecules through molecular rings is some-
thing like 10–3. Experimenters confront numbers of this magnitude with varied
reactions ranging from “this is so improbable it doesn’t deserve attention” to “it
happens; maybe we can make it happen more often – maybe much more often”.
In fact, if the random result is unfavorable then it is appropriate to find ways
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Fig. 1 Example of a rotaxane [140]. Reprinted with permission from Wiley-VCH. Copyright
1997



to exert control in order to create a favorable result, and that is what molecu-
lar templates do.

Many researchers have demonstrated the impact of templates on the yields
of such threading reactions with strongly contrasting results. At the limit, one
can anticipate quantitative formation of the pseudo-rotaxane, made possible by
a template interaction between complementary linear and cyclic molecules.
A pseudo-rotaxane involves the threading of the axle into the ring but without
the blocking groups at the ends of the linear molecule. Removable anchors,
employed to hold the parts together while rotaxanes are formed, have most
commonly been protons, cationic metal ions (such as Cu+, Ru2+, Zn2+, or Fe2+),
or p-p stacking. It must be emphasized that many of the ultimate applications
of designed orderly molecular entanglements, be they interlocked or the prod-
uct of an open topology, require enormous numbers of identical repetitive
events, e.g., the weaving of linear molecules, or the construction of a computer
chip based on millions of molecular sites.Achieving these goals will require an
essentially complete reaction at each step. Otherwise the cumulative error, or
incompleteness, may produce a useless product.

Before becoming immersed in the total content of this subject let us enjoy
the beauty, excitement, and immensity of what is probably the most elegant
success, to date, of the synthetic molecular template.

1.1
The Borromean Link

Adopting, for the moment, one of many histories of this famous image – an 
ancient Italian family logo has attracted the attention of chemists interested in
stereochemistry since the beginning of discussions on subjects that may be
called chemical topology. The motif is usefully perceived as three oval rings,
each in its own plane, which is orthogonal to the planes of the other two rings,
and all three rings have a common center of gravity (Fig. 2). The rings are 
collectively inseparable, but once one ring is broken, the other two are liber-
ated – an intriguing topological parody of a demanding social scenario. A
nicely planned strategy by Siegel et al. provided the template synthesis of a
motif that correctly positioned two of the three rings, linked by two templat-
ing ions [6]. Molecular turns of the octahedral Sauvage type (based on a Cu+

anchor, vide infra) were used for one of the rings, while the other ring used a
modification that focused the reactive centers away from its copper(I) anchor.
The success of that work boded well for synthesis by these seekers of the first
Borromean motif. However, history interceded. To quote Dr. Siegel from his 
review on chemical topology in Science [7] “Chichak et al. report on page 1308
that they combined the equilibrium-based methods of imine formation with
the templation power of zinc ions to effect an elegant one-step total synthesis
of a Borromean link from 18 precursors. Their strategy uses a set of endo- and
exo-oriented ligands designed to form an oriented trigonal bipyramidal unit
around zinc ions, six of which assemble into the Borromean link.” The X-ray
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Fig. 2 Three representations of the Borromean link (Venn rings, orthogonal rings and 
template). Excerpted with permission from [8]. Copyright 2004 AAAS

structure determination confirmed the achievement of Stoddart and his col-
leagues [8].

The achievement was remarkable in a number of ways. It involved what is
probably the most complicated template in the chemical literature, based on six
zinc(II) ions and both convergent (or endo-directed) and divergent (or exo-di-
rected) molecular turns (Fig. 2). In contrast to the overall complexity of the tem-
plating system, the reactants were relatively simple. The divergent component
was a dipyridyl while the convergent component was an a,a¢-diiminopyridyl
unit formed by a thermodynamic, or equilibrium, templating process. Top of
the outstanding characteristics of the template is the fact that it involves both
kinetic and thermodynamic template components, a combination that should



become common. Both of these distinctive template types were used in their
fully modern contexts. The combination is extremely powerful; the compo-
nents of the kinetic template hold the subjugated components in place while the
thermodynamic components find their final disposition at equilibrium. In the
classic equilibrium template [9] the reactants form their normal distribution of
products and the anchoring/selecting factor (often a metal ion) selects the prod-
uct that binds best, combines with it and shifts the equilibrium accordingly.Only
the authors know the extent to which alternative components were selected and
rejected in failure, but their final choices contain still another special feature.

The choice of zinc as the template anchor provided a second opportunity for
flexibility in the reacting system because zinc, being a spherical ion, is adaptable
when it comes to coordination numbers and coordination geometries. So, this
template system allowed the chemistry to determine critical features both in
the Schiff base reaction steps and in the basic stereochemistry of the metal ion
anchor. Further, the yield in this scientific triumph was 90%. The success over
the enormous challenge of synthesizing the molecular embodiment of the 
Borromean link suggests that the science of using the molecular template has
reached a level of maturity from which scientists may be expected to produce
new molecular entanglements and interlocked structures of profound signifi-
cance, despite the equally profound challenges they represent.

2
Elements that Compose Templates

The history of templates is most readily appreciated with an understanding 
of the most basic underlying relationships. These elements make molecular
templates very special and, from the standpoint of controlling matter, extremely
powerful.After having worked with templates, off and on, for close to 40 years,
the author offered a definition for a molecular template [10] “a chemical tem-
plate organizes an assembly of atoms, with respect to one or more geometric
loci, in order to achieve a particular linking of atoms.” That simple statement
does capture the essence of a molecular template, but it fails to consider the
complexity of a templating process. Missing are several levels of complexity,
including:

1. The general kind of template, whether it is a kinetic or equilibrium template
2. The essential elements that must be present in a template and how they 

depend on the specific purpose of the template
3. The centricity of the template, i.e., whether it involves a single center or two

or more such centers, and whether those centers are independent or coop-
erative

4. Complementarity

From the time when they were first reported and given their universally ac-
cepted name, it has been clear that there are two kinds of molecular templates:
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Kinetic templates. The template affects the sequence of events that determine the
structural changes during the course of the reacting process [9b, 11].

Equilibrium (or thermodynamic) templates. The reaction between organic com-
ponents produces a variety of products but one, or more, of those products
is/are sequestered in the course of the template process, shifting the equilib-
rium in favor of that product(s) [9a, 12].

The kinetic and equilibrium template processes are illustrated in Figs. 3 and 4.
The most common molecular templates control processes that create topolog-
ical or other related effects: ring closure, cage formation, catenane (interlocking
rings) formation, tying of molecular knots, creating the Borromean link. Con-
sequences dependent on size relationships are also significant in the case of real
molecules, as in rotaxane formation and entrapping of ions or molecules in 
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Fig. 3 Equilibrium molecular template.At equilibrium the organic reactants form multiple
products.A metal ion binds to a single product and sequesters that product. The equilibrium
shifts to generate more of that product
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Fig. 4 Kinetic molecular template. A 2-site template adds one edge to tetradentate macro-
cycle

cage structures, but these constraints are not topological in nature. To facilitate
separation of the product selected by the templating process, the Sanders group
has made good use of immobilized axle molecules that select complementary
rings from a variety of reversibly formed products [13]. Fig. 5 illustrates the 
simple elements of templates and a few of the associated motifs. The black dots
represent anchors, about which the template organizes the assembly of atoms.
The anchors can be any atom, ion, or group of atoms that reversibly links to the
entities that are to be joined together in the templating process, but most often
they are metal ions, protons (often multiple), the stacking of aromatic rings
having complementary acid-base properties, anions, or some combination of
these interactive entities. In certain cases the anchor may be virtual, as in the
case of attractive forces between chemical groups that are to be united in the
templating process, e.g., the Stoddart template, vide infra. The curved lines near
the black dots are “molecular turns” and examples of molecular structures that
have served as molecular turns are given in Fig. 6. In the left side of Fig. 5a, two
turns are organized orthogonally about a single anchor. Proceeding from this
point, the addition of one link that joins the ends of a single turn would create
a ring with an axle molecule penetrating through it. This is a pseudo-rotaxane.
It is pseudo because the axle could, probably would, slip away if the anchor were
removed, and an essential element of most template processes is that the an-
chor is removed after the links are added. If blocking groups are added to the
ends of the axle molecule in the pseudo-rotaxane before the anchor is removed,
then the product is a true [2]rotaxane and its permanence is assured if the
blocking groups are too big to slip through the ring that has been formed about
the axle and the anchor. The [2] means that two separate molecules are trapped
in this molecularly interlocked structure. Fig. 5b represents the reaction of a
fused pair of molecular turns with a complementary fused linker, producing a
cage.
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Fig. 5 Elements of a molecular template. a Cross-over composed of two convergent molec-
ular turns (curved lines) and a metal ion (black circle).Adding one link produces a rotaxane;
adding two links completes a catenane. b Two fused turns bound to a metal ion anchor that
combines with a fused link to form a cage. c Two pairs of correlated turns wrapped about two
anchors that add two links create a trefoil knot. d Composite knot formed by two linked pairs
of 2-center templates, making a total of four anchors, eight turns, and 4 cross-overs in the
composite template [164]. Reproduced with permission from Elsevier

Fig. 6 Convergent and divergent molecular turns for use in metal ion anchored templates.
a Convergent turn of the Sauvage type. b Similar divergent [165]
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a b

Fig. 7 Cross-overs used in a the Sauvage template and b the Stoddart template. Dietrich and
Sauvage used a Cu+as the anchor in their template. p-p stacking replaces the atom or mol-
ecule in the Stoddart template [166]

Figure 5c shows two anchors combined with two pairs of linked turns and
the linked turns are not independent of each other. They are constrained to be
the inverses of each other (one up and one down). If linkages are made as in-
dicated in the figure, a molecular knot has been tied. If instead, links had been
made between the ends closest to each other on the right and left sides of
the picture, respectively, then the product would have been a single large ring.
Figure 5d shows a 4-anchor template in which two pairs of constrained curves
are independently linked into a single large loop. The completed product of
the template is shown and it represents a square knot – a composite knot [14].
Figure 5e simply shows the chain of five interlocked rings dubbed olympia-
dane.

Figure 6 illustrates two very different kinds of turns, the convergent mole-
cular turn on the right and the divergent molecular turn on the left. The con-
vergent turn was used in all of the examples described above except the 
rotaxane, in which either turn could be used for the curve that is not linked,
i.e., the axle molecule. The divergent, or exo-directed, turn was an essential el-
ement in the closing of the Borromean link and in the related publication cited
above. Two very important cross-overs are illustrated in Fig. 7, that of the
ground-breaking Cu+ anchored template of Dietrich-Buchecker and Sauvage
[15] and the extremely productive p-p template of Stoddart [16].As shown, the
p-p template has, in effect, a virtual anchor. The attraction between the 
electron-poor paraquat dication and the electron-rich dioxyphenylene group
dominates the interactions between the molecules being subjected to a tem-
plate-directed reaction.



3
Kinds of Templates

When viewing all kinds of molecular architectures, templates are most often
classified in terms of the anchors that dominate the key attractions facilitating
their functions. The expertise of the researchers is sometimes reflected in the
nature of the template anchor. On that basis the list of kinds of templates in-
cludes metal ion anchor, molecule anchor, hydrogen bond anchor, p-p anchor,
and hydrophobic anchor. Each of these is briefly illustrated below. In the his-
torical sections that follow, the efficacies of the templates are more clearly dis-
played.

3.1
Metal Ion Anchored Templates

Fig. 7a shows the essential elements of a very simple metal ion anchored tem-
plate. The pair of turns cross the tetrahedral copper(I) ion, anchor orthogo-
nally, and provide direct routes to pseudo-rotaxanes and catenanes, depending
on whether one or two links are added to close macrocycles about the Cu+ ion.
The relationship between the molecular turns and the metal ion anchor is very
important. The tetrahedral ion creates an orthogonal cross-over when the lig-
ating turns are didentate, i.e., each uses two of the four coordination sites on the
tetrahedral ion. As described below, this template dominated the pioneering
contributions to catenane, rotaxane, and knotane synthesis using metal ion 
anchored templates. However, closely parallel templating relationships can be
achieved using octahedral metal ions, such as iron(II) [17] or ruthenium(II)
[18], as anchors and properly derivatized tridentate ligands as molecular turns.
This is illustrated for ruthenium in Fig. 8. As indicated in the discussion of the
Borromean link above, zinc(II) ion has also been used and may have been 
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Fig. 8 Octahedral anchor for template synthesis of catenanes and rotaxanes [166]. Repro-
duced with permission from Elsevier



effective because of its ability to accommodate to the needed coordination num-
ber and coordination geometry (vide supra). Building on reports by Schröder
et al. [19] and Busch et al. [20], Leigh and associates have produced catenanes 
using a template based on a tridentate Schiff base ligand [21]. These studies
make octahedral anchors and tridentate turns easy synthetic targets.

The earliest template targets were not interlocked molecules but macrocyclic
and completely encapsulating ligands. These goals were achieved by use of
different versions of the metal ion anchored template. For macrocycles, planar
ions are very widely employed, as shown in Fig. 9a for the formation of the 
critical intermediate in Barefield’s synthesis of the key macrocycle called cyclam
(1,4,8,11-tetraazacyclotetradecane) [22]. In principle, the cage formation shown
in Fig. 9b uses a fused linker binding to a fused set of three turns, but in this
case, the linker is assembled in situ [23].

3.2
pp-pp Templates

The so-called p-p template has been enormously successful in the synthesis of
interlocked structures and devices based on their architectures. This contrast-
ing kind of template might well be viewed as building on a virtual anchor or 
anchors. The obvious and persistent interaction is between aromatic rings that
become permanent members of the structure. The p-p template is perhaps best
illustrated with an example that is typical of the general concept of anchor-
based templates, but is atypical of the most elegant work using these templates.
In this novel example, a phenanthrene molecule serves as the anchor. Through
p-p stacking the anchor attracts two electron-poor paraquat moieties to it,
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Fig. 9 Templates for macrocycle and cage ligand synthesis [166]. Reproduced with permis-
sion from Elsevier



creating a molecular turn which is closed into a ring by reaction with a suitable
linking agent (Fig. 10a) [24]. A more representative example of the template is
shown in Fig. 10b, where the electron-rich part of the axle molecule is attracted
to the electron-poor part of the macrocycle, leading to pseudo-rotaxane 
formation. Blocking of the free end of the axle molecule locks it in place com-
pleting the template synthesis of the rotaxane, assuring that the anchor cannot
be removed [25]. It has been shown that the p-p stacking in these templates is
reinforced by hydrogen bonding between a-hydrogens on the bipyridinium
groups and the oxygen atoms of the partnered structural unit.

3.3
Hydrogen Bond Anchored Templates

Two specific families of templates of this kind are most prominent in the liter-
ature on this most versatile and subtle of templates. The simpler of these makes
use of secondary ammonium cations as sources of the positively charged hy-
drogen atom donors and, most commonly, the oxygen atoms of crown ethers as
the electron pair donors in the hydrogen bond formation. Because of the nature
of the H-bonding atoms, the template is limited in complexity. Even in this case,
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Fig. 10 p-p template. a Atypical example that shows the relationships well. b Typical 
example of the template at work [166]. Reproduced with permission from Elsevier
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Fig. 11 Scheme that produced the first secondary ammonium ion/crown ether rotaxane
[26]. Reproduced by permission of The Royal Society of Chemistry

a

b

Fig. 12 HVL hydrogen-bonding template. a Hydrogen bonding pattern in first product of
the template. b Illustration of the versatility of the template [166]. Reproduced with per-
mission from Elsevier



the anchoring process may involve complicated multi-atom interactions, hence
the increased subtlety of these systems. The scheme that produced the first
crown ether/secondary ammonium ion rotaxane is shown in Fig. 11 [26].

An amide based template is equally important and applicable in rather 
different ways. Here we identify this template family as the HVL template in
recognition of three important contributors to its development and application,
Drs. Hunter, Vögtle, and Leigh. The HVL template capitalizes on the class of
interactions that controls much of the conformational chemistry of proteins
and DNA, hydrogen bonding arising from the amide function. Principle groups
are secondary amides appropriately placed, often as 1,3-diacyl derivatives of
benzene. In fact, the chemistry usually begins with a diamine and a diacyl chlo-
ride. An early example of the hydrogen bonding is shown in Fig. 12a [27], and
the versatility of the template is partially displayed in Fig. 12b [28]. Recognizing
the generality of the templating effectiveness of pairs of transoid amide hydro-
gen bonding sites, and the similarity of adjacent amino acid groups in peptide
chains, Leigh and associates used stoppered glycylglycine as a templating axle
molecule to prepare a [2]rotaxane via a clipping process (vide infra) [29].

3.4
Hydrophobically Enhanced Templates

The hydrophobic interiors of the cyclodextrins (cyclic oligomers of (a-1–4)
linked D-glucose, containing 6, 7, or 8 units) have been used in pioneering and
in very recent research to produce impressive results [30]. To act as templates,
the cyclodextrins (CDs) usually bind linear components of organic molecules
inside their hydrophobic cavities, and the attraction can be large. This selec-
tivity for hydrophobic moieties supports the attribution to hydrophobic effects.
In aqueous solution, putting the hydrophobic group into the cavity replaces the
interaction of the apolar organic moiety with the polar solvent by interactions
between the relatively low polarity organic guest and host. This is accompanied
by release of water from the cavity, with a parallel consequence. Because of the
presence of hydroxyl groups and ether oxygens at the peripheries of the cone-
shaped host, hydrogen bonding is also possible. The complexity of the inter-
actions is great [30a]. In the sense that one does not focus on specific atom–atom
interactions, the templating process is very general; many types of guest/host
complexes can be formed. Almost any molecule having a multi-methylene
chain or an aromatic ring is a potential guest, and a candidate for the anchor
site in a turn that may be used in a template. Early studies on interlocked mol-
ecules produced rotaxanes with cobalt(III) complexes as blocking groups
(Fig. 13) [31].

Cucurbituril [32] has emerged in recent years as a comparable host mole-
cule of similar yet different properties than those of cyclodextrins. Cucurbituril
is a macrocycle that self-assembles through condensation of glycouril with
formaldehyde. Its cavity resembles that of a-cyclodextrin in size, but the 
cucurbituril is symmetrical and often represented as a cylinder, whereas cy-
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clodextrins are represented as segments of cones. Like CDs, cucurbituril has a
large (diameter ~5.7 Å) hydrophobic cavity, and its entries are both lined with
polar groups capable of potent hydrogen bonding interactions. Early studies of
pseudo-rotaxane formation (i.e., threading axles into the ring) showed a high
selectivity in the case of a, w-diammonium cations having varying polymeth-
ylene chain lengths, +NH3(CH2)nNH3

+ . Formation constants increased from
2.5 M–1 at n=3 to 8,600 M–1 at n=6; the number then decreased to 1.5 M–1 at n=9
[33]. With the assumption that the ammonium ions hydrogen-bond to the 
peripheral carbonyls of the cucurbituril, the hexamethylene chain leads to good
complementarity between host and guest. The formation of interlocked mol-
ecules has made effective use of the anchoring properties of this fascinating
molecule. A simple rotaxane is shown in Fig. 14.
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Fig. 13 Early [2]rotaxanes based on cyclodextrins and using metal complexes as blockers
[166]. Reproduced with permission from Elsevier

Fig. 14 Examples of simple rotaxanes using cucurbituril as the ring and tetramine axles [32].
Reproduced by permission of The Royal Society of Chemistry



4
History

Each topological motif that has characterized the progress of template chem-
istry has its own distinctive history: macrocycles, cage compounds, catenanes,
rotaxanes, knots, and the Borromean link. In all cases it is likely that the pos-
sibilities were discussed sometime before the concept was replaced by experi-
mental reality. Further, in retrospect, others may have produced a template
product or products of a given motif without realizing its structure. In contrast
to the architectural motifs of chemistry, it is not clear that the concept of a mol-
ecular template was so broadly discussed, possibly because interest in the
methodology (directed versus statistical reaction pathway) has always been
secondary to the object itself (macrocycles, catenanes, knots, etc.).

4.1
The Template Route to Macrocyclic Ligands

4.1.1
The Quest and Discovery

There is perhaps a small place in history for recording the process that first 
established this or that concept of vast generality.Over time, templates have given
rise to an enormous array of elegant molecular architectures that would be very
difficult to produce in the absence of templating interactions. However, the con-
cept of a molecular template was first demonstrated and put to extensive use in
the quest for broad families of the simplest of such motifs, macrocyclic ligands 
for metal ions. In the early 1950s, the author became fascinated with the notion
that the collection of linear and branched di-, tri-, tetra-, and even higher poly-
amines (such as ethylenediamine, diethylenetriamine, triethylenetetramine),
which seemed to reflect the inventory of polyamine ligands, did not contain a
cyclic structure.Nature provides cyclic ligands (e.g.,porphyrins) and industry had
produced cyclic ligands as pigments (phthalocyanines) but the common amines,
thioethers, phosphines, and ethers did not include large polyfunctional rings.

In the simplest image, such a macrocyclic ligand structure would encircle a
metal ion within the same plane as the metal ion. Molecular models suggested
that such rings might contain 12–16 members and coordination chemistry pre-
ferred four or five, more or less evenly spaced, ligating atoms. At that point in
time, the early 1950s, these macrocycles were viewed as difficult to synthesize
because of their specific ring sizes and because polyfunctionality was involved.

Kekule’s hoop-snake vision of the structure of benzene plays a role here.
Every chemistry student has heard the story and it resides in our memories.
The snake would be better positioned to grab its tail if it were held in the shape
of a hoop by evenly spaced spokes that link it to a central point, more like a
wheel than a hoop. Therefore, if a ligand molecule having four ligating atoms
were able to react with itself, ring closure might be greatly favored by letting 
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the molecule wrap itself around a metal ion (Fig. 15a). Just considering square
planar coordination structures, it immediately follows that there is a large 
array of possible ways to develop this general idea. The reaction could be bi-
molecular with the tetradentate ligand serving as a difunctional molecule,
say a nucleophile, and adding the fourth edge to the “square” by reacting with
a difunctional electrophile (Fig. 15b). Indeed this was the model used in the
seminal example of a planned kinetic template synthesis (Fig. 16a) [9, 11, 34].
If such a ring closure could be accomplished by adding the fourth edge to a
macrocycle, then it should be equally possible to add two such edges to a bis(di-
dentate) complex involving a planar metal ion (Fig. 15c). Serendipity provided
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Fig. 15 First campaign in the realm of template synthesis: template pathways to planar
tetradentate macrocycles. a One-bond pathway closes a single side of the square. b Two-bond
pathway adds an edge to one side of the square. c Four-bond pathway adds two edges to the
square. d Three-bond pathway adds two edges and a donor atom to the square. e Cyclo-
oligomerization adds all donors and edges to the square



two examples of the same reaction early on in the history of template chemistry
(Fig. 16b) [35]. Given those cases, obviously it should be possible to start with
a tridentate ligand and simultaneously add the fourth ligating atom and close
the ring along two edges (Fig. 15d). Examples of this reaction also emerged
early in the history of molecular templates and macrocyclic ligand chemistry
(Fig. 16c) [36]. Finally, with well chosen self-reacting bifunctional molecules 
it should be possible to produce cyclo-oligomers (Fig. 15e), and these also 
appeared very early in template and macrocycle chemistry (Fig. 16d) [37]. Dur-
ing the years 1962–1964, these templating pathways were used to make new
families of macrocyclic ligands, mostly by the Busch group.

Of course this is only the beginning of the abundance of templating rela-
tionships, and one can follow similar expansions of capabilities beginning 
with other templates. A marvelous example is the analysis and exploitation of
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Fig. 16 Early examples of template formation of macrocyclic complexes: a Two-bond path-
way, b Four-bond pathway, c Three-bond pathway, and d cyclo-oligomerization



increasing numbers of linearly connected orthogonal-orienting templating
centers, a small part of which is shown in Fig. 17.

The story only starts here. Research leading to the first products developed
by way of molecular templates and the synthesis of broad areas of macrocyclic
ligands gained the support of the U.S. National Institutes of Health in 1959.
Early studies were dedicated to the design of kinetic templates. Since metal ions
served as the anchors for the templates, attention focused on the organic chem-
ical reactions that ligands can undergo while bound to metal ions. This added
to the impetus for growth of the field that has been labeled “ligand reactions”.
Early research dedicated to making the template concept work focused on reac-
tions in which the ligating atoms could serve as nucleophiles, such as coordinated
mercaptide ions, amides of the type NH2

–, RNH–, RR¢N–, and alkoxide ions [38].
By-products of these investigations ranged from new ligands containing nitro-
gen and/or sulfur donors and their mono-, di-, and trimeric transition metal
complexes [39], to improved understanding of the reactions in which electro-
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Fig. 17 Template patterns and molecular architecture resulting from one- to five-anchor
molecular templates [75]. Reproduced with permission from Elsevier



philic centers add to coordinated mercaptide and oxime functions [40]. These
studies led directly to the first recognized examples of both kinetic and equi-
librium template reactions (Fig. 16). Attention also focused on reactions that
might proceed by attack on the atom a to the ligating atom, including nucleo-
philes like the oxygen atom of a kappa-1, nitrogen-bound oxime function
(Fig. 16b) or the NH2 group of a coordinated hydrazone or hydrazide function.
Investigations also included aldehydes and ketones, whose carbonyl carbon
atoms would be expected to increase in electrophilic character upon coordina-
tion of the oxygen atom to a metal ion. The latter may be involved in numerous
templated Schiff base, and related, reactions, e.g., Figs. 16c and 16d.

As often is true in science, after the first few macrocyclic ligands were 
synthesized using the metal ion anchored template effect, the successful syn-
thesis of macrocyclic ligands became commonplace. What once appeared to 
be difficult became more or less easy. Early on, template methods were so well
recognized as the major source of macrocycles that it was appropriate to em-
phasize examples where no template was involved [41]. Notable special appli-
cations of templates continue in macrocycle chemistry. The use as a template of
the glyoxal-derived bis(aminal) moiety, as devised by Weisman [42], has been
described as a powerful route to C-functionalized tetraazamacrocycles [43]. It
is interesting that certain hydrogen bonding templates are so effective at cate-
nane formation that special measures are required to produce the simple macro-
cycles [44], including formation of the rotaxane as a step along the way [45].
Reviews and monographs provide ready insight into that pioneering work [46].

4.1.2
Concept Development and Missed Opportunities to Recognize Templates

Prior to the developments summarized here, it is apparent that chemists had
not sought to add the general molecular motif of macrocyclic ligands to the 
array of structures of the common polydentate ligands containing the usual 
nitrogen, oxygen, sulfur, and phosphorus donor atoms. On the other hand,
in retrospect, there can be no doubt that metal ions help in the synthesis of
unnatural porphyrins and phthalocyanines, perhaps by exerting template 
effects.Also, the first explorations of the oligomeric complexes of o-aminobenz-
aldehyde almost certainly produced mixtures of the complexes of trimeric and
tetrameric macrocycles derived from that monomer, but the ligands in those
complexes were not characterized as macrocycles in those early studies. Most
deserving of comment, Posner [47] had produced a macrocyclic complex of zinc
in 1898, but the structure was not known until proven by Melson and Busch in
1964 [37]. Similarly, it has been pointed out that Reppe’s cyclotetramerization 
of ethyne may have proceeded through a templating process, providing another
example of a template-directed macrocyclization reaction and this one may have
been observed in 1948 [48]; however, that is speculation. The discovery [49] that
acetone solutions of tris(ethylenediamine)nickel(II) form macrocycles derived
from two molecules of ethylenediamine and four molecules of acetone may 
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involve templated condensation, but it has been shown that the macrocyclic 
ligand forms in the absence of the metal ion. [41c]. Consequently, if there is a
template effect it probably is of the equilibrium type. Further, this outstanding
contribution to macrocyclic chemistry, like many important discoveries, was
serendipitous and reflected a gift for recognizing the fully unexpected, rather
than achieving the goal of a professional mission. The development by Peder-
sen of the crown ethers, the crown jewel of macrocyclic chemistry, was an out-
standing achievement of organic synthesis. Later, in demonstrating an improved
synthesis Greene deduced the involvement of a metal ion template in the pre-
ferred procedure [50].Additional examples of what might have been recognized
as templated macrocycles have been cited in other reviews [51].

4.2
The Template Route to Molecular Cage Ligands

4.2.1
The Quest and Discovery

Ligands shaped as cages were first suggested in 1963 [52] and elaborated on in
1965 [53]. Boston and Rose [54] published the first example 4 years later. This
outstanding research used a 3-dimensional template in which tris(dimethyl-
glyoximato)iron(II), and the corresponding cobalt(III) complex, reacted with
Et2O·BF3 to produce a cage in which two BF2+ units linked all three dimethyl-
glyoximate units that occupy each of two opposite faces of the coordination 
octahedron of the iron(II) or cobalt(III) complex (Fig. 18). The second example
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Fig. 18 First cage complex – dubbed a clathro-chelate.Reprinted with permission from [167].
Copyright 1973, American Chemical Society
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Fig. 19 Polyamine octahedral cages of Sargeson et al. [51] p 5. Reproduced with permission
from Elsevier



appeared a few years later when a hexadentate tripodal ligand, tris(aldoximo-
6-pyridyl)phosphine was closed around the metal ion with the same structural
moiety (BF2+) [55]. In these cases, the templating reaction occurs at the oxygen
atoms a to the donor atoms of the ligands that are held in place by the metal
ion. More recently many variations of these structures have been achieved 
using different aromatic and aliphatic dioximes and, for closing groups, boric
acid, other boron halides, organoboron compounds, tin(IV) halides, and silicon
derivatives [56]. The chemistry of this templating motif was extended to satu-
rated polyamine ligands by Sargeson and his collaborators, who prepared
aliphatic polyamine cages that have been labeled sepulchrates. The reaction of
tris(ethylenediamine)cobalt(III) with formaldehyde and ammonia produces
the cage complex shown in Fig. 19 in 74% yield in a single step [57]. Since these
template reactions work best for substitution-inert metal ions, cobalt(III),
chromium(III), rhodium(III), and platinum(IV) have been used [58]. The re-
arrangement to form cages of certain of the bridged, planar tetradentate 
ligands known as cyclidenes is testimony to the stabilities of cage complexes
(Fig. 20) [59]. Recent development of extended tris-bipyridyl molecular cages
provides a new and versatile family of metal ion cages [60]. In their develop-
ment of models for the siderophores of nature, Raymond and associates pre-
pared outstanding cage ligands, using an unusual kind of template (Fig. 21)
[61]. The new cage ligands were designed specifically for binding iron(III), and
the presence of the iron(III) ion as a templating anchor increases the yield of
cage from 3.5% to 40%. As Fig. 21 shows, this is an unusual template. The re-
active sites are quite remote from the anchoring metal ion. However, the metal
ion locks the precursor complex into a structure that orients the remote reac-
tive sites suitably for formation of the desired product. The square planar cy-
clidene complexes also template their reactive sites in remote locations suitable
for ring closure because of the conformation locked in by complexing to a
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Fig. 20 Cage by rearrangement of a bridged macrocycle. [51] p 1. Reproduced with per-
mission from Elsevier
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Fig. 21 Ligand cage designed after nature’s siderophores. [51] p 8, Scheme 1. Reprinted with
permission. Copyright 1991, American Chemical Society

Fig. 22 Cyclidene ligands template formed molecules with a cavity for binding of a substrate,
i.e., O2 or an organic molecule, depending on the size of the cavity



metal ion, in this case nickel(II) [62]. The added group acts as a roof over a cav-
ity within which special groups may be brought into close contact with the
metal ion. Examples are the binding of the O2 molecule (in the case of small
cavities) or serving as a hydrophobic receptor for erstwhile substrates (in the
case of large cavities) (Fig. 22).

4.2.2
Concept Development and Missed Opportunities

It is very likely that Feigl produced the first cage ligands and their metal com-
plexes in developing an indirect colorimetric method for the detection of tin
[63]. The addition of stannous chloride to a solution containing iron(III) and
dimethylglyoxime produces a dark red color. It is highly likely that the tin(IV)
produced by the redox reaction bridges triplets of oxime oxygens forming a
cage complex similar to that in Fig. 18.

4.3
The Template Route to Catenanes

4.3.1
The Quest and Discovery

In 1960,Wasserman [64] achieved the first proof of the existence of a catenane
molecule, but was not able to obtain the pure interlocked compound. Diethyl
tetratriacontanedioate, EtO2C(CH2) 32CO2Et, was converted to the cyclic acyloin
in a solvent composed of 1:1 xylene: C34H63D5, where the latter is the corre-
sponding deuterium-labeled, 34-membered cyclic hydrocarbon. The reaction
yielded a mixture of the free acyloin and its catenane with the labeled hydro-
carbon ring, C34H63D5. Subsequent separations and oxidation of the acyloin
back to the corresponding acid demonstrated the presence of the catenane, orig-
inally reported to be present as about 1% of the acyloin (Fig. 23). Subsequently
the yield was revised to .01% [65]. In 1963, Frisch and Wasserman [4] published
the first theoretical treatment of chemical topology, mainly considering cate-
nanes and simple knots. These early studies demonstrated the limitations of
statistical approaches to catenane synthesis. In conclusion, the threading process
essential to both catenane and rotaxane synthesis occurs in only a small frac-
tion of the molecules of a mixture of a cyclic molecule and an axle molecule.
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Fig. 23 First catenane to be reported in the chemical literature



The first synthesis of pure catenanes was reported several years later by 
Lüttringhaus and Schill who clearly demonstrated the need for intervention by
some structure-determining method in order to produce catenanes in signif-
icant yields [66]. Lüttringhaus and Schill introduced a profoundly complex
directed route to catenanes, using organic chemical reactions to build a pre-
cursor molecule in which the rings to be interlocked are held in place by 
covalent bonds during the building of the precursor. Subsequently, the links 
between the rings were removed, producing the catenane (Fig. 24). The critical
stereochemical feature in the synthetic scheme is the orthogonality between the
plane of the benzene ring (and much of the first large ring) and the plane of the
two functional groups anchoring the second large ring. This design exploits the
tetrahedral stereochemistry in much the same way that Sauvage et al. did in
template syntheses of catenanes and knots (vide infra). In the 16-step synthe-
sis, the overall yield of catenane is low, but the yield in the second ring closure
step is substantial (~30%). Indeed it is this step that is the point of failure in less
constrained, directed approaches to catenane formation [67]. The challenges of
the elegant work of Lüttringhaus and Schill dramatize the value of template
syntheses. The ultimate template route is capable of producing quantitative
yields in a small number of steps, usually one or two.

Later, the success with statistical threading in the synthesis of rotaxanes led
to their application in the synthesis of catenanes by Agam et al. [68]. The Agam
et al. synthesis (Fig. 25) represents a landmark in the progress toward ready
catenane synthesis. Beginning with a statistical yield of rotaxane of 18.5%, the
catenane was produced from that point in 14% yield.
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Fig. 24 “Directed” organic synthesis of the first pure catenane



The development of broad areas of chemistry based on interlocked structures
and other template-based molecular motifs has occurred whenever particularly
successful new templates have been created. The history of catenanes illustrates
this fact very clearly. Having the knowledge of molecular templates and their
successful use by others in the synthesis of macrocycles and cages, Sauvage and
Dietrich-Buchecker invented a new template for the closure of pairs of inter-
locking rings, catenanes. The achievement of a successful template synthesis of
a catenane constitutes a major accomplishment in the progress of the fields of
interlocked molecular structures and template chemistry. That classic work
opened the way to many new architectures, and led to ever more complicated
structures and potential applications. In that first template system, which was
adequate to generate complicated molecular motifs in good yield, the tetrahe-
dral copper(I) ion serves as the anchor. When combined with their prototypi-
cal molecular turn, 2,9-bis(p-hydroxyphenyl)-1,10-phenanthroline, the template
orients the two turns orthogonally, providing a 90° cross-over between them
(Fig. 26). Knot theory calls these elements “crossings” [14], but since this is not
a discussion of knot theory the similar term “cross-over” is used. When com-
bined with a proper linker (the diiodo derivative of pentaethylene glycol), the
desired catenate is formed [69]. In a second approach [70], one macrocycle is
prepared in advance and bound to the copper(I) ion. A molecular turn then
threads through the coordinated macrocycle, binds to copper and, in a subse-
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Fig. 25 Successful catenane synthesis based on good yields in synthesis of rotaxane pre-
cursor [68b]. Reprinted with permission. Copyright 1976, American Chemical Society



quent step, combines with a linker, completing the catenate formation. In both
approaches, removal of the copper(I) with cyanide leads to isolation of the pure
organic catenane. The yields were 27% and 42% for the 2-turn and ring-turn
methods, respectively. Over the course of many uses and elaborations, this tem-
plate has ultimately produced catenanes in almost quantitative yields (93%).
The high yields were achieved by converting the bimolecular steps to unimol-
ecular, using ring-closing metathesis (Fig. 27) [71]. With these developments,
template syntheses are becoming sufficiently efficient to be used in continuous
1-, 2-, and 3-dimensional materials syntheses where the same process must be
repeated many, many times in order to yield the high molecular weight prod-
ucts. Complementary tetrahedral copper(I) and didentate molecular turns have
been replaced by equally complementary octahedral ions and tridentate turns,
using ruthenium(II) and iron(II) ions [17–18]. Momenteau’s porphyrins have
been used in the ring-turn synthesis of a trimetallic [2]-catenane having inter-
locked basket-handle porphyrins [72]. The use of pairs of metal ions produced
[3]catenates and [3]catenanes [73]. Other motifs include necklace-type oligo-
catenates [74]. The many architectures and linkages created by these templates
are summarized in reviews [75].
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Fig. 26 Tetrahedral metal ion template of Dietrich-Buchecker and Sauvage based on the Cu+

ion as anchor and the didentate diphenol substituted phenanthroline convergent turn [166].
Reproduced with permission from Elsevier



30 D. H. Busch

Fig. 27 High yield catenane synthesis by converting a bimolecular process to unimolecular,
use of the Grubbs cyclization methodology [166]. Reproduced with permission from Elsevier

Fig. 28 First example of catenane formation using Stoddart’s template [166]. Reproduced
with permission from Elsevier

The development of an extremely general template utilizing p-p donor/
acceptor interactions provided parallel developments of great importance. The
opening and exploitation of this chemistry is found in the enormous works of
Stoddart and his collaborators. In solvents of moderate polarity and, in some
cases, with the help of high pressures, the p-electron-deficient aromatic dica-
tion paraquat forms strong complexes with electron-rich aromatic groups 
exemplified by those functions in bis-p-phenylene34crown10 (Fig. 28) [76]. To
produce the multitude of derivatives of this template, a molecular turn had to
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Fig. 29 Application of the p-p template to synthesize a [3]rotaxane. First example of catenane
formation using Stoddart’s template [166]. Reproduced with permission from Elsevier

Fig. 30 Olympiadane, formed using the p-p template, is a chain of five macrocycles in an
interlocked sequence as in a classic macroscopic chain [166]. Reproduced with permission
from Elsevier

be created and this was in the form of a bis(paraquat) bifurcated by a phenyl-
ene moiety. Crystal structures have shown that the attraction involves hydrogen
bonding of the hydrogens of the methyl groups of the paraquat to the oxygens
of the hydroquinone moieties, in addition to the p-p stacking [77]. The template
synthesis of Stoddart’s first [2]catenane gave a remarkable 70% yield [78]. A 
kinetic study of the formation of the simple Stoddart catenanes provided a
model for the dynamics of the templating process [79]. Although much vari-
ety characterized the work of this group with interlocked structures, an 
early goal was stated to be polycatenanes [76]. The linking ring was enlarged
for this purpose and the first [3]catenane of this class was soon synthesized



(Fig. 29). Extending the chain length to five rings produced the landmark la-
beled “olympiadane” (during a year of the Olympics), (Fig. 30), and a branched
[7]catenane was also produced [80]. For more complete descriptions of these
historical developments, see reviews [81].

A second template based on p-p stacking has been developed by the Sanders
group. Using a crown ether ring containing two napthyl groups, two neutral
electron-deficient, aromatic diimide molecules provide the foundation of these
templates (Fig. 31) [82]. Catenanes have been formed by three distinctly dif-
ferent reactions: kinetically controlled Glaser-Hay coupling of terminal acety-
lene groups, thermodynamically controlled Grubbs coupling of terminal vinyl
groups, and Mitsunobu alkylation of the nitrogens of the aromatic diimide
functions of the electron-poor aromatic molecules (Fig. 32) [83].

A third class of template ranks among the most versatile of the templates
known to date.The [2]catenane marking its beginning was discovered by Hunter
while studying the synthesis of a 2+2 macrocycle formed from isophthaloyl
chloride and a well-designed dianiline derivative of cyclohexane [84]. In addi-
tion to the desired product he also isolated the bisamine shown in Fig. 33.
Remarkably, the high dilution reaction of that bisamine with isophthaloylchlo-
ride resulted in the [2]catenane (in 34% yield), in addition to the macrocycle
he had sought to synthesize. It was suggested that the hydrogen bonding pat-
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Fig. 31 Potent p-p template based on neutral electron-poor components [82]. Reproduced
by permission of The Royal Society of Chemistry on behalf of the Centre National de la
Recherche Scientifique
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Fig. 32 Examples of catenanes formed with the Sanders p-p template [83a]. Reprinted with
permission. Copyright 2000, American Chemical Society

Fig. 33 Reaction leading to discovery of the HVL template by Hunter [166]. Reproduced with
permission from Elsevier

tern between the two macrocycles in that [2]catenane typify the anchor and
turn of this new template. Although the templating must be quite different, it
seems appropriate to reflect on another case of serendipitous catenane syn-
thesis [85]. In the course of synthesizing 42crown14, Gibson and Lee found the
corresponding [2]catenane in 8% yield.

We continue with the discussion of the template given the short title HVL in
recognition of the major early contributors to the field (Hunter, Vögtle, and
Leigh). By studying the effect of substituents on the 5-position of the iso-
phthaloyl groups,Vögtle deduced the mechanistic scheme shown in Fig. 34 [86].
Replacing one of the phenyl groups with a furan ring,Vögtle observed what he
calls translational isomers in 8% and 20% yield [87].
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Fig. 34 Effect of substituents on the isomer distribution in catenane synthesis using the HVL
template [166]. Reproduced with permission from Elsevier

Fig. 35 Leigh’s discovery that simple benzamides react with many iso-phthaloylchlorides to
form catenanes [166]. Reproduced with permission from Elsevier

a

b



Leigh found that simpler amines readily form [2]catenanes in much the
same way and that some of these adjust their conformations in response to 
environmental conditions, exposing either polar or apolar components, de-
pending on the nature of the solvent (Fig. 35) [88]. In these studies a broader
range of structural components was used than in earlier studies. A major con-
tribution was the realization that the components need not be so rigid as had
originally been thought. Incorporation of long-chain aliphatic moieties in his
catenanes led Vögtle to the same conclusion [89].

4.3.2
Concept Development and Missed Opportunities

The formation of interlocked molecular rings was a topic for discussion early
in the 20th century, with the most often cited example being a seminar given
by Willstätter in Zurich in 1912 [4, 90]. Lüttringhaus et al. discussed alterna-
tive approaches to catenanes in 1958 [91], but the first catenane was success-
fully synthesized several years later. The possible existence of interlocking
rings was suggested for polysiloxanes [92] and polymeric phosphonitrile chlo-
ride [93] in 1953 and 1959, respectively, but without confirmation. D. Lemal has
been attributed with anticipating the work of Lüttringhaus and Schill in the
form of directed synthesis of catenanes, and Closson is said to have suggested
the use of metal ions as in the work of Dietrich-Buchecker and Sauvage using
a copper(I) anchored template. These suggestions reflect naked concepts that
emerged fully clothed at later points in time. However, they soundly illustrate
how conceptual advances proceed almost subliminally until the opportune
combination of researchers and subject lead to their substantive demonstra-
tion.

4.4
The Template Route to Rotaxanes

4.4.1
The Quest and Discovery

In the paper that initiated molecular topology, Frisch and Wasserman point out
the parallel isomerism between a rotaxane and its molecularly interlocked
parts and a catenane and its corresponding parts [4].Topologically, the blocked
axle and the ring of a true rotaxane are separable; in the real world, that may
not be true for a given example. The practical difference distinguishes between
a pseudo-rotaxane and a true rotaxane. Harrison observed the unique behavior
of a single ring-size in his study of rotaxanes (he called them hooplanes) with
fixed blocked axles and rings of varying sizes [94]. Ring sizes between 25 and
28 formed true rotaxanes while those of larger ring-size quickly separated. The
rotaxane involving the unique ring size of 29 had the property of appearing 
stable, yet it could be synthesized with the blocking groups already in place on

First Considerations: Principles, Classification, and History 35



the axle. This first example of rotaxane synthesis by “slippage”(Fig. 36) heralded
a concern that persisted for years: “Rotaxane or pseudo-rotaxane: That is the
question!” [95].

Harrison and Harrison demonstrated the statistical probability of pseudo-
rotaxane formation by the threading method [96]. The C30 acyloin macrocy-
cle was bound to a Merrifield resin and repeatedly treated with an axial ligand,
decane-1,10-diol, followed by a blocking agent, triphenylmethylchloride.Analy-
sis was conducted on the hydrolysis products and after a total of 70 cycles, some
6% of the rotaxane was calculated to have been formed, giving a probability of
pseudo-rotaxane formation of about 10–3. Much later (2002), Bravo, Orain and
Bradley used the Stoddart template to produce polymer-bound rotaxanes in
useful amounts and high purity [97].

Researchers seeking catenanes became involved in rotaxane synthesis because
of the intermediacy of such structures in catenane synthesis by the so-called
“threading” route. Schill and Zollenkopf [98] extended the directed organic 
synthesis methodology to rotaxanes. Relative to the catenane preparation, the
procedure was remarkably simple. Of the four common methods for template
synthesis (Fig. 36), all but slippage can be, and have been, achieved by template
routes, and all of those specific templates described in the development of cate-
nane chemistry have played roles in the history of rotaxanes. An early example
of use of a metal ion to template the formation of a rotaxane was reported by
Gibson, employing the Sauvage template [99]. Stoddart et al. applied their p-p
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Fig. 36 Pathways for the formation of rotaxanes [166]. Reproduced with permission from
Elsevier



template to an early example of rotaxane synthesis by clipping. Figure 37 shows
an example of a bis[2]rotaxane formed by a double clipping reaction [100]. The
ability of ammonium ions to bind to crown ethers was known from the time of
Pedersen’s classic work with crown ethers [101],but early work with small crown
ethers suggested that secondary alkylammonium ions were not likely to form
pseudo-rotaxanes, a view contradicted by the threading of cyclic molecules on
polyglycols or polyamines [102]. A logical extension produced the first simple
hydrogen-bond templated [2]rotaxanes (Fig. 38) [26], an advance followed
quickly by additional examples. The application of a second hydrogen-bond
template, that based on amides, to [2]rotaxane synthesis was reported in 1995
[103, 104]. Threading groups are diacid dichlorides, and pseudo-rotaxane for-
mation was reported to be favored by complementarity of both hydrogen bond-
ing and p-p interactions. This template system soon yielded a [3]rotaxane [105]
and a bis[2]rotaxane based on a pair of linked rings [106]. A novel twist, the
[2]rotaxane between an amide-based macrocycle and an amide/sulfonamide
axle was used as a template to link the axle and ring together, producing a [1]ro-
taxane [107]. Using the same chemistry, the rings of two [2]rotaxane molecules
were linked together to form a [3]-rotaxane [108]. The inverse process, linking
of the axles of a pre-formed [2]-rotaxane, was also used to produce a [3]rotax-
ane [108]. By performing the linking process in two steps it has been possible
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Fig. 37 Clipping reactions with two templated axle molecules produces a bis[2]rotaxane
[166]. Reproduced with permission from Elsevier



to make unsymmetrical ring-linked bis[2]rotaxanes in high purity.A tris[2]ro-
taxane was synthesized by utilizing a branched triplet of rings (Fig. 39). In all
of the preceding work, it has been assumed that the axle molecule must have
an aromatic ring to perform as an effective template. Subsequent studies with,
for example, succinic acid derivatives have proven that amide functions provide
excellent threading, vide infra.

The tetraamide macrocycles are most notable for the strong hydrogen-bond
donor function of the ring in rotaxanes, and the Vögtle group has used this to
produce an extremely important new template reaction of much generality
[109, 110]. They have shown that this highly positive environment is sufficiently
complementary to small anions (F–, Cl–, Br–, I–,AcO–, NO3–, H2PO4

–) to give large
binding constants in the non-coordinating polar solvent CD–2Cl2. The interac-
tion has been used to create a new kind of template reaction that constitutes 
the ideal pattern for rotaxane synthesis by the “snapping” pathway (Fig. 36). In
this template, a nucleophile, that will add the blocking reagent to the axle, com-
plexes with the macrocycle and its reactive atom locates near the ring’s interior.
When the electrophile approaches by entering the ring, the nucleophilic process
occurs within vicinity of the ring in such a manner that it completes the syn-
thesis of both the blocked axle and the rotaxane in a single step. The precursor
nucleophile/ring complex is modeled by the anion complexes studied by 
Vögtle et al. Alternatively, the process can be designed so that the nucleophilic
and electrophilic roles of the blocking reagent and axle stem may be reversed
[110b]. The results of the Vögtle group are highly successful, having produced
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Fig. 38 Structure of the first rotaxane between a crown ether and a secondary ammonium
cation [166]. Reproduced with permission from Elsevier
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Fig. 39 Synthesis of a tris[2]rotaxane [108]. Reprinted with permission from Wiley-VCH.
Copyright 1997



a rotaxane yield of 95% in the first systems reported. Whereas the authors 
focus on the critical complexing of the nucleophile as hydrogen bonding be-
tween the anion and the ring, it may be that the phenols they have used bind
as neutral molecules, as the authors point out. It is probably not necessary that
the nucleophile be an anion; it merely needs to have a high proclivity toward
serving as a hydrogen-bond acceptor, i.e., primary amines might serve as nu-
cleophiles in such systems. This combining of the nucleophilic property and the
binding ability of blocker precursors is an exciting contribution to template
chemistry. The development of superior new template methods with such high
yields has made rotaxanes’ structural features available for use in molecular 
design in general. Schalley et al. exploited the binding ability of phenols by 
locating such a functional group mid-axle, providing strong hydrogen-bond
templating for rotaxane formation [111].

As a second example of high yield syntheses in broad families of rotaxanes,
consider the equally important rotaxanes devised and exploited by the Stoddart
researchers, those based on a so-called p-p template. With well-designed axle
molecules, they successfully improved the yields of rotaxanes in their paraquat
macrocycle systems to as high as 81% [112].

Building on a history of anion receptor studies, Beer and associates have
made excellent use of anions as anchors in template chemistry [113]. Strongly
hydrogen-bonding U-shaped receptors (turns in template jargon) are combined
with a chloride or bromide ion in solvents that are not highly competitive in 
the formation of hydrogen bonds. In acetone, the 3,5-diamido pyridinium ion
shown in Fig. 40 binds chloride ion and simultaneously binds to the macrocyclic
diamide shown in the same figure, carrying the pyridinium ion with it as an
axle molecule in the resulting pseudo-rotaxane. Further, in acetone the bind-
ing of the pyridinium ion receptor, or similar receptors, to chloride was shown
to exhibit high binding constant values (6,600 at 25 °C). In a later report, this
group extended the designs to template formation of a true [2]rotaxane. The
n-hexyl groups of the axle molecule were replaced by bis(t-butyl) substituted
4-trityl phenyl groups and this pre-blocked axle molecule was bound to the
chloride axle molecule. The glycol ether portion of the previously used macro-
cycle was replaced by two uncoupled –OCH2CH2OCH2CH2OCH2CH=CH2
groups. With both linear amides wrapped about the chloride ion, the allylic
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Fig. 40 Axle and macrocycle for chloride ion anchored formation of pseudo-[2]rotaxane



groups were subjected to Grubbs ring-closing metathesis reaction, completing
the [2]rotaxane synthesis [114]. The Beer group has recently altered the macro-
cycle design to incorporate a luminescent moiety and extended their pseudo-
rotaxane synthesis to the new molecule [115].

If [2]rotaxanes were, at first, difficult to make, higher rotaxanes were a great
challenge and this too has been overcome. Hydrogen-bonded templates pro-
vide good examples of the relative difficulty of synthesizing both [2]- and
[3]rotaxanes. Stoddart and his collaborators used 1,2,3-triazole stoppered sec-
ondary ammonium axles and a symmetrical 1,4-phenylene linked 28crown8
[116] to produce [2]- and [3]rotaxanes in yields of 30% and 10%, respectively,
a difference that reflects the relative difficulty of [3]rotaxane synthesis. The 
fusing together of the axle molecules of two “semi-rotaxanes”, by oxidation of
terminal mercaptans to form a disulfide group, was employed by Kolchinski 
et al. to produce a [3]rotaxane in a remarkable yield of at least 84% (Fig. 41)
[117]. Because the [3]rotaxane is believed to be formed by a bimolecular reac-
tion involving two semi-rotaxane precursor molecules, the threading of the
precursor is presumed to be at least 90%. Takata and collaborators have applied
the concept of dynamic organic chemistry to make essentially the same [3]ro-
taxane from the previously formed, separate axle and ring molecules. Benzene
thiol was used as the thiophilic nucleophile that labilized the disulfide linkage
in the axle molecule so the [3]rotaxane could be formed by the snapping mech-
anism (58% yield), along with some [2]rotaxane (8% yield) [118]. Comparison
of the yields of the kinetic template of Kolchinski with the thermodynamic
template of Takata suggests that the kinetic template route is more efficient in
this particular case. Leigh et al. have also used the thermodynamic template to
form rotaxanes, using the labilizing ability of the Grubbs olefin metathesis 
reaction [119].
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Fig. 41 [3]Rotaxane produced in 84% yield by oxidative coupling of two mercaptoammo-
nium axles [166]. Reproduced with permission from Elsevier



Loeb and Wisner [120] responded to Stoddart’s conclusion that the combi-
nation of the components from the crown ether/hydrogen bond template and
the p-p template (paraquat dication) show little tendency to form rotaxanes 
by introducing a new pyridinium cation derivative, 1,2-bispyridinium ethane 
dication, as a new axle for crown ethers that has a greater charge concentration.
The crystal structure of the resulting rotaxane showed that this new axle mol-
ecule is nicely complementary to DB24Cr8 (Fig. 42). Substituents at the 4-pos-
tions of the pyridine rings affect binding, with electron withdrawing groupings
increasing the affinity of axle for ring. The work was extended to [3]rotaxanes
[121] and molecular shuttles [122].

Using the amine/crown ether (BPP34C10) template, the Stoddart group ex-
panded the range of interlocked molecules with additional examples of doubly
threaded [2]rotaxanes, the corresponding [3]rotaxanes, and remarkable double
threaded [3]rotaxanes [123]. Using a 3-armed axle molecule, these researchers
prepared and characterized compounds including a singlet, a doublet, and a
triplet of [2]rotaxane moieties in a single molecule. They consider the triplet 
to be an early generation rotaxane dendrimer [124]. Fitting the template parts
in which both the axle and ring are trifunctionally distributed leads to what
Stoddart and group call a mechanically interlocked bundle [125].
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Fig. 42 [2]Rotaxane templated by an ethylenedipyridinium dication [120a]. Reprinted with
permission from Wiley-VCH and authors. Copyright 1998



Axles with two binding sites are of interest for two reasons. In addition to
their value as parts of templates for [3]rotaxane formation, they are the motif
most often used in research directed at molecular switches and their many 
applications (machines, electronics, smart materials, sensors, etc). In what 
appears to be revelation of a concept before its time for application, it has been
shown that one can use blocking agents to assure the site occupied during 
synthesis of a shuttle-precursor rotaxane by threading [126]. By use of both the
H-bonding template and the p-p template, novel [3]rotaxanes have been pre-
pared [127]. Because this chapter focuses on historical and introductory mate-
rial, discussion of molecular design and demonstration directed at molecular
devices has not been included.

When the two essential components of a rotaxane are combined in a single
molecule, novel architectures arise, two of which are obvious, cyclic oligomers
and acyclic polymers (Fig. 43). So-called hermaphroditic rotaxanes are formed
when the rings and axles of two molecules are combined mutually with each
other, forming cyclic dimers [128]. Elaboration of the chemistry of the dimers
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Fig. 43 Hermarphroditic and daisy chain rotaxanes [128]. Reproduced by permission of The
Royal Society of Chemistry



is being pursued with a vision of contractile materials resembling muscle 
tissue in function. Examples of cyclic dimers and trimers, based on a number
of the familiar templates, have been studied [128, 129]. The second architecture
is labeled the daisy-chain polymer. This architecture exists when each molecule
serves as a ring toward a different molecule of the same kind while serving as
an axle to a third molecule. Stoppering would convert a pseudo-[n]rotaxane to
a true polymeric [n]rotaxane (alternatively called poly[2]rotaxane).

Equally important to the development of new motifs and better synthetic
methods are studies that reveal the structural and environmental factors that
affect the kinetics and thermodynamics of pseudo-rotaxane formation because
they should guide in the design of templates for threading in general, not just
for rotaxane synthesis. Using the prototypic axle and ring, dibenzylammonium
ion (DBA) and dibenzo24crown8 (DB24C8) (Fig. 44), Stoddart et al. showed the
great impact of solvents on the threading process [130]. At 25 °C, the equilib-
rium constant decreased as follows (K, M–1): chloroform 27,000, acetonitrile
460, acetone 360, and no threading in dimethyl sulfoxide. The behavior in
mixed solvents is indicated by the value for chloroform/acetonitrile (1,700 M–1)
[131].A more dramatic example of dominating solvent effects was provided by
the reaction of the axle bis(cyclohexylmethyl)ammonium hexafluorophosphate
with a sixfold excess of the same ring, DB24C8.About 98% of the axle molecule
is converted to the pseudo-rotaxane by reflux in methylene chloride for 32 days.
The solid was dissolved in 3:1 deutero chloroform and deutero acetonitrile 
and no evidence for dissociation was found after standing for weeks at room
temperature. The behavior is very different in DMSO; the rotaxane dissociates
completely within 18 h at 25 °C [132].

Cucurbit[7]uril (CR7) and its complementary axles respond very differently
to solvent types. CR7 binds dimethylviologen cation strongly in aqueous me-
dia (Fig. 45) [133]. This testifies to the highly polar environment associated
with CR7. That environment contrasts sharply with the hydrophobic interior of
cyclodextrins, yet the equilibrium constants for binding of tetramethyl-b-cy-
clodextrin to the tetraphenyl porphyrins having sulfonate functions on hydro-
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Fig. 44 Prototypical axle and ring for measurement of equilibrium constants for pseudo-
rotaxane formation
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Fig. 45 Binding equilibrium for methylviologen and Cucurbit[7]uril [133]. Copyright 2002,
National Academy of Sciences, U.S.A

carbon chains are too large to measure in aqueous solution, but give values of
8,700 M–1 in ethylene glycol and 290 M–1 in methanol at 25 °C; no binding was
observed in DMSO [134].

Clearly, threading is favored in some solvents and not in others. Further,
the threading process can reach equilibrium very slowly. Considering the dy-
namics of molecules above absolute zero, the statistics of threading seems to 
resemble the throwing of fine wires at the holes in needles, with the needles
moving about freely. Surely the collections of trajectories, conformations, and
orientations favorable to threading are small compared to the total array of
those same motional properties for a solution containing threads and rings 
of appropriate complementarity to facilitate threading. Attractions between
charges and dipoles doubtless help, but the intervention of solvent molecules
is certainly a powerful factor that may or may not help.

Substituent effects were evaluated with the macrocycle DB24C8 and p-dis-
ubstitution of the axle molecule DBA. The equilibrium constant for pseudo-ro-
taxane formation increases smoothly with the increasing electron withdrawing
power of the substituent. This decreases the basicity of the ammonium ion and
increases the polarity of its protons. In turn, this increases the hydrogen bond-
ing ability of the axle molecule. As expected, electron donating methyl groups
decrease the equilibrium constant. The equilibrium constant for binding is 
almost doubled when one ether oxygen in the ring is replaced by a pyridine 
nitrogen. The larger basicity of the nitrogens produces stronger hydrogen
bonds to the ammonium group of the threading molecule [135]. The position
of the benzo groups of DB24CR8 has very little effect on binding [136].

For a fixed ring size, e.g., DB24C8, steric effects associated with the axle mol-
ecule are expected because of the necessary complementarity between the ring
and the threading moiety. This is supramolecular jargon saying that the axle has
to be small enough to slip through the ring, but large enough to get maximum
benefit from hydrogen bonding. An interesting example involves changing the
axle molecule to a DBA analog (but with cyclopentyl, cyclohexyl, or cyclohep-
tyl rings instead of the phenyl ring) in a study of the rates of formation and 



dissociation of the pseudo-rotaxane [95]. Bis-p-i-propylphenyl ammonium ion
provided the standard for comparison with an association rate constant of
3.2¥10–3 M–1s–1, a dissociation rate of 1.3¥10–6 s–1, and an equilibrium constant
(formation) of 2,470 M–1. The cyclopentyl derivative reacts more rapidly than
the reference standard while the cyclohexyl derivative reacts more slowly, but,
remarkably, those two axle molecules have identical equilibrium constants of
110 M–1. Above, it was reported that the cyclohexyl derivative reacts at a very
slow rate (reaction complete in 32 days in methylene chloride). The smaller 
cyclopentyl derivative reacts on the second/minute time scale, while the larger
cycloheptyl derivative does not form a pseudo-rotaxane.

Clifford and Busch [137] have determined the equilibrium constants for
pseudo-[2]rotaxane formation for a single crown ether, benzo24crown8 (B24C8),
and almost 30 axle molecules selected to show the influences of the group that
must penetrate the ring as the anchoring ammonium ion approaches the ring
oxygens. For simplicity the axles all have a single threading group, with the
other substituent on the secondary ammonium function always the same and
serving as a blocking group (Fig. 46). Results with nine normal alkyl derivatives
showed that the binding of a hydrogen-bonded axle to a crown ether is not 
sensitive to the length of a linear alkane group extending from the secondary am-
monium template. Specifically, axles with hexyl and octadecyl groups had the
same equilibrium constant (178 M–1) for pseudo-rotaxane formation while that
with a propyl group (149 M–1) differed by less that 20%. More completely, for the
n-alkyl groups through nonyl, plus octadecyl, the equilibrium constants ranged
from 120 to 180 M–1, with a mean of 160±20 M–1. The seven measurable values
show no systematic variations, including no indication of an odd-even variation.
It was concluded that the K values for n-alkanes are the same within the uncer-
tainties of the measurements. In contrast, qualitative observations show very
clearly that the relative rates of binding differed markedly, depending on chain
length.Axles having alkyl (or related) groups shorter than pentyl bind rapidly on
the NMR timescale while longer chains are, on that scale, slow to bind.

Branching by adding a methyl group to the alkyl moiety greatly impedes
binding when the methyl group is located a to the amine nitrogen, but it shows
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Fig. 46 Axle and wheel for determination of equilibrium constants for pseudo-rotaxane 
formation



relatively little effect if attached at a greater distance from the template site. For
example, equilibrium constants (K, M–1) vary as follows for butyl groups: n-Bu
127, sec-Bu 43.5, iso-Bu 12.9, and tert-Bu no threading observed. Also, for the
series, i-propyl, i-butyl, i-pentyl, the branch is increasingly remote from the
ammonium group in that sequence and K increases in the same sequence, 17,
43, 164 M–1. Interestingly, the cyclohexyl derivative displays an affinity (K)
identical with that of the i-propyl derivative. However, the binding rate for the
cyclohexyl derivative is slow, but probably not for precisely the same reason
that n-alkyls of chain length greater than five are slow. This branching effect
is probably attributable to the size of the ring, rendering the axle and ring non-
complementary when it is placed in the region near the hydrogen bonding site.

In contrast, the effect of relative remoteness of a group was found to be 
reversed in the case of phenyl groups, e.g., (K, M–1) benzyl 94, 2-phenethyl 194,
3-phenylpropyl 282. The effects of substituents on the remote ends of alkyl
groups are varied: OH groups give a small but real decrease in K values com-
pared to the simple alkyl group whereas carboxylic acid functions enhance the
binding, e.g., K=177 for an n-hexyl substituent and K=223 for the 6-amino-
hexanoic acid derivative and K=280 for the 5-aminopentanoic acid derivative.

With DB24C8 and a similar axle molecule having one end blocked and a 
carboxylic acid function on the other, Zhender and Smithrud observed an in-
crease in affinity with chain length [138]. The increased affinity with increasing
chain length for the phenyl and carboxylic acid groups may arise from some 
additional associative interactions that are facilitated by increasing flexibility of
the linkage for longer chains. On the other hand, the decrease in affinity that 
accompanies a terminal OH group may be attributable to competitive binding
with the solvent, both within and outside the macrocycle. The presence of
strong binding groups on the macrocycle that can only bind on its outside has
been found to impair threading [139].

For the amide-based templates of the HVL type (Fig. 47) the following equi-
librium constants (K M–1) were determined for pseudo-rotaxane formation
[140]: m-chlorosulfdioxybenzoyl chloride 66,phenyl benzoic amide 282, the par-
tially blocked succinate having a 4-trityl phenyl amide group and a benzyl es-
ter group 696. Clearly the much used axle (m-chlorosulfdioxybenzoyl chloride)
binds least strongly. The affinity for the amide-containing axles implicates the
carbonyl oxygens of the macrocycle in complexation. As the authors state, the
affinity for the succinate axle proves that there is no requirement for an aromatic
ring in the structure of the axle molecule. Reflecting on the manner in which the
known axles bind in amide-based templates, Leigh et al. [141] reasoned that
pseudo-rotaxane formation should be favored by locking the amide functions
of the axle molecule into a conformation optimizing the threading relation-
ships. They applied the principle and achieved a record 97% yield of rotaxane
formation by what may be viewed as a clipping process.

Whereas it has been shown that paraquat has little affinity for crown ethers
of what would seem to be appropriate size, Loeb and Wisner [120] have shown
that ethylene dipyridinium cations,which have more concentrated charges, form

First Considerations: Principles, Classification, and History 47



pseudo-rotaxanes in acetonitrile. Substituents at the 4-positions on the pyridine
rings lead to the following equilibrium constants for disubstituted dipyridinium
cation as axle and for the ring shown in Fig. 42 above, in acetonitrile solution at
25 °C (K, M–1): DB24C8 – H 180, CH3 230, Ph 320, CO2Et 1200. B24C8 – H 195,
CH3 205, Ph 300, CO2Et 740. 24C8 – H 165, CH3 105, Ph 160, CO2Et 320. The 
effect of p stacking on these results is apparent in the higher values for con-
stants, especially when electron withdrawing substituents are in place. The crys-
tal structure of the rotaxane shows a dramatic example of hydrogen bonding by
electron-poor hydrogens attached to methylene groups. Kim, Jeon, Ko, and Kim
[142] find that the dicationic methyl viologen binds more strongly than do the
partially reduced radical cation or the neutral fully reduced species.

Kawaguchi and Harada [143] found a major charge effect on both the kinetics
and thermodynamics of pseudo-rotaxane formation between dodecamethylene-
a,w-diammonium ions and a-cyclodextrin. NH3

+ ions at the extremities gave the
axle a +2 total charge; replacing –NH3

+ with –+NC5H4-C5H4N: provided a second
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Fig. 47 Binding of acid chloride and amide axles to Vögtle’s tetramide macrocycle [140].
Reprinted with permission from Wiley-VCH. Copyright 1997



example with a +2 charge; quarternizing the second nitrogen of the bipyridine
group gave a +4 change; alkylating that second pyridine group with a 2-ammo-
nium ethyl group (–+NC5H4-C5H4N+-CH2CH2NH3

+) gave an axle molecule with a
+6 charge.The kinetics of binding and release of the +2 and +4 charged axles were
rapid on the NMR time scale while the +6 charged axle both complexed very
slowly with the cyclodextrin and formed a stable pseudo-rotaxane. Is charge a 
second way, in addition to size, to block a rotaxane and convert it from pseudo-
to true rotaxane? Investigations continue in other laboratories as well [144].

Discrimination between chiral threads by a chiral ring has been found in the
binding constants for pseudo-rotaxane formation by Stoddart and associates
(Fig. 48) [145]. For host (RR)PF6, axle molecules gave the following chiral se-
lectivities (KRR/KSS): axle #3 3.3, axle #4 3.0, axle #5 1.1. These values show that
the selectivity decreases with distance of the chiral centers from the binding
center of the axle molecule, varying from a significant KRR/KSS of 3.3 to an 
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Fig. 48 Enantioselective discrimination in p-p template assembly of pseudo-[2]rotaxane
[145]. Reprinted with permission from Wiley-VCH and authors. Copyright 1998



insignificant 1.1. This behavior is consistent with the more general observation
that axles composed of 1,5-dioxynaphthalene units flanked by multiple ethyloxy
units form rotaxanes in increasing yields as the number of units decreases.
Zilkha et al. studied the statistical threading of polyethylene glycol through
crown ethers, including some oligo-crown ethers. They fit their data with a
mathematical model for the threading system [146].

4.4.2
Concept Development and Missed Opportunities

Paradoxically, from among the basic motifs of interlocked structures and mol-
ecular topology, rotaxanes emerge today as arguably the most versatile of mol-
ecular building components,or even tools,while historically the catenane almost
always occupied center stage. The tradition of focusing on challenges using cate-
nanes reflects a proper response to the true topological isomerism of a catenane
in comparison to its two composing rings. In contrast, a true rotaxane and its
composing parts, the axle and ring, are not topological isomers because, in prin-
ciple, they are not composite for topological reasons but for reasons retaining
a metric factor. Frisch and Wasserman [4] mention the rotaxane to reflect on
its topological insignificance. Sokolov comments on the behavioral similarities
of rotaxanes and catenanes, despite their topological difference – and then finds
utility in rotaxanes. Schill finds that making rotaxanes is only a minor challenge
compared to making catenanes. Pioneers like Sauvage and Stoddart focused
their group’s early efforts on catenanes. Even in work on molecular devices,
catenanes were used before rotaxanes.

In our world of practical matters, like designing the first molecular machine
or the first nano-chip for a computer, metrics are often matters of importance.
The cliché “reinventing the wheel” ignores a critical relationship. Except in 
cartoons, outer space, magnetically levitated and constrained conditions, and
maybe a few other situations, the wheel is useless without an axle. The rotax-
ane is the molecular invention of the wheel and axle combination. Rotaxanes
empower the wheel on the molecular scale. The rotaxane was not so much dis-
cussed in the early history of the field of this book because the focus was on the
most fundamental relationships, not on the applications. Today’s compulsion
to exploit the utility of molecules and ions has created a new focus.

4.5
The Template Route to Knots

4.5.1
The Quest and Discovery

The synthesis of molecular knots was first achieved with DNA [147] and in the
copper(I)-templated chemistry of Sauvage [148]. The first synthetic molecular
trefoil knot was synthesized by a template using two copper(I) ions as anchors
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joined together by pairs of ditopic didentate chelating ligands, each of which
constituted a linked pair of molecular turns (Fig. 49) [149]. The ring-closing
reagent (linker) was the diiodo derivative of hexaethyleneglycol. Depending on
which pair of phenolic oxygen atoms react with the linker, three products were
predicted: a single large ring, a [2]catenane, and a trefoil knot (Fig. 50). The
links between the two didentate groups that the ring-closing reagent forms are
critical. This is emphasized by the three systematic possible products given in
Fig. 50. However, such a system, if not properly designed, might generate poly-
meric complexes or the ligand might simply engulf a single metal ion. In the
first report of successful trefoil knot synthesis, the most abundant product was
the least interesting, the single large ring; however, a small amount (3%) of the
trefoil knot was also formed. The necessary intermediate is properly described
as a dinuclear double helical complex.

Several years later, using ring-closing metathesis and reducing the ring-clos-
ing process to a unimolecular reaction (Fig. 51), the same investigators have
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Fig. 49 Two-center tetrahedral copper(I) template-based synthesis of the first molecular 
trefoil knot [149a]. Reproduced by permission of The Royal Society of Chemistry on behalf
of the Centre National de la Recherche Scientifique
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Fig. 51 High yield synthesis of a molecular trefoil knot using the Grubbs ring-closing
methodology. Reprinted with permission from [150]. Copyright 1999 American Chemical
Society

succeeded in producing molecules with the topology of a trefoil knot in high
yield (74%) [150]. The intermediate used was again a helical dinuclear dicop-
per(I) complex. It was also shown that a parallel path to a trefoil knot was ob-
tainable (in 20% yield) using octahedral iron(II) and a tridentate 2,2¢,2≤-ter-
pyridine ligand moiety. This work clearly makes these unusual molecular
motifs available in non-trivial amounts.

Fig. 50 Three possible products from a 2-center tetrahedral copper(I) template: trefoil knot,
large ring, catenane [149a]



The copper(I)-based templates have been extended to include the tying of
composite knots as well, specifically, those composed of two trefoil knots [151].
Figure 52 shows the three competing 4-anchor template intermediates. The two
diastereomeric isomers of this composite of two trefoil knots are items F and
G. In F, the two dinuclear helical template components have the same chirality.
In street language, this knot is the granny. The more symmetrical knot repre-
sented by F is a square knot. In a complicated and challenging process a yield
of ~3% of the composite knot was obtained.

A second template yielded a trefoil knot in 1997 (Fig. 53) [152]. Stoddart 
et al. reported the formation of a knot using their p-p donor/acceptor template.
The corresponding knot and unknot were isolated in 0.6% and 0.3% yields,
respectively.

In contrast to the two systems just described, the hydrogen bonding tem-
plate system (HVL) developed by Hunter,Vögtle, and Leigh, provided a trefoil
knot serendipitously – in 20% yield in the discovery example (Fig. 54) [153].
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Fig. 52 Molecular template for formation of composite knots known colloquially as the
square knot (g) and the granny (f). Reprinted with permission from [151]. Copyright 1996
American Chemical Society
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Fig. 53 Molecular p-p template for formation of trefoil knot [152]. Reprinted with permis-
sion from Wiley-VCH and authors. Copyright 1997

The research team led by Vögtle quickly exploited their discovery, producing a
total of six distinct molecular knots templated by hydrogen bonding interac-
tions due to amide functions within large macrocycles (Fig. 54) [154]. In these
reactions three molecules of a pyridine-2,6-dicarbonyl dichloride (labeled B in
Fig. 54) combine with three molecules of a previously prepared tetrafunctional
molecule having terminal amino groups and internal amide functions (A in
Fig. 54). B may have substituents such as Cl, OCH3, or OCH2Ph. In that second
paper, these investigators also report the resolution of the knots into enan-
tiomers and assignment of absolute configurations. From molecular simula-
tions, it is clear that the knotanes (the new name for such molecules) have 
relatively fixed conformations. Researching a range of structural modifications
that facilitate knot formation provided foundations for a postulated mecha-
nism for knot tying in this 3+3 system.A supramolecular template is postulated
in which a strand,representing partial completion of the condensation, forms



a host loop through hydrogen bonding, and an acid chloride molecule threads
the loop and condenses with terminal amide groups (Fig. 55). Hunter and May-
ers [155] reported the formation of a knot from a pre-synthesized oligomer of
sufficient length to wrap around a metal ion when that element was supplied.
This is the only example of a knot formed by templating the conformation-
determining process. The example also differs in the fact that the knot is not 
a knot according to knot theory, since the ends of the strand are not joined to-
gether. In practical terms that latter requirement is not important; in topology
it is a determining factor.

It should be emphasized that the hypothesis that a molecular strand forms
a loop that successively hosts a threading event is of very broad significance.
The threading of loops is a basic process for macroscopic orderly entangle-
ments and controlling such processes at the molecular level will eventually 
facilitate major advances in the complexities of nanoscopic interlocked struc-
tures. The range of fabric-like orderly molecular entanglements that might be
produced is small so long as the threading is limited to passing linear molecules
through closed molecular rings, e.g., the obvious molecular fabric is patterned
after the chain-mail used in ancient body armor. Extending the molecular
threading process to loops formed in the usual way, but with a linear molecule,
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Fig. 54 Molecular knot formed by the HVL hydrogen–bond template [154]. Reprinted with
permission from Wiley-VCH and authors. Copyright 2001
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Fig. 55 Key host loop and thread proposed in models for mechanism of formation of the
HVL knot. Reprinted with permission from FJ Vögtle

opens a larger topological array including assemblies of knots, as in macramé,
but better typified by knitting and crocheting.

Vögtle et al. have shown that knotanes may be used as substituents, or as cen-
ters for the attachment of substituents, in very general terms [156]. Beginning
with a tris(benzyloxy) knotane, deprotection with hydrogen over Pd on carbon
produces a mixture of mono-, di-, and trihydroxy knotanes. Reaction of the lat-
ter with first and second generation dendryl bromides (Fig. 56) produced mix-
tures of dendryl-substituted knotanes that were separable by HPLC (Fig. 57).
The tribenzyloxy knotane and the tridendryl knotane (1st generation) were re-
solved into enantiomers and, again, absolute configurations were assigned. In
the case of the second generation dendrimers, only the mono- and disubsti-
tuted knotanes were isolated in pure form. In combining these large knotanes
with multiples of dendrimers the basic knot unit has been defined as a chiral
tecton: “A nano-sized chiral core that allows for the orientation of three sub-
stituents in space” [157].

Fig. 56 First and second generation dendrimers used with knotanes



Synthesis of the pure tris(allyloxy) knotane in 5% yield opened the way to
useable amounts of mono- and trihydroxy knotanes for further study [158]. Re-
action of the monohydroxy knotane with biphenyl-4,4¢-disulfonyl chloride in
the presence of Et3N in acetonitrile gave a dumbbell-shaped molecule in which
two large knotanes were attached to a single linear unit. This unusual molecule
existed in racemic and meso forms and all isomers were separated. This kind of
dumbbell molecule could conceivably force the stoppers or ring in a rotaxane to
rotate in a predetermined direction, a requirement of molecular machines [159].
Choosing an axle of sufficient length to accommodate the large knotane as a
blocking group and a macrocycle with which it was known to have a template
relationship, these investigators succeeded in synthesizing a knot-blocked 
rotaxane in 19% yield. The availability of the mono- and trihydroxy-knotanes
also facilitated the synthesis of an example of diastereoisomeric species in which
topologically chiral and centrochiral units have been linked covalently [160].

4.5.2
Concept Development and Missed Opportunities

The formation of knots in molecular strands has been studied for several
decades. The possibility of such a strand first forming a loop and then thread-
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Fig. 57 Dendronized molecular knots. Reprinted with permission from [156]. Copyright
2002 Wiley-VCH



ing through it was considered by Frisch and Wasserman [4] in 1962 and they
estimated the probability a chain 80 carbons long would exist as a knot to be
10–3 to 10–2. Sauvage [75a] lends credence to that perspective saying: “Despite
the simplicity of the concept, this approach has, to our knowledge, never been
attempted due to the low probability a chain has to tie a knot before its ends A
and B find each other and connect.”Frisch and Wasserman also first considered
the Mobius strip approach, and Walba conceived an ingenious solution to the
problem of creating a molecular Mobius strip having three half-twists. Schill
and coworkers attempted synthesis of the trefoil knot by both the Mobius strip
principle [161] and by extension of his directed synthesis methods [162], but
without success. In 1973, Sokolov offered a third possibility based on a tris(di-
dentate)transition metal complex serving as a template [163]. However, the de-
sign of the corresponding linking agent appears to be very challenging.

As we study the template that created the Borromean link or as we puzzle
over the fate and/or uses of Vögtle’s dendrimerized knotanes- (perhaps serv-
ing as chiral tectons) we are like mountain climbers following a well-marked
trail up to misty heights, but without the struggles of the first pioneering effort
to reach those heights. History has value to researchers for many reasons:
detailed knowledge accumulates and what was learned, if it was true, it still is
true; it can inspire us and provide a basis for celebrating the advances of our
fields; it can humanize our necessarily uncompromising encounter with ex-
perimental reality; it can guide us to not make the kinds of mistakes made by
others; it shows us that the seemingly impossible challenges of today become
the records of accomplishment in time. I exaggerate – but to many of us, all
things are possible but nothing is easy.

5
Molecular Templates – a Limited Field with an Unlimited Future

At the cutting edge of research today, rotaxanes and catenanes figure most
heavily in studies inspired by the concepts of functional molecular devices, and
templates are important in their design and synthesis. The most often repeated
motif is a [2]rotaxane or [2]catenane with a pair of binding sites on a ring
whose affinity for the axle/other ring inverts when the switch is thrown. Of
course when the affinity reverses, the axle/second ring migrates to the newly 
favored site. Oxidation-reduction, acid-base reactions and photo-excitation are
among the switching mechanisms used. Conversely, the axle of a [2]rotaxane
may have two binding sites of invertible affinities for the cyclic molecule, re-
sulting in the corresponding response, i.e., the axle promptly moves from the
first site of binding to the one favored after the switch is thrown. Motivations
vary from switches and sensors to actual molecular scale machines and com-
puter parts – and beyond. Similarly, molecular cages have been followed by
molecules with much larger 3-dimensional cavities, viewed as possible mole-
cular scale reactors or delivery vessels for medicines.While templating will con-
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tinue to be critical to the design and preparation of such futuristic molecules
and to their applications in materials, catalysts, drugs, and electronics, those
subjects are beyond the purpose of this historical introduction. Further, the
word template has many meanings to a variety of science communities. The
term arises in many aspects of biology and medicine (including enzymology,
drug design, membranes, genetics, and imaging among others) and in many ar-
eas of the materials realm, ranging over biological aspects, separations, durable
materials, and electronics. It follows that the segment of the literature summa-
rized here is very limited. Of the 81,000+ references responding to the word
“template” in Chemical Abstracts, only a tiny fragment have been mentioned
here. The choice not to consider templates where the influential elements 
exceed the molecular scale is easiest to justify. Similarly, the biological, astro-
nomical, and electronic uses of the term can be cleanly delineated from those
covered here. It has been a more arbitrary matter to not consider most of the
work associated with polymers, including molecularly imprinted polymers. It
is hoped that the reader will be tolerant of that and other similar decisions that
were necessary in order to focus on the basic considerations relating to so-
called small molecules.
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Abstract This review highlights the major advances over the last 5 years in the templated 
synthesis of carbon-based macrocycles.With selected examples, it focuses on the literature
describing several developing areas of research including dynamic combinatorial libraries/
dynamic covalent chemistry, and the extrapolation of templated macrocyclic synthesis to
topologically complex structures.

Keywords Macrocycle · Templation

Abbreviations
DCL Dynamic combinatorial library
RCM Ring closing metathesis

1
Introduction

Templates have been used through the ages to ensure that a desired object has
the required shape. Thus, to build an arch or bridge from stone blocks, it is first
necessary to construct a scaffold or template that takes the form of the archway.
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The masonry is then built on this, before the scaffolding is removed to reveal
the final structure. Likewise, a sheet-metal panel that forms part of the body of
a car is pressed from a similarly shaped template, while a sculpture may be cast
from a template that is a “negative” of the desired form.

At the molecular scale, templates ensure that out of a myriad of possible
chemical reactions, only the one that leads to the target is promoted. Thus, DNA
is a template for the synthesis of RNA, which in turn is a template for protein
synthesis. Nature used templation to make humans, long before humans used
templation to manipulate Nature. Although chemical templates have been
around since time immemorial, it was not until the structure of duplex DNA
was identified in 1953 [1] that the term “templation” entered the chemical 
lexicon. Shortly thereafter Todd suggested that templates might one day be used
to control chemical processes [2], but it wasn’t until 1963/64 that Busch and his
coworkers obliged by reporting the first synthetic, chemical templation process
[3]. Since that time, templation in synthetic chemical systems has grown and
diversified immensely; most famously perhaps with Pedersen’s templated syn-
thesis of crown ethers [4, 5].

2
Scope of the Review

Two recent books thoroughly review the templation literature prior to 1999 
[6, 7]. This review highlights the major conceptual advances over the last 5 years
in the templated synthesis of carbon-based macrocycles. It is therefore not in-
tended to be comprehensive.Within the last 5 years, over 500 papers have been
published on the topic of “macrocycle/templation”. A perusal of these papers
reveals that about two-thirds of these report on the continuing efforts to form
new catalysts and contrast reagents for medical imaging with tried and trusted
cyclam derivatives; particularly mono- and multinuclear transition metal and
lanthanide complexes of Schiff-bases [8–10]. Readers interested in this topic are
directed towards a recent review [11]. This review focuses on the remaining
third of the literature that describes several developing areas of research such
as dynamic combinatorial libraries (DCL)/dynamic covalent chemistry [12], or
the extrapolation of templated macrocyclic synthesis to topologically more
complex catenanes or knots [13–15]. Several caveats should be added to this
statement. This review will not cover (poly-macrocyclization) carceplex reac-
tions [16–19] nor the synthesis of porphyrins and polypyrrolic macrocycles
[20, 21]. Both these important topics have been recently surveyed. Likewise, this
review will not comprehensively cover macrocyclization reactions such as the
McMurray reaction or ring closing metathesis (RCM). These popular synthetic
methods have on occasion been shown to involve templation [22]. However, the
majority of literature examples are framed in the context of synthesis rather
than templation.As a result, most of the specific systems were not examined for
template effects. That said, RCM does figure prominently in this review, as a tool
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to close macrocycles that are being templated by other means. In addition, the
different ligation methods used to form large cyclic peptides will not be specif-
ically covered by this review [23].

3
Macrocycle Synthesis Through Templation

This review is organized according to the interactions between template and 
incipient macrocycle. As most cases of templation occur through more than
one type of interaction, this categorization is by no means unequivocal. In 
ambiguous cases, we have categorized the example according to the interaction
that is observed to or believed to predominate. Although this categorization is
not always ideal at the level of individual templation processes, it does give 
an interesting picture of the “popularity” of the different methods of templa-
tion.

3.1
Covalent Bonds Between Template and Macrocycle

The majority of templation approaches involve non-covalent forces between 
incipient macrocycle and template; the use of covalent bonding is less well
studied.As a strategy, covalent linking between template and precursor has the
disadvantage that the template must be removed in a subsequent step. However,
the strong bonding in the precursor helps ensures that the templation process
goes according to plan and in high yield. Two strategies are apparent. The tem-
plate may be “linear”. In other words, it is joined to the incipient macrocycle at
two sites.Alternatively, the template may have more than two bonding sites that
radiate out from its center.

The Höger group has utilized a number of different functionalities including
carboxylic and sulfonic ester linkages to connect premacrocycle and template
[24–27]. As with other covalent approaches, the template also acts as a protect-
ing group for the functionality present in the final macrocycle. By way of ex-
ample, the oxidative coupling of tetra-iodide 1 and silane 2 led to 3 (Scheme 1).
Removal of the protecting groups, oxidative coupling and removal of the 
bis-phenol A template gave the desired macrocycle 4 in 85% yield.

In working towards the synthesis of polymeric catenanes, the Godt group
has used covalent bonding to template the synthesis of very large macrocycles.
The [2]catenane 5 comprised of two interlocked 147-membered rings, was 
synthesized by using a carbonate linker to joint the necessary subunits. Thus,
coupling the phenol groups of 6 and 7 with phosgene, gave 8 (Scheme 2), which
upon oxidative cyclization gave the corresponding precatenane. Hydrolysis of
the carbonate group gave the desired [2]catenane 5 [28, 29]. However, even with
such a “sure” template, the inherent flexibility of each chain led to some inter-
strand macrocyclization and the formation of 9. A slightly different approach
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has also been reported in which, for example, two molecules of 10 are joined by
reacting the phenol groups with phosgene, before (bis)cyclization and subse-
quent removal of the template [30]. However, in such cases the major product
produced in 65% yield was “dimer” macrocycle 11.

Resorcinarenes such as 12 have recently been identified by the Gibb group
as examples of covalent templates possessing four, radiating, bonding sites [31,
32]. In the first step (Scheme 3), one set of moieties is added to the resor-
cinarene in a stereoselective manner to make a series of deep-cavity cavitands
(13). Next, these tethered groups are linked together to form a series of mole-
cular baskets, e.g., 14. These molecules possess interesting hosting properties
in their own right [33]. However, treatment with BBr3 results in the cleavage of
the four acetal groups of these types of compounds and the isolation of macro-
cycles such as 15 in very good yields.

3.2
Ion-Ion Interactions Between Template and Macrocycle

The bulk of templates are smaller than the intended product; the interactions
between template and incipient macrocycle radiate out from the former. Such
an example involving ion-ion interactions has been reported by the Dunbar
group (Scheme 4). Thus, mixing of ligand 16 and either Ni2+ or Zn2+ results in
the formation of either molecular squares [34], or molecular pentagons [35],
depending on the counter-ion of the metal. The solid-state structure of the pen-
tagon 17 shows the SbF6

– counter ion filling the cavity of the host. However, this 
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Scheme 4

Scheme 5

cavity is too big for smaller anions such as BF4
–. Thus, in the presence of tetra-

fluoroborate salts, the same reaction leads to the formation of the corre-
sponding square.

A recent trend in the literature is the development of the “opposite” strategy
to the one just outlined, whereby the template is larger than the target. To switch
supramolecular dialects, the template becomes the host rather than the guest.
One example of this strategy is the use of smectite clays [36]. Thus, when the
dihydrochloride salt of diamine 18 is inserted between the layers of clay, a pil-
lared clay structure is formed that is capable of taking up the neutral diamine.
The resulting intercalated hemisalt is then treated with acid chloride 19 to give
a 60% yield of macrocycle 20 (Scheme 5). In the absence of the template, the
precursors form polymers or undergo self-templation to form the corre-
sponding [2]catenane. By this strategy, a number of tetra-amide macrocycles
were synthesized in yields between 30 and 65% [37].



3.3
Ion-Dipole Interactions (Including Coordinative Bonds) Between Template 
and Macrocycle

Along with hydrogen bonding, metal coordination continues to be one of the
most popular means by which to affect templation. The recent literature has 
reported upon the synthesis of both macrocycles and higher topology entities
such as helical structures, catenanes and knots. The different examples given
below illustrate several points including the importance of phenanthroline and
bipyridine ligands for coordinating to the (metal ion) template, and the utility
of the RCM strategy to efficiently perform macrocyclizations.

With regard to the formation of macrocycles, major new thrusts have included
the development of dynamic combinatorial libraries, new strategies for phospho-
crown synthesis, and the use of more “traditional” templation strategies in the 
total syntheses of natural products.As just alluded to, RCM plays a role in many
of these cases.An example of the efficacy of the RCM strategy has been reported
by van Koten in the synthesis of 69- and 72-membered macrocycles [38, 39].
Thus, treatment of complex 21 (Y=O) with a Grubbs catalyst and removal of the
template gave macrocycle 22 (Y=O) in 67% yield (Scheme 6).As the macrocycle
existed as a mixture of cis and trans isomers, the double bonds were reduced
quantitatively to yield the corresponding alkane. By a similar templation process,
the slightly larger macrocycle 22 (Y=CH2O) was formed in 44% yield.

A major focus of the Sanders group is the development of dynamic combi-
natorial libraries. In a study of the generation of macrocyclic hydrazones via the
acid catalyzed reaction between bifunctional building blocks containing a hy-
drazine group and a protected aldehyde, they noted that the addition of lithium
and sodium iodides adjusted product distribution [40, 41]. For example, in the
absence of a template 23 formed the corresponding “dimer”, “trimer” 24,
“tetramer”, “pentamer” and “hexamer”, with the cyclic “tetramer” predomi-
nating. In contrast, upon addition of LiI the ‘trimer’ complex accounted for
more than 95% of the products of the library. Neutralization froze the library
and allowed the isolation of 24. An analysis of its complexation properties
showed that lithium ion coordination to the carbonyl groups of the macrocy-
cle was important to assembly. Nevertheless, assembly was entropically driven.

Ammonium ions have also been used by the Sanders group as templates in
macrocyclizations with 25 [42]. The relative affinities of the various templates
for the isolated receptors correlated with their ability to focus the library. The
same group have also noted that immobilization of the template on a solid sup-
port need not effect its ability to focus a library [43]. Thus, the selection and
amplification of trimer 26 with benzyltrimethyl ammonium ion occurred both
in solution and when the template was immobilized on a solid support.

The Sanders group have also reported on the use of palladium-catalyzed 
allyl transesterifications to reversibly form macrocycles (Scheme 7) [44]. In the
absence of a suitable template, porphyrin dimer 27 (R=hexyl) and succinic acid
reacted to produce macrocycle 28 (X=–CH2CH2–) in less than 2% yield. In con-
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Scheme 6



trast, addition of template 29 to the reaction resulted in a 10% yield of the 
desired product.An analogous system in which the porphyrin subunits are dri-
ven together by the formation of disulfide bonds has also been reported [45].
These studies centered on the oligomerization and cyclization of bis-thiol 30.
Templates could be used to control the library of products such that the dimer,
trimer or tetramer predominated.

A final example from the Sanders group is the use of DCLs to form mixed-
metal porphyrin cages (Scheme 8) [46]. Combining two equivalents of zinc por-
phyrin 31, two equivalents of porphyrins such as 32 containing either ruthenium
or rhodium centers, and one equivalent of a template such as 4,4-bipyridine 33,
leads to cage structures of general structure 34.Variations in the structure of the
template, and the structures of the Ru/Rh porphyrins, identified which combi-
nations of subunits lead to successful assembly.
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Scheme 7
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Dynamic covalent chemistry has also been used to efficiently form macrop-
olycyclic polyether 35 (Scheme 9) [47]. In the absence of a template, transac-
etalations between subunits 36 and 37 generated a library of products in which
both the number of subunits that come together and the constitution of the 
bis-acetal moieties were variables. The addition of CsPF6 focused the library
such that 35 constituted >95% of the library. Scale-up led to an un-optimized
58% yield of the macrocycle, whereas the stepwise (kinetic) approach to the
same compound gave a maximal overall yield of 1.4%.
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Scheme 9

The synthesis of phosphorus-containing macrocycles has lagged somewhat
behind the synthesis of crown ethers and aza-crowns. Towards closing this gap,
the Edwards group has recently pioneered new approaches to small triphos-
phorus macrocycles. Using [h5-CpFeL3]+ complexes they have synthesized in a
step-wise manner the first examples of 9-membered [48, 49] (38) and 10-mem-
bered [50] (39) triphosphorus macrocycles. In these particular cases, the stereo-
chemically controlled liberation of the ligand have yet to be reported.

Using a similar template, the same group has also reported the synthesis 
of substituted 1,5,9-triphosphacyclododecanes [51]. For instance, when the
benzene ring in complex 40 was displaced with three allylphosphines and the
resulting triallylphosphine irradiated, macrocycle 41 was formed. Alkylation 
of the phosphorus atoms could then be carried out, before the macrocycle was
liberated from the template.

36 37

35

38 39



The templated synthesis of much larger polyphosphine macrocycles has
been reported by Harnisch and Angelici [52]. Their ingenious approach is to
use benzenehexathiolate as a template. Treatment with ((CH2CH)2PhP)AuCl
leads to “golden wheel” 42, which upon irradiation gave the templated macro-
cycle.
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Metal ion templation has also been used in the synthesis of anionic macro-
cycles 43 (R=Ph or SiMe2). Protonation of the tetra-phenyl species led to the
corresponding phosphorus/nitrogen macrocycle that formed complexes of un-
usual geometry [53]. In contrast, the chemistry of the octa-silyl derivative 43
(R=SiMe2) was quite different [54]. Protonation instead led to the P-H ylide 44
(R=SiMe2). Calculations suggested that steric crowding led to the high kinetic
stability of the ylide.
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Scheme 10

Some of the more traditional templation approaches are sufficiently well un-
derstood that they are beginning to be applied to the total synthesis of struc-
turally complex natural products. By way of example, the Fürstner group has
used templation processes in their elegant syntheses of complex glycolipids [55].
For example, the lactide core of Cycloviracin B1 45, is built by the templated com-
bination of two equivalents of 46 (Scheme 10) In the absence of potassium ion,
coupling the fragments leads to the formation of a cyclic monomer (28%), the
desired dimer 45 (37%), and several other oligomeric products (35%). Using
potassium hydride as the base resulted in a 75% of the desired core, and allowed
the efficient synthesis of the target [56, 57]. Sodium and cesium ions proved 
less efficient templates. The isolation of appreciable amounts allowed the full
structural assignment of Cycloviracin B1 and an investigation of its antiviral
properties [56]. A similar strategy was implemented by Cleophax et al. in the
synthesis of the macrocyclic core of cycloviracin and glucolipsin [58].

Scheme 11

Pattenden et al. have examined the metal templated cyclooligomerization of
modified amino acids to form unusual marine metabolites and related deriv-
atives. The treatment of 47 with a coupling reagent and i-Pr2NEt gave a 95%
yield of trimer 48 and tetramer 49 in a 3:1 ratio (Scheme 11); the subunit is 
predisposed to cyclize [59].



Adding metal ions to the reaction changed its outcome such that the ratio
of products varied from 4:1 to 7:3. Furthermore, when a 1:1:1 mixture of three
different amino acid derivatives were subjected to the same macrocyclization
conditions, of a possible eleven products, only nostrocyclamide 50 and three
other products 51, 52, and 53 could be isolated in a combined yield of 65% [60].
In this system, the addition of copper ions gave a 2:1 mixture of nostracy-
clamide 50 and 51 (ca. 20% yield), whereas silver ions resulted only in a 15%
yield of 52.
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Remaining on the topic of using templation to form otherwise difficult to
synthesize natural products, Hesse recently published a shortened synthesis of
the spermidine (+)-(S)-dihydroperiphylline [61]. The key step in this synthesis
is the Cs+ templated bis-alkylation of 54 with bis(methylsulfonyl)propane to give
intermediate 55 in 78% yield (Scheme 12).

Scheme 12

The recent synthesis of topologically more complex structures via ion-di-
pole interactions has relied heavily on bipyridine and phenanthroline ligands.
RCM has also proven to be a useful tool in such syntheses.

With respect to the formation of helical structures, Heuft and Fallis recently
revealed the synthesis of helical cyclophane 56, available from phenanthroline
57 in 84% yield (Scheme 13) [62]. Copper(II) acted as both template and reagent
for this conversion. One equivalent of copper acetate gave the corresponding
complex, a subsequent 5.5 equivalents was used to covalently join the two
phenanthrolines. If only six equivalents of copper ion were added to the solu-
tion of the ligand, a yield of only 15% was obtained.
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Scheme 13

Phenanthroline derivatives and copper ion templation have also been used
to form helicates and catenates comprised in part by sugars [63]. The requisite
precursor complex 58 was formed by treating the corresponding phenanthro-
line ligand with copper ion.Addition of sugars to solutions of this complex led
to one of two types of products. Two equivalents of glucose for example partake
in inter-strand linking to form a helicate, whereas two molecules of maltopen-
tose form intra-strand links to give the corresponding catenate.

Both strategies of [2]catenane synthesis, threading and double ring closure,
have figured prominently in the recent literature. Research from the Sauvage
group has examined the formation of [2]catenanes using ruthenium ions [64,
65] and rhodium ions as templates [66]. In the first instance, threading 6,6¢-di-



substituted bipyridine 59 through the respective macrocyclic ruthenium com-
plex gave catenane precursor 60 in 56% yield (Scheme 14). Ring-closing
metathesis then gave catenate 61 in 68% yield [64, 65]. The related, rhodium-
templated catenane with slightly shorter, 4,4¢-alkene chains on the bipyridine
moiety, was obtained via a less efficient threading (14%) and RCM (34%)
processes [66].
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Scheme 14



Similar [2]catenanes could also be formed using a double ring-closure
process (Scheme 15) [67]. Hence, 62 was formed in 53% yield by complexing
the requisite bipyridine ligand and the ruthenium/phenanthroline complex.
Double ring closure, again with RCM, gave 63 in 46% yield. Irradiation of this
complex led to the decomplexation of the bipyridine moiety and formation of
the corresponding true catenane.
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Scheme 15

Another five-coordinate metal to template the formation of a [2]catenane is
zinc [68]. The pre-catenane complex 64 (Scheme 16) was quantitatively formed
by threading the acyclic moiety through the zinc complex of the macrocycle.
RCM, reduction of the double bond, and removal of the metal gave the free
catenane 65 in an overall 40% yield. The zinc, copper and iron(II) complexes of
the catenane were studied both spectroscopically and with cyclic voltammetry.

Scheme 16
64 65



Copper templation led to the stereochemical curiosity 66. Thus, reaction 
between complex 67 and 1,5-dihydroxynaphthalene, followed by removal of the
copper ion, led to 66 in 35% yield (Scheme 17) [69]. [2]Catenane 66 is an ex-
ample of an achiral molecule that possesses two enantiomeric conformations
that are interchangeable only via chiral conformations.

88 Z. R. Laughrey · B. C. Gibb

Scheme 17

A similar alkylation strategy has been used to synthesize [2]catenanes 
possessing gold and zinc metalated porphyrins for studying intramolecular
photo-induced electron transfer [70]. The most efficient strategy for synthe-
sizing catenate 68 (Ar=3,5-di-tert-butylphenyl), was to start with the zinc por-
phyrin macrocycle and form the respective copper complex. Subsequently, a
phenanthroline moiety was threaded through the macrocycle, and bis-alkylated
with a gold metalated porphyrin to form 68.

An intriguing catenate reported by Kern et al. is in part constituted from a
gold surface [71]. The first step in the synthesis was the copper-templated syn-

67 66



thesis of rotaxane 69. The second macrocycle was completed when a solution
of this molecule was exposed to a gold surface. Cyclic voltammetry was used to
confirm that the thiol groups coordinated to the gold surface to make the un-
usual catenane structure 70.
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Schiff base chemistry lies at the heart of catenanes reported by Leigh and his
group [72]. Catenane 71 (Scheme 18) can be formed by either pre-forming the
zinc-Schiff base complex 72 and exposing it to RCM conditions, or by con-
densing aldehyde 73 and amine 74 in the presence of zinc.

Although an extremely efficient process, metal ion templation nevertheless
can lead to unexpected products. Normally, less than quantitative yields of the
target can be attributed to the formation of polymer; a problem that becomes
worse as the distance between the termini that are being tethered and the metal
template increases. However, In the case of RCM upon 75 (Scheme 19), the lack
of catenane product could not be attributed to polymer formation. Instead,
after reaction and demetallation, macrocycle 76 was isolated in 70% yield. The
metal ion can bring the two ligands together, but it cannot force their “arms”
to intertwine sufficiently for catenane formation [73].

Moving to more complex topologies, a Cu(I) template has been used to
form the doubly interlocked [2]catenane 77 (Scheme 20) [74]. The order by
which the reaction components were combined was not important. Either 
ligand 78 could be first treated with copper ion to form 79, and then the pal-
ladium complex 80 added, or because of the reversibility of Pd-N bonds, the
palladium macrocycle 81 could be first formed before the copper template was
added. Lengthening the ligand resulted in the formation of a singly interlocked
[2]catenane [75, 76].

The Sauvage group has also used the combination of RCM and metal ion 
coordination to phenanthroline moieties to form doubly interlocked [2]cate-
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Scheme 18
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Scheme 19

nane 82 (Scheme 21) [77]. The complexation of ligand 83 and three lithium ions
occurred quantitatively, but the reaction mixture obtained after RCM proved
inseparable. Metal ion exchange provided a means to purification. Thus,
exchange with copper ion, separation, and subsequent demetallation gave the
target 82 in about 30% yield.

Similarly, the Sauvage group have also used templation to synthesize mole-
cular knots [78]. For example, bis-copper(I) complex 84, prepared in quantita-
tive yield from the corresponding ligand and salt, gave the anticipated knot 
after RCM and demetallation. The yield for the RCM step was 75%. A related
iron(II) templated knot using terpyridine ligands was also synthesized, although
its larger macrocyclic structure led to a lower yield in the metathesis step.
Likewise, the formation of related knot 85 by alkylation of the bisphenanthro-
line core with 1,17-diiodohexaethyleneglycol, was less efficient than the RCM
protocol. The macrocycle was prepared in 29% yield. In this particular case,
however, the two enantiomers of the knots were isolated by complexing with
enantiopure binaphthyl phosphate [79].

Towards the topologically complex Borromean link, Siegel et al. recently 
reported the synthesis of 86 (Scheme 22); templation was used to efficiently
synthesize both rings [80]. Thus, copper ion templation during a modified
Eglinton reaction upon 87 led to the 872Cu complex that underwent oxidative
coupling. Removal of the template led to 88 in over 90% yield. Subsequently,
after reduction of the alkyne groups and formation of bis-complex 89, alkylation
with 6,6¢-bisbromomethyl-2,2¢-bipyridine gave 86 in 49% yield.

75 76
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Scheme 20
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Scheme 21
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3.4
Hydrogen Bonds Between Template and Macrocycle

The strength and directionality of hydrogen bonds make them, along with 
ligand/metal coordination, the most popular means to bring about templation.
Over the last 5 years, hydrogen bond templation has allowed access to macro-
cycles, catenanes, rotaxanes and knots of ever increasing size and constitu-
tional/stereochemical complexity.

A large macrocycle has been formed by the barbituric acid templated co-join-
ing of three calixarenes [81]. The stitching together of calix[4]arene subunits 
in the supramolecular complex 90 using RCM protocols led to a 96% yield of
the 123-membered ring product 91 (Scheme 23). Changes to the solvent, sub-
stituents on the calixarene, the lengths of the unsaturated chains, and the 
nature of the calixarene itself all had a dramatic influence on the outcome of
the ring closure.

An X-ray analysis suggests that relatively rare C–H…Cl– hydrogen bonding
is a component of the chloride-templated synthesis of a number of macrocy-
cles [82–84]. Thus, the treatment of 92 with 93 leads to macrocycle 94 in up to
70% yield when chloride ion was used as a template (Scheme 24). A similar
“1+3” synthesis leading to 95 gives this bis-xylyl derivative in 88% yield. In the
absence of an anionic template, or one that was too large, yields of these macro-
cycles were between 13 and 42%. Kinetic analysis confirms the proposed tem-
plation process [83].

A large proportion of the recent rotaxane and catenane syntheses involves
a templation process developed in the Stoddart group; namely the reaction be-
tween 96 and 97 that, in the presence of p-electron rich aromatic templates,
forms cyclobis(paraquat-p-phenylene) (CBPQT4+) 98 (Scheme 25). A number
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Scheme 22
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Scheme 24

Scheme 25

of non-covalent forces lie at the heart of these “clipping” processes, including:
C–H…O hydrogen bonds, p–p stacking, and C–H…p interactions, which
makes their classification by intermolecular force tricky. Relative weighing of
these non-covalent forces suggest, however, that C–H…O hydrogen bonding is
the major contributor to complexation [85]. The efficiency of this templation
process [86, 87] provides a ready means to synthesize a broad range of species
for molecular machine and molecular switch development [88, 89].

Recent rotaxane developments involving templated macrocycle synthesis have
focused on the development of amphiphilic, two-station [2]rotaxanes for the fab-
rication of molecular electronic devices [90, 91]. Compounds 99 and 100 are two
examples that each possess hydrophobic and dendritic hydrophilic stoppers, and
two stations – a tetrathiafulvalene (TTF) group and a 1,5-dihydroxynaphthalene
group (DNP) – which the CBPQT4+ moiety shuttles between depending on the
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Scheme 26



100 Z. R. Laughrey · B. C. Gibb

oxidation state of the TTF group. The constitution of rotaxane 99 is such that the
translocation of the CBPQT4+ moiety from one station to the next means that it
must surmount the –SMe group on the TTF station. Thus, translocation is slower
in this rotaxane. The clipping process in which the (CBPQT4+) moiety is built
around each dumbbell occurred in 23% and 47% yield respectively.

In other work on [2]rotaxanes, the Stoddart group have used similar clip-
ping processes to form 9,10 and 2,6-dioxyanthracene containing rotaxanes [92]
and rotaxanes possessing either chiral centers or planar chirality. Studies upon
these latter derivatives gave insight into the three degenerate dynamic processes
that these [2]rotaxanes can undergo [93].

Building on this [2]rotaxane work, Li and associates have synthesized [3]ro-
taxanes that possess two different macrocycles around the dumbbell [94, 95].
To take one example (Scheme 26), dumbbell 101 when treated with 96 and 97
led to [2]rotaxane 102 in 36% yield.Alternatively, by treating the dumbbell with
p-xylenediamine 18 and 1,3-phthaloyl dichloride 19 the glycine moiety could
be used to template the synthesis of 103 in 18% yield. Invoking the hydro-
quinone template once again, subsequent treatment with 96 and 97 gave the
hetero-[3]rotaxane 104 in 54% yield. NMR analysis of this and other derivatives
provided a wealth of information pertaining to the movement of components
in these complexes.

Diazapyrenium macrocycle 105 has also been used as the p-electron defi-
cient component of rotaxanes (and catenanes) [96]. This macrocycle forms



stronger non-covalent interactions with electron-rich moieties than the corre-
sponding bipyridinium 98. As a result, the clipping of the macrocycle to form
rotaxane 106 occurs in 45% yield, whereas the corresponding bipyridinium 
derivative is formed in 23% yield.

The Leigh group recently reported a “world record”for the facile synthesis of
a [2]rotaxane [97].A five-component assembly involving two equivalents each
of xylylene diamine 18 and isophthaloyl dichloride 19, and one equivalent of
dumbbell 107 gave the corresponding rotaxane 108 in a remarkable 97% yield
(Scheme 27). Conformational preferences of the immediate precursor to the
macrocycle are an important contributor to this yield, but hydrogen bonding
between amide groups, as evidenced in both the solution and solid states, is 
essential. This excellent example of templation allowed weaker hydrogen bond
acceptors to be examined as templates. Thus, the corresponding dumbbells 109
and 110, in which one or two ester groups replace the amide groups of 107, gave
their respective rotaxanes in 35 and 3% yield. Both were characterized by X-ray
crystallography. NMR was also used to examine the strength of hydrogen bond-
ing between each dumbbell and its encircling macrocycle.
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In a study of information transmission in chemical systems, the same
macrocycle has been wrapped around dumbbells comprised of dipeptides to
form rotaxanes such as 111 [98]. An examination of six X-ray structures re-
vealed how much the macrocycle component was distorted in the rotaxane.
Low yields were obtained in cases where the macrocycle underwent little 
distortion, high distortion was observed in high yielding cases. Hence, the
ability of a flexible macrocycle precursor to wrap around an unsymmetrical

Scheme 27
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hydrogen-bonding template determines, and thus relates, reaction yield and
symmetry distortion in the product.

In related work, the E-Z rotamer distribution of the dipeptide dumbbells of
rotaxanes such as 111 was examined as a function of solvent. In apolar solvents,
where hydrogen bonds between ring and dumbbell exist, the latter adopts pri-
marily an E conformation. In contrast, in polar solvents, no rotamer dominates
[99]. More recently, the circular dichroism (CD) response of dipeptide rotax-
anes have been examined as a function as solvent. In solvents where hydrogen
bonding between dumbbell and macrocycle is not possible, the CD signature
of these chiral entities is weak. However, in apolar solvents, hydrogen bond-
ing between chiral dumbbell and achiral macrocycle allows the chirality to be
transmitted from the dumbbell, via the macrocycle, to the diphenylmethane
rotaxane stopper. The result is a dramatic increase in the CD signature of the
rotaxane [100].

N–H…Cl– and C–H…O hydrogen bonds, are the principle driving forces be-
hind the anion templated rotaxane synthesis reported by Beer et al. (Scheme 28)
[101]. Dumbbell 112 is designed to bind chloride ion via its amide N–H groups,
while premacrocycle 113 is designed to bind both chloride ion (via its amide
N–H groups) and the electron-deficient pyridinium ring of the dumbbell (via
p-stacking and C–H…O hydrogen bonds). The resulting ternary complex was
treated under RCM conditions to yield the rotaxane 114 in 47% yield. That the
chloride ion was central to the synthesis was demonstrated by carrying out 
an analogous reaction with a hexafluorophosphate salt; no product was ob-
served.

Hydrogen bonding is also important in the templated synthesis of [2]rotax-
ane 115 (Scheme 29) [102]. This molecule, the first dialkylammonium ion-based
[2]rotaxane to be formed by a clipping process, was formed by the condensation
of 116 and 117 in the presence of template 118. In the absence of the template,
indeterminate compounds were made. However, the reaction came into focus in
the presence of the template, and the reduction of the imine bonds led to the 
corresponding amine being isolated in 70% yield. Extending this work, an analy-
sis of [2]rotaxane formation as a function of different dialdehydes and different
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Scheme 28 114

112 113

templates revealed that furan containing macrocycles and p-electron-deficient
templates gave the most thermodynamically stable rotaxanes. In contrast, pyri-
dine-containing macrocycles gave the more kinetically stable rotaxanes [103].
RCM conditions were used in the synthesis of related rotaxane 119. Clipping of
the terminal olefin around the bis(3,5-dimethoxybenzyl)ammonium ion lead
to a 73% yield of the rotaxane [104].

In recent catenane research, the Stoddart group have investigated the tem-
plated synthesis of [2]-, [3]-, [5]-, and [7]catenanes [105] as well as lower sym-
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Scheme 29

metry [2]- and [3]catenanes [106]. In regards to lower symmetry cavitands, the
templated formation of 120 and 121 in 9 and 24% yields, respectively, allowed
a detailed structural analysis of these stereochemically complex molecules. For
example, [2]catenane 120 exists as 16 stereoisomers, but only one diastereomer
predominates. Continuing on the stereochemical theme, templation under high
pressure leads to 122 in 34% yield. This catenane possesses both elements of
planar and helical chirality. However, even though it can potentially exist as four
inter-converting stereoisomers, it spontaneously resolves into one enantiomer
in the solid state [107].

The templated synthesis and X-ray crystallography analysis of chiral [2]cate-
nane 123 has been reported by the Vögtle group [108]. Hydrogen bonding 
between the macrocyclic template and the incipient, second macrocycle led to its
synthesis in 17%. The catenane is chiral because the mono-sulfonamide groups
and the amide groups, give each macrocycle directionality. Therefore, each ring
is itself chiral when fixed in a plane. Catenation fixes each macrocycle plane rel-
ative to the other, and therefore chirality is bestowed on the molecule as a whole.

A clipping protocol has also been used to form self-complexing [2]cate-
nanes. A yield of 18% was observed for 124, which was shown to dimerize in
both the solution and solid state [109, 110]. Such self-complexing [2]catenanes
possess central voids that are important for recognition, a feature that often 
allows the generation of [3]catenanes as “side products” in high yields [110].
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Recently, the Stoddart group has been investigating the formation of “duel
mode” switching in catenanes incorporating bipyridinium and dialkylammo-
nium recognition sites. For example, [2]catenane 125, synthesized in 12% yield
by clipping the CBPQT4+ derivative around the crown ether, demonstrated AND
logic gate behavior. Thus, in its 4+ form, and two-electron reduced 2+ form, the
crown ether macrocycle was observed to reside around a bipyridinium moiety,
while the addition of one proton led to the shift of the crown ether to the now
alkyl ammonium site. A two-electron oxidation shifted the crown back to one
of the pyridinium groups [111].

The synthesis of [3]catenanes possessing binding pockets has shed light on
the importance of CH…O hydrogen bonds in these polyether/bipyridinium tem-
plation processes. Catenane 126 for example, formed in an excellent 42% yield,
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does not bind bipyridinium guests even though it possesses an ideal pocket for
doing so [85]. Calculations suggest that one of the main reasons why this is so,
and hence why no [4]catenanes can be formed in the templation reaction, is the
lack of CH…O interactions between host and bipyridinium guest [85, 112].

In contrast, [2]catenane 127 does bind guests in its cavity. Included in the list
of guests for this catenane are dumbbell compounds that result in the forma-
tion of rotacatenanes such as 128. The predisposition of this [2]catenane to
bind guests is reflected in the poor templated yields of its synthesis [113].

126

125
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[2]Catenane 127 is formed in only 8% yield whereas the corresponding side-
product [3]catenane, which does not possess an empty cavity, is formed in 35%
yield.

This same clipping process has been used by the Gunter laboratory to 
assemble porphyrin-containing catenanes [114]. They synthesized a number 
of different atropisomeric, strapped porphyrins and studied their ability to
template CBPQT4+ formation around the 1,4-dioxybenzene(or 1,5-dioxynaph-
thalene)/crown ether straps. By way of example, twisted [3]catenane 129 was
formed in 21% yield from the corresponding twisted, strapped porphyrin.

The Vögtle group has used hydrogen bond templation to form oligo-cate-
nanes. In an examination of the factors leading to successful oligo-catenanes
formation, they identified terephthalic acid 130 and pyridine 131 (Scheme 30)
as the most successful subunits from a range of compounds [115]. These led to
the formation of two macrocycles 132 and 133 in 9% and 17% yield, and five
different catenanes. The [2]catenanes 134, 135 and 136 in 3%, 14%, and 10%,
respectively, and the [3]catenane 137 and [4]catenane 138 each in 2% yield.

An example of reversible catenane formation from the Leigh group involves
ring opening and ring closing metathesis with a Grubbs catalyst [116]. Thus, in
the presence of the catalyst, a 0.2 M solution of macrocycle 139 gives a >95%
yield of catenane 140, whereas at a concentration of 2¥10–4 M, the catenane
gives macrocycle 140 in >95% yield.

129



110 Z. R. Laughrey · B. C. Gibb

Scheme 30



Macrocycle Synthesis Through Templation 111

The templated synthesis of catenanes and rotaxanes is also a facet of the
Schalley group’s research [117]. Macrocycle 141 (Scheme 31), required for the
synthesis of rotaxanes, was synthesized in 10% yield by the base-promoted
combination of 142 and 143. Also produced in this reaction were the corre-
sponding [2]catenane (1%), the larger macrocycle 144 (32%), and the [2]cate-
nane 145 (7%).

The Vögtle group has also used hydrogen bonding to template the forma-
tion of molecular knots [118, 119]. For example, a remarkable yield of 20% 
was recorded for chiral, trefoil knot 146 by mixing diamine 147 and pyridine
131 in the presence of base (Scheme 32). The subtle change from tereph-
thaloyl to phthaloyl moiety of the diamine, switches the assembly system 
from poly-catenane synthesis (Scheme 30) to knot formation. The Vögtle
group have also derivatize different knots with dendritic wedges to improve
their solubility [120].

3.5
Cation–pp Interactions Between Template and Macrocycle

In their investigations into different dynamic combinatorial libraries, the Sanders
group have identified a system that can amplify the formation of selected
macrocycles, even though the differences between the respective binding con-
stants for target macrocycle and corresponding template are small [121]. Thus,
in the absence of a template, the three thiols 148, 149 and 150 leads to a library
of literally dozens of macrocycles with mixed dimer 151 and mixed trimer 152
as the major components. On the other hand, the addition of 2-methyliso-
qunioline 153 to the library led to a large proportion of 154, whereas trimer 155
was formed in good yield if the template was the N-methylated morphine 
derivative 156. Microcalorimetric studies on the isolated hosts revealed that
template binding was enthalpy driven, suggesting that it is dominated by elec-
trostatic forces such as cation–p interactions. These results also demonstrated
that these library member amplifications arose even though the binding con-
stants for matched host-guest pairs 155·153 and 154·156 were only 6–24 times
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Scheme 32



greater that for the mismatched pairs 154·153 and 155·156. Small association
constants can have sizable effects in dynamic libraries.

3.6
pp–pp Stacking Between Template and Macrocycle

A number of catenanes have recently been synthesized using p–p stacking
between template and macrocycle. The Sanders group have formed [2]cate-
nanes such as 157 (Scheme 33) by the combination of crown ether 158 and
bisacetylene 159 under Glaser coupling conditions and then reduction of
the di-alkyne groups. Driven primarily by p–p stacking (although C–H…O
hydrogen bonding may also be important), the catenane is formed in 30%
yield [122].

Expanding on this protocol, the group has also investigated the cyclization
of diacetylene 160. Monomer 161 and dimer 162 were prepared in ca. 40% and
2% yields, respectively. In contrast, the addition of template 163 to the oxida-
tive coupling process led to ca. 70% of 161 and 4% of 162, whereas the larger
template 164 gave ca. 54% and 15% of the monomer and dimer, respectively
[123]. These two successes led to an investigation of the possibility of carrying
out a tandem cyclization process. Thus, when a 2:1 ratio of 159 and 160 were
combined under the standard coupling conditions, the yield of [2]catenane 165
was ca. 14% (Scheme 34).

114 Z. R. Laughrey · B. C. Gibb



Macrocycle Synthesis Through Templation 115

Scheme 33
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Scheme 34

From the following observations, it has been suggested that C–H…O hy-
drogen bonding may also be important in these macrocyclizations:

1. Catenane 166 is formed in 38% yield by building diimide 159 around macro-
cycle 167.

2. Diimide 159 possesses weakly acidic hydrogen atoms adjacent to the amide
nitrogen that interact in the solid state with the ether oxygens of the other
macrocycle.

3. The “opposite”assembly, the combination of 168 and 169 to make the isomeric
catenane fails; neither of the subunits possesses acidic hydrogens. Such non-
covalent interactions may explain why macrocycle 168 and diimides 170 and
171 undergo [2]catenane formation via Mitsunobu alkylation [124]

The Gunter group have also used diimide/hydroquninol(naphthoquninol)
stacking in the synthesis of porphyrin-containing catenanes [125]. Several sys-
tems were studied. The most successful were those adorned with solubilizing
groups. Thus using Glaser coupling, 172 (R=Hexyl) was synthesized in 60%

166 167
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yield from the strapped, zinc porphyrin and two equivalents of propynyl sub-
stituted diimide [125].

3.7
Van der Waals Forces Between Template and Macrocycle

Fujita has reported that the synthesis of tube 173 requires a template [126]
(Scheme 35). In the absence of a template, the combination of five equivalent

172

168 169

171170



of palladium species 80 and two equivalent of oligo-pyridine 174 leads to a
multitude of products. Upon addition of p-terphenyl or 4,4¢-biphenylenedi-
acrboxylic acid the desired tube 173 was formed quantitatively in a matter of
hours. However, rotund guests such as adamantane derivatives did not engen-
der tube formation.

When the same palladium species 80 and five different ligands were mixed
together, a complex mixture of macrocycles that constituted a DCL was
formed [127]. Difference-NMR of the mixture, with and without a template
molecule, identified the species formed upon addition of template. Thus
within the mixture, the sodium salt of trichloroacetic acid templated the com-
ing together of two equivalents of 175 and one equivalent of 176 to form host
177 (Scheme 36).
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Scheme 37

McCN

minus 
template

In similar work, 80 and ligand 178 were shown to form trigonal prism
179 only when a biphenyl template was added (Scheme 37) [128]. When the
179·biphenyl complex was dissolved in acetonitrile, the guest was liberated
and the components of the mixture reorganized to form tetrameric 180. In-
terestingly, the corresponding pentamer was noted to be a kinetic product dur-
ing this conversion.

3.8
Miscellaneous Non-covalent Interactions

Puddephatt has reported that gold diacetylene 181 (X=various) reacts with
diphosphane ligand 182 (n=various) to form a number of products depending
on the nature of the group X and the length of the carbon chain in the diphos-
phane. If X=S, monocycle 183 is formed (Scheme 38), if X=CMe2, [2]catenane
184 is formed, whereas if X=cyclohexylidene the doubly braided [2]catenane
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4
Conclusions

As the aforementioned examples attest to, research into templated macrocy-
clizations and the synthesis of topologically complex molecules continues apace.
Over the last 5 years, most non-covalent forces have been used to bring prema-
crocycle and template together. The two most common approaches have utilized
metal ion coordination – particularly transition metal ion coordination – 
and hydrogen bonding. Other non-covalent forces, such as p–p stacking and
cation–p interactions have proved useful, as has the strategy of using covalent
bonds to link template and precursor. Regardless of the strategy, the future will
likely bring larger macrocycles, topologically more complex entities, and im-
proved yields as the field’s understanding of the strengths and limitations of
these exquisite reactions improves.

185 is formed [129–132]. Changing the length of the diphosphane ligand has
revealed cases where the corresponding macrocycle is formed, cases where 
the [2]catenane is observed, and an example where both macrocycle and
[2]catenane exist in dynamic equilibrium [133]. X-ray crystallography indicates 
that the principle driving force in the formation of these species is attractive
Au…Au interactions.

The Dawson group have demonstrated the synthesis of a peptide catenane
that assembles via the hydrophobic effect and the gamut of non-covalent forces
[134]. Based on the tetramerization domain of the tumor suppressor protein
(residues 325–356), the synthesized polypetide forms a U-shaped helix-turn-
sheet motif that dimerizes in an intertwining manner 186 (structure adapted
from the Protein Data Bank; file 1OLG) The free N and C-termini of each pep-
tide were connected together using a native chemical ligation process. The 
resulting catenane was more stable than the dimer complex and resisted both
thermal and chemical denaturation [135].
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We have surveyed and organized the diverse data by first describing relevant Pt(II) build-
ing blocks, which are frequently used as a scaffold due to their defined angles and binding 
vectors. In an extensive second section, the various Pt(II) macrocycles are organized and 
described according to the mode of binding of the Pt(II) metal centres to the bridging ligands,
most frequently Pt-N, Pt-C and Pt-P. Structures are summarized according to their molec-
ular geometries – squares and rectangles, triangles, hexagons and cyclodimers.Very recent 
developments such as reactions and applications of these sophisticated molecular architec-
tures are also taken into account. The third section describes even more complicated 2D
compounds, 3D cage structures and topological architectures such as catenanes comprising
Pt(II) centres, which are effectively formed by self-assembly processes. Interesting features
such as controlled host-guest chemistry, selective molecular recognition and interesting
material properties now come into range.

Keywords Platinum(II) complexes · Macrocycles · Cages · Catenanes · 
Supramolecular coordination · Self-assembly processes
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1
Introduction

1.1
Usage of Pt(II) Units as Supramolecular Building Blocks

Supramolecular chemistry is of growing interest, as especially self-organization
is seen as an important way to highly functional and complex systems. In 
particular, chemists are increasingly fascinated by large rings, molecular poly-
gons or more complex 3D structures formed by supramolecular self-assembly
processes. Complicated structures, which some years ago one only could dream
of, can now be built from suitable precursors in one step. Recent reviews 
are available dealing with various aspects of this topic, such as supramolecu-
lar 2D and 3D coordination chemistry [1–7], structural and conformational
control of functions [8] or the role of guest molecules interacting with
supramolecular host systems [9, 10], as well as for special metal-free macro-
cyclic systems [11].

Many examples of metalla-macrocycles rely on Pd(II) coordination chem-
istry as the key element. During the last decade, however, the number of inter-
esting (macrocyclic) structures built with corresponding Pt(II) units has steadily
increased. Since no specialized review on this most modern topic of increasing
importance is available so far, we would therefore like to present an overview
and describe the up-to-date status on (self-assembled) metalla-macrocycles
and complex multicyclic structures comprising Pt(II) units as the coordinating
building blocks.

At first glance, the trend to use Pt(II) as crucial building block seems 
not quite reasonable since platinum chemicals are rather expensive and the
low solubility or product mixtures often cause experimental problems. The
reason for this contradiction is given by the unique properties of Pt(II) com-
plexes.

As a late d10 transition metal, the element platinum comprising 5d, 6s and 6p
orbitals prefers a 16-electron valence shell rather than an 18-electron configu-
ration. The most important oxidation state of Pt consequently is Pt(II), having
a d8 valence electron configuration that fully contributes to Pt(II) complexes.
The remaining eight electrons come from four ligands around the central metal
to form Pt(II)L4 complexes.

A square planar coordination is energetically more favourable than a tetra-
hedral coordination due to the splitting of the originally degenerated metal d
orbitals, as shown in Scheme 1a. Scheme 1b depicts a more detailed MO scheme
for such a square planar d8 complex, reflecting the symmetrically allowed va-
lence orbital interactions. In this case, the 16 electrons occupy the energetically
lowest lying bonding and non-bonding orbitals, while the anti-bonding orbitals
remain unoccupied.

The main attractivity and value for the use of Pt(II) units in (supramolecu-
lar) chemistry comes from their inherent stability and rather low reactivity in
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Scheme 1 Qualitative picture of the orbital levels in square planar Pt(II) complexes. a Split-
ting of the d orbital levels due to the influence of the ligand electrons. b MO scheme of the
metal and ligand valence orbitals, considering symmetry-allowed interactions

the final complex. The geometry aspect adds to these advantages and opens up
structural variations: Square planar Pt(II) complexes can either act as impor-
tant 90° building blocks, i.e. as corner elements for the construction of molec-
ular squares when the bridging ligands are cis-connected to the Pt(II), or as 180°
linear spacers having a trans-Pt(II) arrangement. When macrocycles comprise
a cis-arranged Pt unit, the so-called bite angle can be fine-tuned to a certain 
extent by the use of different chelating ligands. Ligand variation at the metal is
a valuable factor in general, since additional modification of the resulting
macrocyclic structure becomes possible.

Recently, host-guest chemistry has become an important topic in the field of
macrocycles. In particular, multiply charged platina-macrocycles are the result
of incorporation of Pt-N coordinated moieties. This leads to an enhanced sol-



ubility in polar or protic organic solvents, and furthermore provides ionic 
interactions for the inclusion of anionic guest molecules.

Another major interest in the implementation of Pt(II) into large cyclic
structures is the expectation of special physical and materials properties, such
as non-linear optical effects. The d orbitals of the metal often give important
contributions to the MOs of the whole macrocyclic system. This may lead to a
polarization of the excited state, which in particular provides hyperpolariz-
ability as a basic requirement for non-linear optics.

1.2
Strategies for the Synthesis of Pt(II) Macrocycles

For the preparation of Pt(II) macrocycles several considerations have to be
made concerning the building blocks and the reaction conditions. This section
will give a brief introduction to the choice of appropriate building blocks and
reaction conditions in order to successfully prepare these compounds and to
characterize the products.

1.2.1
Choice of Building Blocks

Of course, the synthesis of Pt(II) macrocycles always involves a suitable Pt(II)
precursor complex. Already at this point, questions concerning the type of
ligands and the configuration of the resulting complex have to be addressed.
Typically, the configuration (cis/trans) at the metal centre is retained during 
reactions, and from these the trans-configuration is the more stable one. In this
respect, cis-to-trans isomerizations have been reported (e.g. structure Bosch1)
[12], while the reverse way is more difficult to achieve [13]. To ensure the 
retention of a desired cis-configuration in the resulting macrocycle, chelating
ligands such as 1,2-bis(diphenylphosphino)ethane (dppe), 1,1¢-bis(diphenyl-
phosphino)ferrocene (dppf), 1,3-bis(diphenylphosphino)propane (dppp), or
ethane-1,2-diamine (en) may be used. With such bidentate ligands, the bite 
angle at the Pt centre may be fine tuned: a larger bridge in the chelating ligand
ensures an increased bite angle, but at the same time the disadvantage of steric
hindrance might arise.

As leaving groups in the Pt(II) precursor complexes, weakly bound ligands
such as cycloocta-1,5-diene (COD), halogenides (Hal–), triflate (OTf–), or nitrate
(NO3

–) are quite useful.When these leaving groups act as counter-anions for the
resulting charged Pt(II) macrocycles, and this is in particular true in the case
of NO3

–, they might have an important impact on the stability of the macrocyclic
complex. Furthermore, they may influence the dynamic equilibria that some-
times come into play.

In most cases, the macrocycles are intentionally prepared by a directional
bonding method: the “binding vectors” (representing the directions of the 
coordination bonds to which the difunctional ligand and metal precursors are
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Scheme 2 Possible approaches to molecular coordination triangles and squares (L=bridg-
ing ligand)

Scheme 3 Selective formation of different geometric structures by appropriate choice of
corner and bridging units [6b,c]

capable) form angles that can be assigned to geometric structures and polygons.
As already pointed out in the previous section, Pt(II) can thereby act as a 90°
(cis) or 180° (trans) building block, which directly results in basic frameworks
of cyclic tri- and tetranuclear Pt(II) complexes (Scheme 2). The combination
of Pt(II) with ligands of different bite angles may result in a variety of geo-
metric structures and molecular polygons, some of which are depicted in
Scheme 3 [6b,c].
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Scheme 4 Strategies for the synthesis of coordination macrocycles (T=template): a using a
“preformed” macrocycle, b by self assembly, and c by a template synthesis

Preformed cycles. Here, the macrocycle is already preformed to a certain extent
and (intramolecular) ring closure is the crucial step. In order to allow efficient
ring closure reactions, a configuration or conformation of the precursor is
needed in which the end groups (that are to be connected) come into close
proximity to each other. This method probably gives the best control over prod-
uct formation.

Self-assembly. Rather rigid bifunctional building blocks and Pt precursors with
predefined geometry (size and angles) are reacted in a specific stoichiometry
to form the macrocycle. Typically, a mixture of various ring sizes and number
of metal centres should be expected as well as linear oligomers or polymers.
Therefore, well-defined and optimized geometries of the building blocks are
necessary so that finally the multi-component system can self-organize into
distinct structures. Thermodynamically, the cyclic structures are normally the
most stable compounds. If the Pt–ligand bond formation is reversible, which
is mainly the case for Pt-N bonds, long reaction times and heating are favourable
for macrocycle formation. Entropy usually prefers smaller ring sizes, hence,
strained macrocycles become available with this method.

Template synthesis. The addition of a template leads to a pre-organization of
one component around the template due to hydrophobic or ionic interactions.
Efficient formation of the macrocyclic product is then obtained by connecting
these prearranged moieties with the second component. Finally, the template
is removed to yield the desired macrocycles. The template approach is espe-
cially important and useful for the formation of complex 3D structures (see
Sect. 3).

Typically, these frameworks are formed by self-assembly processes. If this
strategy is not applicable, which is mostly the case for the preparation of mixed
metal macrocycles, the following general strategies (depicted in Scheme 4)
might be used for the construction of corresponding coordination macrocycles:



1.2.2
Choice of Reaction Conditions

Although the reaction works at room temperature for most Pt-N and Pt-P
complexes, heating might be necessary to drive the equilibrium from kinet-
ically formed linear oligomers to thermodynamically favoured macrocyclic
products. This reaction control can be applied in particular for Pt-N coordi-
nated compounds where the Pt-N bond is stable at room temperature but 
becomes labile when heated up to about 100 °C. Typically, the metalla-macro-
cycle is formed as a multiply charged salt that precipitates from aqueous or
non-polar organic solvents, shifting the equilibrium towards the macrocyclic
products.

In contrast to Pt-N and Pt-P coordination chemistry, Pt-C bond formation
is not reversible. Here, the macrocyclization is kinetically controlled and does
not need a long reaction time. In the case of acetylide ligands, the precursors
are rather instable and are therefore generated in situ from trialkylsilyl-pro-
tected reactands. Pt(II) acetylide complex formation can then be achieved by
copper(I) iodide as a catalyst [14].

1.2.3
Characterization of Pt(II) Macrocycles

Characterization and structure elucidation of Pt(II) systems can be best done
by NMR, IR and mass spectrometry methods. In most Pt(II)-based systems
phosphorous-containing ligands are involved. Therefore, 31P-NMR is (besides
other NMR methods) an excellent tool. The position of the phosphorous 
signal represents a good indication for the environment, i.e. the geometry at the
Pt centre.

Further characterization of Pt(II)-macrocyclic systems is often provided 
by IR spectroscopy. Especially in the case of Pt(II)-acetylide complexes, char-
acteristic bands for the C�C triple bond are found.

The complicated structures are typically well supported by mass spectrom-
etry using fast atom bombardment (FAB) as ionization method [15]. For more
labile compounds, which may decompose even under mild ionization condi-
tions such as FAB, matrix-assisted laser desorption/ionization (MALDI) or
electron spray ionization (ESI) can be used.Yamaguchi, Fujita et al. developed
cold spray ionization mass spectrometry (CSI) as a modification of ESI at low
temperatures [16], whereas Schalley, Lützen et al. successfully utilized advanced
Fourier transform ion cyclotron mass spectrometry (FT-ICR-MS) for high-res-
olution measurements [17].
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2
Survey of Pt(II) Macrocycles

2.1
Division of Different Structures

The following sorting criteria for the numerous Pt(II) macrocycles can be used:

Geometry of the macrocycle. The large group of molecular squares and triangles
is frequently the topic of reviews on coordination-driven self-assembly. How-
ever, some macrocycles that are not shape-persistent cannot be accounted to a
specific geometry. Furthermore, in several cases equilibria between two dif-
ferent geometries are observed.

Configuration of the Pt moiety. Either cis- or trans-configurations of the bridging
ligands are possible at the Pt centres. Since some macrocycles include both cis-
and trans-arranged Pt units within the same molecule, this criterion is not well
suited.

Synthetic strategy. As presented in Sect. 1.2, there are different approaches for
construction of Pt(II) macrocycles. Because they all may lead to very similar
structures, a good comparison is not possible.

Properties of the macrocycles. Some of the macrocycles presented in this review
have been investigated in terms of their chemical and physical behaviour, such
as host-guest chemistry, subsequent modification, chirality or non-linear op-
tical properties. A satisfying comparison might be difficult because large dif-
ferences in these properties might arise from only small structural modifica-
tions.

Coordination type of the bridging ligand. Typically, the bridging ligands such as
N-hetarenes, phosphines or acetylides are bound to the metal centre by Pt-N,
Pt-P or Pt-C coordination, respectively. This aspect is often congruent with the
synthetic strategy for preparation of Pt(II) macrocycles. Since only few ex-
ceptions exist in which several binding modes are operative in one molecule,
we therefore chose the coordination type of the bridging ligands to the Pt(II)
centre as the main criterion to divide the examples cited in this review into 
the corresponding Sects. 2.2 to 2.5. Within these sections we grouped the
members according to their geometry. For clarity, instead of using the typical
lengthy and complicated nomenclature of the presented macrocycles, we
named them after the corresponding author(s) of the cited publication (e.g.
“Author1”).
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2.2
Macrocycles by Pt-N Coordination

2.2.1
Macrocycles Containing Nucleobases

Coordination of heteroaromatic nitrogen ligands to Pt(II) is the key to many
synthetic Pt(II) macrocycles, including the first examples inspired by bio-
chemical research in the 1980s. The biological importance of the anticancer
drug “Cis-platin” led to detailed studies on the binding modes of Pt compounds
to nucleobases, resulting in various macrocyclic structures.

As an example, in the 1970s Lock et al. reported a cyclic dimer formed from
cis-Pt(NH3)2Cl2 and 1-methylthymine, in which the nucleobase binds to the
Pt(II) moieties by nitrogen and oxygen atoms [18]. Further reports on similar
structures followed, e.g. by Lippert et al. [19] or Fanchiang [20]. As these com-
plexes might rather be considered “macrochelates” than “macrocycles”, their
structures are not shown here. Meanwhile, the investigation of Pt insertion into
DNA fragments has developed into an important field of research on its own
and we will describe some representative examples; a complete survey would
go far beyond the scope of this review.
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Fig. 1 X-ray structure of Lippard1
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Fig. 2 X-ray structure of Longato1

In 1985, Lippard et al. presented the first X-ray structure analysis of platina-
macrocycle Lippard1, which is assembled from {Pt(NH3)2}2+ and the DNA 
intrastrand d(GpG). The Pt(II) centre here is surrounded by four nitrogen 
ligands: two ammonia and two guanosine moieties, the latter being linked by
a phosphate unit (Fig. 1) [21].

Longato et al. reported in 1995 the impressive hexaplatina-macrocycle Lon-
gato1, which readily self-assembles in D2O from six 9-methylguanine and six
Pt(PMe3)2(NO3)2 precursor molecules (Fig. 2) [22a]. The structure was con-
firmed by X-ray structure analysis and shows an S3-symmetric compound, in
which the bridging guanine units are alternately located below and above the
ring plane of the six Pt(II) centres.

Besides these examples, the cyclic trimer Longato2 is formed from Pt(PMe3)2-
(OH)2 and 1-methylcytosine as the nitrate or the perchlorate salt (the latter 
being described as “unpredictably explosive”) after heating in water for 6 days
at 80 °C. (Fig. 3) [22b]. In this trisplatina-macrocycle, the cytosine units are
arranged on one side of the plane which is formed by the three Pt(II) corners,
whereas the six phosphine ligands face the opposite side.



Lippert et al. broadly investigated macrocycles consisting of Pt(II) and nu-
cleobases, and later on extended their research to related Pt(II)-macrocycles in
which other N-heterocyclic systems act as bridges between the Pt centres [23,
24]. By 1981 Lippert had already postulated the cyclic tetranuclear Pt(uracilate)
complex {Pt(en)(u-N1,N3)}4 Lippert1 (Fig. 4) [24r]. However, a thorough char-
acterization of this “molecular box” by crystal structure analysis only appeared
in 1992 [24q]. The platina-macrocycle Lippert1 results from an initially formed
mixture of linear complexes after stirring for several days at room temperature.
In contrast to most of the existing Pt-N coordinated complexes (vide ultra), one
nitrogen atom in a uracil ligand is bound as an anion. The OH groups of the 
resulting positively charged complex can be deprotonated around pH 8 to a
neutral, highly soluble product. From its structure, Lippert1 can be considered
as a metal analogue of calix[4]arenes. An equilibrium between various confor-
mations was observed due to the rotational freedom around the Pt-N bonds,
whereby the “1,3-alternate” form is the predominant one (see Fig. 4). By depro-
tonation, or addition of metal ions such as Ag+, the equilibrium can be shifted
to a “pinched cone” conformation. Each of the possible conformations can be
stabilized by additional metal cations [24d,e,m,n,o]. In recognition experiments
it was found that only the “cone” conformation is able to complex sulfonate 
anions [24e]. Navarro, Lippert et al. and Mutikainen, Randaccio, Lippert et al.
also reported an analogous tetrameric macrocycle with 2-hydroxypyrimidine
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Fig. 3 X-ray structure of Longato2
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Fig. 4 Macrocycle Lippert1 and the conformational equilibria. Pt=Pt(en); M is omitted in
the structures for sake of clarity

Fig. 5 X-ray structure and sketch of Lippert2
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Fig. 6 Macrocycle Lippert3

Fig. 7 Macrocycle Lippert4a and conversion to macrocycle Lippert4b

ligands,as well as several mixed hexa- or octanuclear cycles comprising uracilate
and trans-Pt(II), which represent further interesting examples [24c,m,n].

The molecular rectangle Lippert2, consisting of trans-Pt(II), linear Hg(II)
and guanine units, is quantitatively formed due to the ideal binding vectors of
guanine which virtually adopt a 90° angle (Fig. 5) [24i,l,p].

The similar “molecular rectangle” Lippert3 with two Ag(I) and two Pt(II)
moieties could be obtained by reaction of AgNO3 and a trans-Pt(II) precursor
comprising 9-methyladenine and 9-methylhypoxanthinate as ligands (Fig. 6)
[24a].

As successfully applied for Lippert1, the concept of switching the ligand 
conformation by post-modification of the metalla-macrocycle was extended to
cyclic trimers containing 2,2¢-bipyrazine (bpz) units [24b,f,g,h,j,k]. The bpz 
ligand connects to the Pt(II) corners by a trans-4,4¢ coordination to form the
molecular triangle Lippert4a in 35% yield (Fig. 7). In this macrocycle the
pyrazine rings are distorted by 21–27° and remain more or less perpendicular
to the molecular plane [24j,k]. This coordination mode allows the formation of
a triangle because the favourable 90° angles at the Pt corners remain intact. The
addition of an second metal precursor complex such as Pd(II)(en) results in the
formation of hexametalla-macrocycle Lippert4b [24b,f,g] in which the bipyra-

a b



zines are twisted and chelate three Pd(II) units by 2,2¢-coordination at the 
remaining nitrogen atoms. The three Pt and Pd centres are arranged in an 
alternating up/down fashion which, similar to macrocycle Lippert1, resembles
a calix[3]arene and is capable of complexing anions such as PF6

– and NO3
–. In the

solid state, the macrocycles are stacked, forming anion channels with a dia-
meter of 6.24–6.42 Å [24h].

2.2.2
Macrocycles with Exocyclic Diamine Ligands

While the examples described so far have concentrated on bridging ligands
with biologic relevance, it was the ground-breaking work of Fujita et al. and
Stang et al. that established a huge variety of novel metalla-macrocyclic struc-
tures formed by self-assembly processes. Molecular polygons or more sophis-
ticated molecular topologies, such as catenanes or Platonic and Archimedean
structures, boosted a field on its own which receives much attention (see also
Sect. 3 and reviews of Fujita et al. [5] and Stang et al. [6]). In 1991, Fujita, Ogura
et al. were in fact the first to report a molecular square comprising cis-
Pt(II)(en)-corners and 4,4¢-bipyridine bridging ligands [25c,e]. The reaction of
Pt(II)(en)(NO3)2 and the bipyridine in D2O first resulted in a mixture of linear
oligomers. Nevertheless, when heating the reaction mixture to 100 °C for
4 weeks (!), the macrocycle Fujita1 (Fig. 8) could then be identified and its 
formation could be monitored by 1H-NMR [25e]. NMR studies in aqueous 
solutions showed that the macrocycle is capable of complexing small aromatic
ether molecules, however, with relatively small association constants in the
range Ka=102 L mol–1 [25d]. The intermolecular interactions are most probably
of hydrophobic nature and are due to the quasi-perpendicular conformation of
the 4,4¢-bipyridine units.

When [4,7]phenanthroline is used as a bridging ligand instead of 4,4¢-bi-
pyridine, a completely different macrocyclic structure results, which is quan-
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Fig. 8 Macrocycle Fujita1



142 A. Kaiser · P. Bäuerle

Fig. 9 Macrocycle Yu1

titatively formed in D2O within minutes, as reported by Yu et al. [25a,b]. Due to
the 60° angle of the binding vectors of the nitrogen lone pairs in [4, 7]phenan-
throline, three cis-arranged Pt(II)(en) corners form a triangle with a crown-like
structure. Replacement of the bidentate en-ligands at the Pt(II) centres by 
2,2¢-bipyridine or [1,10]phenanthroline, which occurs at 100 °C in the presence
of excess NaNO3, gives the crown-like structure Yu1 comprising strong aro-
matic receptor moieties (Fig. 9).

An interesting mixed-metal motif was presented by Dunbar et al., who ob-
tained the square Dunbar1 (Fig. 10) comprising isonicotinate (isonic) bridging
ligands and mixed Pt and Re corners in 42% yield [26]. Here, each Re corner
consists of two linked Re atoms, each of them coordinating to one of the 
oxygen atoms of the carboxylate moieties.A further cyclic assembly with isonic
ligands, in which Pt is not only bound by nitrogen, but also via oxygen, is pre-
sented in Sect. 2.5.

A kind of strain-free truncated triangle, in which the Pt corners comprise a
bite angle of 90°, was reported by Kim et al., who used flexible linkers to build
the macrocyclic oligorotaxane (or “necklace”) Kim1 (Fig. 11) [27]. The inter-
locked ring system was obtained in 90% yield in a one-pot reaction by stirring
a mixture of the Pt(II) precursor, the exocyclic en-ligand and cucurbituril in 
refluxing water. The reaction could be monitored by NMR and the structure
was confirmed by X-ray structure analysis.With longer reaction times, an equi-
librium between the molecular triangle and a corresponding square evolved,
yielding an almost 1:1 mixture of the trimeric and tetrameric necklace. On the
other hand, the cyclotetramers could be selectively obtained by tuning the
threading ligands in terms of length and connectivity to the coordinating
groups (3-pyridyl- vs. 4-pyridyl-) [27a].

A similar flexible molecular triangle with the non-symmetric bridging ligand
N-(4-pyridinyl)isonicotinamide was reported by Puddephatt et al. [28]. From
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Fig. 10 X-ray structure of macrocycle Dunbar1

Fig. 11 Macrocycle Kim1



the two different possible combinations, the less symmetric trimer Puddephatt1
(Fig. 12) is formed in favour of a potential triangle with C3 symmetry, as was
confirmed by X-ray structure analysis. The packing pattern in the crystal reveals
association of the molecules by stacking, which is caused by hydrogen bonding
between the amide groups. However, the authors do not exclude the possibility
that in solution other structures such as molecular squares may exist.

2.2.3
Square Macrocycles with Exocyclic Ligands Other than Diamines

The same type of self-assembled molecular square such as Fujita1 was reported
in 1994 by Stang et al. [15,29f,g]. In contrast to Fujita1, the molecular square
Stang1 forms at room temperature with 4,4¢-bipyridine when, instead of the 
en-ligand, the bidentate phosphine ligand dppp is used in the Pt(II) precursor
complex (Fig. 13). Interestingly, the successful implementation of PEt3 instead
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Fig. 12 Macrocycle Puddephatt1

Fig. 13 Macrocycle Stang1



of dppp proved that a chelating ligand is not absolutely necessary to retain the
cis-geometry at the metal centre.

In the following years, Stang et al. reported a variety of metalla-macrocycles
based on the previous type including Pt(II) diphosphine corner units.Various
bridging ligands, e.g. diazapyrene and diazabenzoperylene, have been used
yielding macrocycles with extended cavities. Furthermore, variation of the
structures were achieved at the exocyclic bidentate ligands of the Pt(II) centres
or by replacement of two opposite Pt(II) corners with other 90° elements such
as Pd(II), T-shaped iodonium moieties or oxygen-bonded TiCp2 units. Since
much of this work has already been covered by reviews published in 1997 and
1998 [6c,d], here, we only focus on some prominent examples.

Very aesthetic and complex multimetallic structures result when meso-(4¢-
pyridyl)-substituted metalloporphyrins are reacted with Pt(II) precursors to
form the comparable molecular squares Stang2 (by Stang et al., Fig. 14) [29e] and
Lehn1 (by Lehn et al., Fig. 15) [30]. Such a cyclic arrangement of porphyrin moi-
eties is particularly striking because one can regard them as a mimic for the nat-
ural light harvesting systems in the photosynthetic reaction centre. Detailed
structural analyses of the porphyrin squares by NMR indicate that, in contrast to
macrocycles such as Fujita1 (vide infra), only the pyridine rings are twisted per-
pendicular to the molecular plane, while the porphyrins, representing the larger
part of the bridging ligand, remain in the plane of the square. As had been seen
before with self-coordinated Zn-porphyrin arrays, the coordinated metal has a
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Fig. 14 Macrocycle Stang2



strong influence on their spectroscopic behaviour; for example, the Soret- and 
Q-band absorptions are strongly enhanced [29e]. Stang et al. further demon-
strated the possibility of using substituted porphyrins not only as a linear build-
ing block, but also as 90° corner elements for molecular Pt(II) squares [29a].

The replacement of the porphyrin unit by other dye molecules leads, e.g., to
the molecular square Würthner1, which is formed by self-assembly in excellent
yields and comprises N,N-dipyridyl-substituted perylene tetracarboxylic acid
diamide as the bridging ligand (Fig. 16) [31]. This type of novel supramolecu-
larly arranged dye aggregate shows intriguing photophysical data. Among
them, the high fluorescence quantum yield of the ligand remains almost 
unchanged in the Pt(II) molecular square. The authors ascribe this effect to a
decoupling of the perylene chromophore and the metal binding sites, caused
by the perpendicular arrangement of the ligands with respect to the molecule
plane. A similar macrocycle, which exhibits a triangle–square equilibrium, is
presented in Sect. 2.2.4.
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Fig. 15 Macrocycle Lehn1



The resulting cavity of the molecular squares may be suited for the inclusion
of guest molecules, which was shown by Stang et al. for mixed metallic macro-
cycles such as Stang3 (Fig. 17) [29b–d]. Although only little interaction was
found with electron-rich compounds such as 1,4-dihydroxybenzene, it was pos-
sible to bind Ag+ cations from silver triflate in a “tweezer” fashion, in which Ag+

is bridging and connected to two ethynyl units adjacent to the Pt(II) corners.
This coordination mode could be proven by NMR, IR and mass spectrometry.
Remarkably, the resulting Ag(I) complexes of Stang3 can themselves capture
guest molecules, such as pyrazines or phenazines, to form a “diagonal” in the
molecular square (Fig. 17) [29b].
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Fig. 16 Macrocycle Würthner1

Fig. 17 Silver complex of macrocycle Stang3 with different guest molecules



Post-modification of a molecular square by photo-isomerization of reactive
bridging ligands was attempted by Lees et al. [32a]. Among other mixed metal
molecular squares that have been reported by this group [32b], Lees1 (Fig. 18)
is particularly interesting due to its trans-diazo or trans-stilbene units, which
constitute the bridging ligands between the two Pt(II) and Re(III) corners.

The ligand configuration at the double bond can be isomerized by light and
thermally reverted. In contrast to the corresponding Pd(II) macrocycles, which
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Fig. 18 Macrocycle Lees1

Fig. 19 X-ray structure of macrocycle Hong1



due to the cis-configuration of the bridging ligand convert to a cyclic dimer by
irradiation, the Pt(II) analogues dissociate and do not form dimers upon irra-
diation. This was accounted for by the more stable nature of the Pt-N bond
compared to the Pd-N bond, which prevents reorganization. However, after
heating the solution of the follow-up products for 2 days, the original mixed
metalla-macrocycle Lees1 could be fully recovered.

The group of Hong used a BINOL (2,2¢-dihydroxy-1,1¢-binaphthyl) ester of
isonicotinic acid as a bridging ligand. In the reaction of the racemic mixture of
the BINOL ester with Pt(II)(dppf), the rectangular bis-platina-macrocycle
Hong1 (Fig. 19) was selectively formed [33]. NMR and X-ray structure analysis
revealed that one S and one R ligand are incorporated in the macrocycle, show-
ing a self-discrimination process.

2.2.4
Molecular Polygons Other than Squares (Triangles, Hexagons, Cyclodimers) 
and Equilibria Thereof

Due to the ideal 90° angle of the frequently used Pt(II) diphosphine precursors,
most examples of Pt(II) macrocycles take the shape of a square or a rectangle.
However, other molecular geometries, which may be strained, recently came up
when the resulting binding angles either at the bridging ligands or at the Pt 
centre differ from 90° or 180°. Since metal–ligand interactions are typically 
reversible, equilibria between various molecular geometries may arise.

In this respect, the reversible transformation of a molecular square to a 
corresponding triangle was found by Stang et al. for the macrocycle Stang4, in
which more or less flexible trans-bis(4-pyridyl)ethylene linkers are used as
bridging ligands (Fig. 20) [34d]. The equilibration is accelerated by addition 
of water and was monitored by NMR spectroscopy. Although the squared 
configuration tends to crystallization, in solution the formation of a triangu-
lar structure is strongly favoured. Exchange of the triflate counter ions by 
the larger cobalticarborane anion (CoB18C4H–

22) led to a further stabilization,
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Fig. 20 Equilibrium between square Stang4a and triangle Stang4b

a b
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Fig. 21 Equilibrium between square Ferrer1a and triangle Ferrer1b

so that for the triangular form crystals suitable for X-ray analysis could be
grown.

In the case of the similar macrocycle Ferrer1 (Fig. 21) comprising 1,4-bis(4-
pyridyl)butadiyne linkers, by increasing the concentration a shift of the square–
trimer equilibrium towards the squared form resulted while the triangle is still
the predominant species [35]. For the assembly process and equilibrium for-
mation, length, basicity and flexibility of the spacer seem to play a major role,
whereas the bite angle of the diphosphine ligand has rather less influence.
Host-guest experiments of macrocycle Ferrer1 with PF6

– or OTf– anions gave
different results. In the former case enhancement of the luminescence of the
macrocycle was found by the addition of the anion; in the latter case fluores-
cence was quenched.

Equilibria between molecular squares and triangles seem to be a quite general
phenomenon.Würthner et al. synthesized the enlarged Pt(II) macrocycle Würth-
ner2 (Fig.22), comprising a diazadibenzoperylene as bridging ligand. NMR stud-
ies in deuterated nitromethane clearly showed an almost 1:1 ratio of the square
and the corresponding triangle [36].The structures were assigned based on NMR
and ESI-FT-ICR-MS results as well as on molecular modelling,which gave insight
into the steric situations of the two related geometries. Repulsion between the
phenyl groups of the exocyclic dppp ligand and the phenoxy substituents at the
bay region of the diazadibenzoperylene is more pronounced for the molecular
square. Therefore, most likely this steric interaction seems to be the driving force
for the formation of the less hindered triangle. In contrast to the Pt(II) macro-
cycle Würthner1 (vide infra), spectroscopic investigations on this macrocycle
showed effective quenching of the pyrene fluorescence.

A very thorough investigation of square–triangle equilibria for the related
Pt(II) macrocycles SchalleyLützen1–3 containing 4,4¢-bipyridine, trans-di(4-

a b
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Fig. 22 Equilibrium between triangle Würthner2a and square Würthner2b

a b

Fig. 23 Square molecules SchalleyLützen1a–3a and corresponding triangles Schalley
Lützen1b–3b

1b 2b 3b

1a 2a 3a



pyridyl)ethylene and trans-4,4¢-azopyridine as bridging ligands (Fig. 23) was
recently described by Schalley, Lützen et al. [17]. The equilibrium and the lig-
and-exchange behaviour of these dynamic systems were examined by different
techniques such as FT-ICR and tandem mass spectrometry as well as gas phase
experiments. Thus, very important insight in the defragmentation pathways of
the investigated Pt(II)-macrocycles was obtained.

In the preceding examples, the molecular triangles were difficult to isolate
from the square–triangle equilibria because, due to the 90° cis-Pt(II) corners,
they only exist in a truncated or strained form. However, Stang et al. showed that
a true 60° tecton results from a phenanthrene that is disubstituted in 2,9-posi-
tion with reactive Pt(II) units [34c]. Reaction of this corner element with the 
linear bridging ligand trans-[bis(4-pyridylethynyl)-bis(triethylphosphine)]plat-
inum(II) in acetone gives the unique and stable molecular triangle Stang5
(Fig. 24) in excellent yield within a few hours. Interestingly, in the solid state the
nonaplatina triangles stack and form large channels.

Surprisingly, reaction of cis-Pt(PMe3)2(OTf)2 with the rather small pyrazine
in nitromethane resulted in the formation of the molecular triangle Stang6
(Fig. 25) instead of the expected molecular square [34f,g]. Entropic reasons are
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Fig. 24 Macrocycle Stang5

Fig. 25 Macrocycle Stang6
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Fig. 26 Macrocycle ChanChe1

considered to be the driving force for the formation of this strained structure.
The strain is not only accommodated by the reduced N-Pt-N angle of 82–83°,
but also by the reduced centroid(pyrazine)-N-Pt angles of 167–171°. These 
values are remarkable, as Pt(II) typically tries to keep the rectangular coordi-
nation even in strained macrocycles (compare, e.g., Bosch1, Sect. 2.3.2).

Precursor complexes that can function as 60° tectons and exclusively form
triangles are quite rare. In this respect, Chan, Che et al. took benzimidazole as
a bridging ligand in which the nitrogen atoms span binding vectors of ap-
proximately 150° [37]. Reaction of benzimidazole with cis-Pt(II) as the corner
element resulted in truncated triangle ChanChe1 (Fig. 26). The crystal structure
analysis of ChanChe1 revealed a slight distortion of the Pt coordination sphere
from the plane, which probably causes the syn, anti, anti orientation of the 
benzimidazole units with respect to the plane of the triangle.

That geometric structures other than squares, rectangles or triangles can be
selectively formed was shown by Chi,Addicott, Stang et al. when various Pt(II)
precursors complexes were used that allowed 90°, 120° or 180° angles in com-
bination with di(3-pyridyl)ethyne or 1,4-di(3-pyridyl)-1,3-butadiyne, respec-
tively [34b]. Strain-free hexagons ChiAddicottStang1–2 or truncated hexagon
ChiAddicottStang3 (Fig. 27) were formed, although entropy should favour
smaller macrocycles.

Utilizing the same type of building blocks, the formation of molecular hexa-
gons Rendina1–2 (Fig. 28) from isonic and trans-configurated Pt(II) precursors
by self-assembly was reported by Rendina et al. [38]. The rather rare non-co-
valent Pt(II) hexagons are kept together by hydrogen bonding due to the typ-
ical dimerization of carbonic acid groups.Appreciable association constants of
up to 104 L2 mol–2 were determined.

The hexagonal Pt(II) macrocycle Stang7a (Fig. 29) was obtained by reaction
of bis(4-pyridyl)ketone, which opens a perfect 120° angle, and cis-Pt(PEt3)2-
(OTf)2 [34h]. If the trisplatina-macrocycle is crystallized from acetone/water,
the original structure is not obtained, but the corresponding cyclodimer
Stang7b. Hydration of the keto groups leads to a reduction of the binding vec-
tors from 120° to 109° and to a more favourable cyclodimer, which then pre-
cipitates and shifts the equilibrium.A similar cyclodimer was directly obtained
by reaction of cis-Pt(II) diphosphine and bis(4-pyridyl)silanes [34h]. X-ray
structure analysis showed that the pyridyl rings are twisted out of the rhom-
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Fig. 27 Preparation of macrocycle ChiAddicottStang1–3 from the same bridging ligand with
different Pt(II) precursors
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Fig. 28 Macrocycle Rendina1 and Rendina2

Fig. 29 Macrocycle Stang7a and conversion to Stang7b

boidal plane and that the N-Pt-N angle is decreased to 81–82°, similar to the
molecular triangle Stang6.

On the other hand, a dynamic equilibrium between a rhomboidal bis-platina
structure Stang8a and the corresponding hexagonal trisplatina-macrocycle
Stang8b (Fig. 30) was observed for the self-assembly of cis-Pt(II) diphosphine
and (4-pyridylethynyl)pyridine [34a]. The crystal structure analysis of the cy-
clodimer shows that ring strain is accommodated at the Pt corners at which,
similar to the structures Stang7b and Stang6, the N-Pt-N angle is reduced from
90° to 81.3°. Most of the remaining strain is presumably accommodated in the
acetylene connected bridging ligand and in the distortion of the rhomboidal
structure from planarity.

a b
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Fig. 30 Equilibrium between rhomboid Stang8a and hexagon Stang8b

a b

Very similar to cyclodimeric Pt(II) macrocycle Stang7b, Diederich et al. re-
ported the synthesis of the C60-functionalized bis-platina cyclodimer Diederich1
(Fig. 31) [39]. The macrocycle was rapidly obtained in quantitative yield only
after the fullerene moieties had been exhaustively substituted with malonic 
ester groups in order to enhance the solubility of the precursor.As was the case
for the previously described structures, the coordination of the ligands at the
Pt(II) centre proves to be quite flexible, showing a reduced N-Pt-N angle of
82–83°.

The truncated tetrakis-platina hexagon KuehlStang1 was obtained when a
bent bridging ligand such as 2,5-bis[(4-pyridyl)ethynyl]furane is combined
with Pt “clips” comprising an 1,8-anthracenyl ligand and trans-Pt(II) diphos-
phines (Fig. 32) [34e]. Here, the counterions obviously play an important role:
mechanistic investigations showed that anion exchange of the initially released
nitrate anions with hexafluorophosphate stabilized the product. On the other
hand, an immediate addition of a PF6

– salt to the reaction mixture prevents 

Fig. 31 Macrocycle Diederich1



kinetic formation of the macrocycle and results in an excess of linear oligomers.
This result clearly underlines the importance of nitrate as a counterion in sub-
stitution reactions at Pt(II) centres.

Flexibility in terms of structural isomerism was found by Hanan et al. for the
cyclodimeric macrocycle Hanan1 (Fig. 33) built from cis-Pt(II) diphosphines
and N,N¢-bis(3-pyridyl)-2,6-pyridinedicarboxamide [40]. A rotation of the 
3-pyridyl units in the bridging ligand leads to either a syn- or an anti-confor-
mation with respect to the plane of the Pt(II) diphosphine corners. Tempera-
ture-dependant NMR spectroscopy revealed a rotational energy barrier of
30 kJ mol–1, which allows “flipping” of the macrocycle without the need for
breaking bonds. This flexibility permits an induced fit to bind BF4

– anions in a
1:1 stoichiometry, which consequently raised the rotational energy barrier to
about 45–50 kJ mol–1.

A rather exceptional monoplatina-macrocycle involving one Pt(II)(dppp) 
corner and a bis-pyridyl bridging ligand was synthesized by a ring-closure 
reaction and has been used as the encircling ring in rotaxane Jeong1 (Fig. 34)
[41]. In contrast to the previously described rotaxane Kim1 (vide infra),
here, the threading of a linear chain through the macrocycle is subsequently
obtained due to directed hydrogen bondings. As the rotaxane formation 
was slow on the NMR time scale, the rate constant was determined to be
6.2 (±0.1) s–1.
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Fig. 32 Macrocycle KuehlStang1

Fig. 33 Macrocycle Hanan1



2.3
Macrocycles by Pt-C Coordination

2.3.1
Macrocycles with Bridging Cyanide and Isocyanide Ligands

Another larger group of Pt(II) macrocycles comprises Pt-C coordination modes
when typically cyanides, isocyanates or acetylides are used as bridging ligand.

For example, a mixed Pt-C and Pt-N bonded macrocycle was obtained by
Che et al. [42]. Reaction of K2[PtCl4] with hydrazine hydrate and tert-butyl iso-
cyanide (t-BuNC) in refluxing water surprisingly yielded hexagon Che1
(Fig. 35) in which the six Pt corners are bridged with cyanide spacers and are
further coordinated to exocyclic carbene ligands, which form from hydrazine
and the isocyanide. Due to the almost 90° angles at the Pt(II) and the linear 
coordination mode of the cyanide ligands, the structure of the macrocycle is
not planar and instead resembles a cube with two missing opposite corners.
Unlike the majority of the Pt(II) macrocycles, Che1 shows luminescence 
because of metal-to-ligand charge transfer (MLCT) to the exocyclic carbene
ligands.

By mixing a tetracyanoplatinum(II) precursor with Cu(II) and 2,2¢-bipy,
Falvello and Tomás prepared the cyanide-bridged molecular square Falvel-
loTomás1 (Fig. 36) in which the Pt(II) corners are coordinated to four carbons,
the Cu(II) corners to four nitrogens and one aqua ligand, providing a square
planar configuration for each platinum centre and a distorted square pyrami-
dal coordination environment for each copper unit [43].Additionally, by anal-
ogous reactions the corresponding Rh- and Ir-containing Pt(II) macrocycles
could be synthesized. The mixed macrocycles showed very low solubility. Sin-
gle crystals could only be obtained by dissolution of the macrocycles in am-
monium hydroxide, which probably caused a break-up of the solid state struc-
ture due to coordination, while slow evaporation of NH3 from this solution
resulted in the precipitation of single crystals.
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Fig. 34 Macrocycle Jeong1
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Fig. 36 X-ray structure of macrocycle FalvelloTomás1

Fig. 35 X-ray structure of macrocycle Che1



Using a similar cis-dicyanoplatinum(II) precursor, Forniés, Lalinde et al.
synthesized the molecular trisplatina triangles ForniésLalinde1 and the mixed
metal molecular squares ForniésLalinde2 (both in Fig. 37), comprising two 
Rh or Ir corners in moderate yields [44]. Both macrocycles comprise platinum
centres that are coordinated to four carbons as typical structural elements.
Macrocycle ForniésLalinde2 can be further modified by two additional Pt(II)
ligands that bind to two exocyclic acetylide ligands by s- and p-coordination
and thus form a hexanuclear metallamacrocycle.

The same authors further extended the size of molecular Pt(II) squares 
incorporating cyanide ligands by reacting cis-Pt(II) diacetylide with an equiv-
alent of triphenyltin cation in acetone [44]. Macrocycle ForniésLalinde3, which
is hardly soluble, precipitated from the solution and was characterized by IR as
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Fig. 37 Macrocycles ForniésLalinde1 and ForniésLalinde2

Fig. 38 Macrocycle ForniésLalinde3



well as 1H-NMR spectroscopy. The structure comprises linear (CN)SnPh3(NC)
edges connecting four Pt(II) corners (Fig. 38).

A rare example of an equilateral molecular triangle was reported by Espinet
et al. [45]. The trisplatina-macrocycle Espinet1 (Fig. 39) was obtained in good
yield by stirring 1,2-phenylene diisocyanide and trans-Pt(C6F5)2(AsPh3)2 for 2 h
in dichloromethane. The small distance (ca. 5.65 Å) of the three Pt(II) moieties
causes an unusual arrangement of the pentafluorophenyl ligands: while the
phenyl plane normally is perpendicular to the Pt(II) coordination plane, X-ray
structure analysis of Espinet1 revealed an average torsion of 54° instead of 90°.
The six phenyl units are twisted in the same sense leading to a C3h symmetry.

2.3.2
Macrocycles with Bridging Acetylide Ligands

Although the diversity of macrocycles with Pt(II)-acetylide bonds is as vast as
for those with Pt-N bonds, there are structural motifs that exist for both types
of macrocycles.An important “trick” for the construction of Pt-C macrocycles
is the preassembly of Pt(II) corners already bearing the bridging ligands. For
example, Lees et al. reported the Pt(II) acetylide squares Lees2–3 (Fig. 40) com-
prising two Pt(II) and two Re(I) corners, in analogy to their Pt-N coordinated
hybrid macrocycles Lees1 (vide infra) [32b]. In contrast to Lees1, in Lees2–3
the Pt(II) moiety bearing the cis-connected bridging ligands was assembled
first and then reacted with Re(CO)5Br. The photophysical properties of Lees2–3
are different in comparison to the Pt-N bonded counterparts Lees1, i.e. the 
luminescence is quenched. In NMR experiments no evidence for host-guest 
assemblies of macrocycle Lees2–3 and 1,3,5-trimethoxybenzene or aromatic
sulfonates, respectively, could be detected, indicating that no p-p or hydro-
phobic interactions are operative.

For Bruce et al. butadiyne-bridged molecular square Bruce1 (Fig. 41), two
cis-Pt(II)/bridging ligand assemblies were coupled with the two remaining
Pt(II) corners under high dilution conditions in the presence of sodium acetate
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Fig. 39 Macrocycle Espinet1
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Fig. 40 Macrocycles Lees2 and Lees3

2 3

Fig. 41 Macrocycle Bruce1

[46]. Alternative usage of diethylamine resulted in the formation of dialkyl-
ammonium-macrocycle adducts, which in mass spectrometric characteriza-
tions gave additional peaks. Apparently, a triangular structure with a missing
Pt(II) diphosphine group was formed by reductive elimination. Bruce et al.
furthermore investigated whether Cu+ or Ag+ cations would interact with the
acetylide triple bonds in a “tweezer”-like coordination, but a clear proof for
such a structure could not be presented.

By copper-catalyzed oxidative dimerization of a trans-Pt(II) component
with a U-shaped structure bearing terminal acetylene units, Diederich et al.
were able to synthesize molecular square Diederich2 (Fig. 42) in 92% yield [47].



Here, perfect 90° angles are provided by the cross-conjugated 1,1-diethynylene
ethene units. The macrocycle could be characterized by NMR and MALDI-TOF
mass spectrometry, while FAB-MS led to a complete fragmentation of the mol-
ecule.

Tessier,Youngs et al. used the preassembly approach to build the molecular
square TessierYoungs1 (Fig. 43) [48a]. Therefore, a cis-Pt(II) diphosphine di-
acetylide precursor was reacted with cis-Pt(PR3)2Cl2 in almost quantitative
yield. The product was found to be air stable, but decomposed slowly in halo-
genated solvents. In contrast, the larger octaplatina molecular square TessierY-
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1

Fig. 42 Macrocycle Diederich2

Fig. 43 Macrocycles TessierYoungs1 and TessierYoungs2

2



oungs2 (Fig. 43) was prepared by self-assembly of the Pt(II) corners and trans-
Pt(II) diphosphine diacetylide spacers [48a]. TessierYoungs2 represents a most
interesting structure comprising four cis-arranged and four trans-arranged
Pt(II) bis-acetylide moieties. Reaction of the macrocycle with an excess of Ag+

salts gave tweezer complexes in which Ag+ is contained in ratios of 1:1 to 1:4.
Further macrocycles prepared by the group of Tessier and Youngs take 

advantage of preformed, almost cyclic fragments with terminal acetylide func-
tions. In the final step, under high dilution conditions and Cu+ catalysis, these
fragments are reacted in good yields with Pt(II) corners to the triangular
shaped structures TessierYoungs3–4 (Fig. 44) [48c]. Due to the high strain of
the molecular triangle, the C-Pt-C angles are reduced to 81–83° and the Pt-C-
C angles to 170–175°. To further accommodate the strain, the planes spanned
by the P-Pt-P (exocyclic ligands) and the C-Pt-C atoms (macrocyclic plane) are
distorted against each other by 18°.

Similarly, the butterfly-like, bicyclic structure TessierYoungs5a (Fig. 45) was
synthesized, in which the Pt(II) tetraacectylide centre connects two triangular
moieties [48b]. Addition of HgCl2 results in the “double-tweezer” complex
TessierYoungs5b by coordination of two Hg(II) atoms to acetylene units at the
outer “pockets”, which was deduced from X-ray structure analysis.

Haley et al. described the synthesis of the triangular monoplatina-macro-
cycle Haley1 (Fig. 46), which in contrast to Tessier3, contains a trans-con-
figurated Pt(II) diacetylide fragment in one edge of the triangle [49a]. The 
synthesis started from a “preoriented” acyclic precursor having triisopropyl
silanyl- (TIPS)-protected terminal acetylene groups. After deprotection with
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Fig. 44 Macrocycles TessierYoungs3 and TessierYoungs4

3 4

a b

Fig. 45 Macrocycle TessierYoungs5a and conversion to TessierYoungs5b



base, stannylation and Cu+-catalyzed transmetallation with a trans-Pt(II)
diphosphine, the macrocycle was isolated in 65% yield. Since the insertion of
the Pt(II) moiety exerts some strain in the macrocycle, a slight deviation of the
square planar Pt(II) geometry from the ideal 180° coordination and the plane
of the macrocycle was detected by X-ray structure analysis. Compared to the
corresponding Pt-free dehydrobenzo[18]annulene, in UV spectra the absorp-
tion maximum of Haley1 exhibits a bathochromic shift. This finding is in con-
trast to linear systems, where insertion of a trans-Pt(II) unit leads to a small
hypsochromic shift [47].

In an analogous way Haley et al. synthesized the corresponding dehy-
drobenzo[15]annulene and dehydrobenzo[14]annulene platina-macrocycles
Haley2 (Fig. 47) and Haley3 (Fig. 48) [49b]. In Haley2, a trans-Pt(II) diphos-
phine unit was used to close the ring, whereas for Haley3 ring formation could
only be achieved by the use of a cis-Pt(II)(dppe) precursor.

Using the same synthetic route, the more complicated “bowtie”-shaped bi-
macrocycle Haley4 (Fig. 49), which contains two trans-arranged Pt(II) units,
was synthesized in 21% yield [49b].
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Fig. 46 Macrocycle Haley1

Fig. 47 Macrocycle Haley2

Fig. 48 Macrocycle Haley3



Similar to the strained macrocycle Haley2, Bosch et al. reported the synthe-
sis of the monoplatina-macrocycle Bosch1 (Fig. 50), which contains a meta-
branched pyridyl unit instead of a meta-phenylene unit as in Haley2 [12].
Although a cis-Pt(II) diphosphine precursor was used as starting material,
a trans configuration at the Pt(II) centre is found in the macrocycle and un-
equivocally proven by X-ray structure analysis. Cis-to-trans isomerizations at
Pt(II) centres are known and might be induced by the usage of CuI and di-
ethylamine for the cyclization reaction. In the case of macrocycle Bosch1, the
isomerization is dictated by the steric environment of the small dialkyne ligand.

Tykwinski et al. used similar structural elements to build up platina-macro-
cycles Tykwinski1a–2a (Fig. 51 and Fig. 52) [13, 50]. A 3,5-diethynylated pyri-
dine and exocyclic (1,1-diethynyl)ethene units as tectons provide curvature, so
that ring closure reaction with trans-Pt(II) diphosphine effectively gave the
monoplatina cyclyne Tykwinski1a in 70% yield and the bis-platina hexagon
Tykwinski2a in 45% yield. In comparison to the previously described system
Bosch 1 (vide infra), metalla-cyclyne Tykwinski1a is substantially larger and
less strained showing a non-distorted C-Pt-C angle of 178–180°. Furthermore,
the pyridine unit provides an exocyclic binding site that can react with another
Pt(II) complex.While the preparation of macrocycle Bosch1 included a cis-to-
trans isomerization at the Pt(II) centre, Tykwinski et al. showed the very in-
teresting switching of trans-configured Pt(II) macrocycles Tykwinski1a–2a to
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Fig. 49 Macrocycle Haley4

Fig. 50 Macrocycle Bosch1



the corresponding cis systems Tykwinski1b–2b, which were obtained in 87%
and 71% yield, respectively [13b]. This highly effective ligand exchange reaction
is triggered when the trans-complexes are treated with the chelating ligand 
1,2-bis(diphenylphosphino)ethylene (dppee) in dichloromethane. The cis-com-
plex Tykwinski1b shows increased strain, since the Pt(II) moiety bends out of
the plane of the macrocycle to retain a 89° C-Pt-C angle, while the Pt-C-C and 
C-C-C angles are reduced to about 170°. Very recently, this exchange reaction
was extended to chiral chelating phosphine ligands, when trans-macrocycle
Tykwinski1a was treated with S,S-Chiraphos to form enantiopure Tykwinski1c
in 73% [13a]. In the same way, Tykwinsky2a was reacted with either R,R- or
S,S-Chiraphos to give the corresponding chiral macrocycles Tykwinsky2c in
92% and 96% yield, respectively.

Ligand exchange as the penultimate step bears a major advantage over the
use of chiral precursors for macrocycle formation, as both enantiomers are 
easily accessible from the same macrocyclic precursor compound. CD spectra
of the chiral molecules Tykwinski2c–4c (Figs. 52, 53, and 54) showed that the
chirality of the ligand is transducted to the whole macrocycle, caused by an 
energetically favoured ligand conformation and the resulting steric interaction
of the phosphine phenyl groups with the acetylide ligands [13a]. This chiral in-
fluence is somewhat reduced for the rather strained macrocycle Tykwinski2c,
while the fully conjugated chromophore system of Tykwinski4c shows the
strongest response.
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Fig. 51 Macrocycle Tykwinski1a and conversion to Tykwinski1b and Tykwinski1c, respec-
tively
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Fig. 52 Macrocycle Tykwinski2a and conversion to Tykwinski2b and Tykwinski2c, respec-
tively

Fig. 53 Macrocycle Tykwinski3a and conversion to Tykwinski3c

a c

While for the Pt-N coordinated macrocycles of Stang et al. chirality can be
introduced by exocyclic chiral ligands at the Pt corners, as represented in
square Stang9 (Fig. 55) [29b], Lin et al. took advantage of chiral BINOL units
implemented as building blocks within the cyclic array. By Cu+-catalyzed self-
assembly of the linear 4,4¢-bis(alkynyl)-BINOL and a cis-Pt(II) diphosphine
precursor, the molecular triangles Lin1a–d were obtained in medium yields 
of 38–45% (Fig. 56) [51d]. The Pt(II) macrocycles were designed as catalysts
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Fig. 54 Macrocycle Tykwinski4a and conversion to Tykwinski4c

a c

Fig. 55 Macrocycle Stang9

Fig. 56 Macrocycle Lin1



comprising a chiral cavity or pocket. A deprotonated form was successfully 
employed in the asymmetric reduction of aromatic aldehydes with Ti(OiPr)4
and ZnEt2. The resulting chiral alcohols were obtained with an ee value higher
than 90%, while catalysis with the free ligand only led to excesses less than 80%.

Alkynyl substitution at the 6,6¢-positions of BINOL turned the bridging 
ligand to a corner building block, which by reaction with a cis-Pt(II) diphos-
phine gave rhomboid Lin2 (Fig. 57) in 49–59% yield [51c]. X-ray structure
analysis showed a slightly distorted geometry at the Pt(II) centre comprising
C-Pt-C angles from 82.4–101.3°. Similar to Lin1, this type of structure was used
in a deprotonated form for asymmetric reduction of aldehydes, yielding chiral
alcohols with very good ee values.

3,3¢-Bis(alkynyl)-substituted BINOL and cis-Pt(II) diphosphine provided
the analogous rhomboid Lin3 (Fig. 58) in 79–81% yield [51a]. In this case, de-
protonated Lin3 was not catalytically active in stereoselective aldehyde reduc-
tions due to the steric hindrance around the inwards-pointing hydroxy groups.
Therefore, the active Ti-BINOLate complex could not be formed. The reaction
of the 3,3¢-disubstituted BINOL derivative with trans-Pt(II) units resulted in
polymers instead of cyclic oligomers [52].

While the aforementioned substitution patterns at the BINOL moieties in
combination with cis-Pt(II) precursors resulted in discrete macrocycles, reac-
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Fig. 57 Macrocycle Lin2

Fig. 58 Macrocycle Lin3
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Fig. 59 Isolated compounds of the macrocyclization to macrocycle Lin4



tion of a 6,6¢-disubstituted BINOL with trans-Pt(II) yielded a mixture of macro-
cycles Lin4 (Fig. 59), ranging from the cyclotrimer to the cyclooctamer. The 
individual macrocycles could be obtained after chromatography in 5–18% yield
[51b]. A reason for the statistical formation of various ring sizes might be the
flexibility of the dihedral angle at the BINOL building block, which is able to
adopt different bite angles and binding vectors without generating much strain.

A diethynylated biferrocene was used by Yamazaki, Haga et al. as a similar
non-rigid building block in a Cu+-catalyzed macrocyclization with cis-Pt(II)
diphosphine [53]. YamazakiHaga1 (Fig. 60) forms as a mixture of cyclic
oligomers ranging from the cyclodimer to the cyclotetramer, which were iso-
lated in rather low yields. Employment of PMe3 instead of PBu3 as exocyclic
Pt(II) ligand yielded rather selectively the cyclic tetramer in 22% yield. The X-
ray structure analysis of this molecule reveals a rhomboidal geometry com-
prising two trans-Pt(II) moieties and two biferrocenyl units as opposite edges.
Electrochemical investigations by cyclic and differential pulse voltammetry re-
vealed only weak interaction and conjugation of the biferrocene units due to
the rather insulating character of the Pt(II) spacers.

A series of oligothiophene-containing platina-macrocycles were synthesized
by Bäuerle et al. in excellent yields. Reaction of an a,a¢-diethynylated terthio-
phenes with Pt(II)(dppp) units did not give the expected square, but a strained
cyclodimer Bäuerle1a (Fig. 61) by a four component self-assembly process in
91% yield. This cyclodimer subsequently served as a template for an oxidatively
induced reductive elimination of the Pt(II) corners with iodine and led to the
highly strained and fully conjugated metal-free macrocycle Bäuerle1b in 54%
yield [54]. Therefore, this novel Pt(II) metal template approach was a major 
improvement compared to the former “statistical”route [55] and one of the first
applications of effectively formed Pt(II) macrocycles as intermediates for the
synthesis of conjugated macrocycles.

Meanwhile, in the course of our efforts to work out a generally applicable
synthetic protocol for the transition metal-directed synthesis of diacetylene
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Fig. 60 Macrocycle YamazakiHaga1



bridged macrocycles, differently substituted a,a¢-diethynylated terthiophenes
were reacted with the Pt(II)(dppp) precursor to give corresponding Pt(II)
cyclodimers Bäuerle2–3 in 86% and 80% yield, respectively (Fig. 62) [56].

Furthermore, the length of the bridging oligothiophene unit could be ex-
tended to a quater-, quinque- and septithiophene, yielding platina-macrocycles
Bäuerle4–6 in 80–86% yield (Fig. 62, 63) [56, 57].

The broad applicability of the metal template approach was further 
shown by the synthesis of monoplatina-macrocycles Bäuerle7–9 in which a
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Fig. 61 Macrocycle Bäuerle1

a b

Fig. 62 Macrocycles Bäuerle2–4
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Fig. 64 Macrocycles Bäuerle7–9

Fig. 63 Macrocycles Bäuerle5–6

Pt(II)(dppp) diacetylide corner is connected to a bent bis(oligothienyl)phenan-
throline unit (Fig. 64) [57, 58]. Good yields (70%) are obtained only in the case
of the terthienyl derivative, whereas the corresponding longer quater- and
quinquethiophene only lead to low yields (23%, 9%), which is probably due to
unfavourable conformations of the precursor molecules for the macrocycliza-
tion process.

With respect to the subsequent elimination reaction that is applied to this
type of platina-macrocycles to form the conjugated macrocycles, we also varied
the bite angle at the Pt(II) corner by using bidentate phosphine ligands other
than dppp, which opens an angle of 91°. dppm and dppf span extreme angles
of 72° and 108°, respectively, are well tolerated and gave platina-macrocycles
Bäuerle10–11 in 80–85% yield (Fig. 65) [59].

Haley et al. synthesized the monoplatina-macrocycle Haley5a, however 
in this case, reductive elimination to conjugated macrocycle Haley5b was not
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Fig. 65 Macrocycles Bäuerle10–11

Fig. 66 Attempted route to obtain macrocycle Haley5b from Haley5a

a b

successful as the still-unknown macrocycle Haley5b would probably bear too
much strain (Fig. 66) [11a].

2.4
Macrocycles by Pt-P Coordination

Although they are commonly used as exocyclic ligands for Pt(II), phosphines
are not that often used as bridging ligands for platina-macrocycles. One reason
for this might be the lack of rigidity of the phosphine macrocycles, as rotation
around the Pt(II)-P bond is easily possible. More flexible spacers, though, make
a directional bond approach to macrocycles tedious or even impossible, and 
result in structures that are not shape-persistent. Nevertheless, the geometric
behaviour of Pt(II) compounds is often controlled by diphosphine ligands, and
a lot of work has been devoted to the field of Pt(II) diphosphine complexes.We
therefore refer to reviews, e.g. Bessel, Takeuchi et al. [60] review trans-spanning
diphosphine ligands giving a very detailed picture of research in this area. We
will only concentrate on few examples here.

Gladysz et al. achieved the cyclization to a trans-Pt(II) diphosphane macro-
cycle by first preparing an acyclic Pt(II) precursor with two phosphine moieties



in trans-position. The alkene end groups of the phosphine ligands were then
linked by an intramolecular metathesis cyclization to form macrocycle Gladysz1
(Fig. 67) as a mixture of E/Z isomers in 78% yield [61b,e]. This macrocycle 
was subsequently hydrogenated over Pd/C to remove the double bond in 54%
yield.

Using the same method with a precursor carrying four alkene groups, the 
bimacrocyclic system Gladysz2 (Fig. 68) could be obtained after hydrogenation
in moderate yield as a mixture of syn (31%) and anti (7%) isomers (regarding
the two phosphine phenyl groups) [61a,e]. Shorter alkyl chains at such a pre-
cursor complex, however, mainly resulted in products with two separate rings
on each side of the Pt.

More recently, this strategy was extended to prepare trans-Pt(II) diphos-
phane macrocycle Gladysz3 (Fig. 69) by alkyne metathesis [61c]. Hydrogena-
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Fig. 67 Macrocycle Gladysz1

Fig. 68 Macrocycle Gladysz2

Fig. 69 Macrocycle Gladysz3



tion of the alkyne moiety with Pd/C and hydrogen led to the same saturated
product (in 87% yield) as hydrogenation of Gladysz1.

When cis-configured Pt(II) precursor complexes are used instead of trans-
Pt(II) complexes, monoplatina- and bis-platina-macrocycles Gladysz4a–b
(Fig. 70) are formed in equilibrium and seem to interconvert having the equi-
librium on the side of the cyclic monomer Gladysz4a [61a].

A directional bond formation strategy was elaborated by Faraone et al. Upon
mixing diphosphinito ligands in a 1:1 ratio with Pt(COD)I2, the cyclic dimers
Faraone1a–b (Fig. 71) precipitate from the solution [62]. From X-ray structure
analysis the authors concluded that the cavity of the macrocycles, with critical
interatomic distances of ca. 4 Å, is too small to allow binding of even small guest
molecules. While cyclic trimers or tetramers would certainly increase the
chances of establishing host-guest chemistry, formation of such species was not
observed. The preference of the cyclodimer over larger cyclooligomers is as-
sumed to be due to both the geometry of the ligands and the strong Pt-P bonds.
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a b

Fig. 70 Equilibrium between cyclic monomer Gladysz4a and cyclic dimer Gladysz4b

Fig. 71 Macrocycles Faraone1a and Faraone1b

a b
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Fig. 72 Macrocycle Lindner1a and the resulting mixed metalla-macrocycle Lindner1b

a b

Fig. 73 Macrocycle Manners1a and conversion to Manners1b

a b

By starting with a 2,2¢-bipyridyl-containing diphosphine ligand, Lindner 
et al. introduced functionality in terms of endotopic binding sites to their
macrocycles [63]. Although the diplatina-macrocycles Lindner1a (Fig. 72) are
formed in only 20–23% yield, their solubility was much higher than that of a
corresponding cyclodimer, comprising longer alkyl spacers and chlorine sub-
stituents at the Pt(II) corners, which forms in high yields under high-dilution
conditions (not shown here). After addition of [Cu(CH3CN)4][BF4] to macro-
cycle Lindner1a, the trismetallated Pt(II)-Cu(I)-Pt(II) complex Lindner1b
(Fig. 72) could be obtained in good yields. The macrocyclic system should 
exhibit a “figure-eight” conformation due to the tetrahedral coordination of
Cu+ and the bipyridine bridging ligands.

A more rigid system has been prepared by Manners et al. by using a linear
phosphinoacetylene ligand. Thus, the reaction of 1,4-diethynyl diphosphine and
K2PtCl4 selectively gave the trisplatina triangle Manners1a (Fig. 73) in quanti-
tative yield [64]. The macrocycle is strained, which is indicated by the X-ray
structure analysis; with dihedral angles of 59–69° between the P-C-C atoms.
Addition of KI to the system Manners1a in a 1:1:1 mixture of CHCl3/CH2Cl2/



CH3CN resulted in a cyclization reaction and rearrangement providing the 
triangle Manners1b, which includes helical chirality.

Interestingly, by the use of shorter diphosphinoalkynyl ligands, cyclodimers
are formed in high yields, as presented in the hexagon ForniésLalinde4
(Fig. 74), reported by Forniés, Lalinde et al. [65a].

This type of structure has been known for a longer time and a variety of
corresponding dinuclear Pt(II) cycles having other diphosphine ligands is
known [65]. Early work on bis(diphenylphosphino)methane (dppm) bridged
compounds is, e.g., summarized in a review by Puddephatt [66].Although these
complexes sometimes are named “macrocyclic”, the expression “macrochelate”
would be more appropriate (see also introduction to Sect. 2.2.1).

2.5
Macrocycles by Unusual Pt Coordination

Bonds between the soft metal Pt(II) and hard oxygen atoms are considered to
be rather unstable [67, 68]. Only very recently, Mukherjee, Stang et al. reported
for the first time Pt(II) macrocycles with Pt-O coordinated bridging ligands.
For example, reaction of a bis-Pt(II) phenanthrenyl precursor with various di-
carboxylates in aqueous acetone resulted almost quantitatively in macrocycles
MukherjeeStang1 (Fig. 75) [67a].
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Fig. 74 Macrocycle ForniésLalinde4

Fig. 75 Macrocycles MukherjeeStang1



More generally speaking, the concept of directional bonding was shown 
to work very effectively for Pt-O bound macrocycles: Reaction of the 60°
bis-Pt(II) phenanthrenyl precursor with linear or quasi-linear bridging ligands
resulted in the triangularly shaped systems MukherjeeStang1; the same 
bis-Pt(II) tecton reacted with a dicarboxylate that spans a 120° angle to yield
the rhomboids MukherjeeStang2 (Fig. 76) [67a]. In contrast, the U-shaped 
bis-Pt(II) anthracenyl “clamps” formed rectangles MukherjeeStang3 (Fig. 77)
[67a] and MukherjeeStang4 (Fig. 78) [67b] by reaction with linear or quasi-lin-
ear ligands. The structures of these macrocycles have been confirmed by X-ray
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Fig. 76 Macrocycles MukherjeeStang2

Fig. 77 Macrocycles MukherjeeStang3

a b

Fig. 78 Macrocycles MukherjeeStang4
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Fig. 80 Cyclic monomer Gladysz5a and dimeric byproduct Gladysz5b

a b

Fig. 79 Macrocycle Hor1

structure analysis. Interestingly, only few of these molecules form stacks with
cavities or channels in the solid state, while this is quite common for nitrogen
bound macrocycles.

Hor et al. presented the Pt(II) square Hor1 (Fig. 79) in which the Pt(II) cor-
ners are bound to the N and O atoms of isonicotinic acid [69]. For the reaction,
a bis-Pt bithienyl precursor was used which reacted upon mixture with isoni-
cotinic acid to the C4 symmetric macrocycle Hor1. In contrast to macrocycle
Dunbar1 (see Sect. 2.2.2), the C=O oxygen atom is not involved in a coordina-
tive bond.

Using the same metathesis strategy as for the P-coordinated macrocycles,
Gladysz et al. synthesized the sulfur-coordinated macrocycles Gladysz5a and
Gladysz5b (Fig. 80), which could be obtained in 55% and 24% yield, respec-
tively [61d]. Unlike the macrocycles Gladysz4a/b, these two forms did not in-
terconvert, and tert-butyl substitution at the sulfur suppressed the formation
of dinuclear cycles.



3
Related Structures and Topologies

3.1
2D Compounds with Cyclic Substructures

In this small section, network structures are presented in which Pt(II) macro-
cycles are substructures of a 2D structure.

In this respect, Drain et al. prepared the “porphyrin band” Drain1 (Fig. 81)
comprising four tetrapyridylporphyrins that are held together by cis-arranged
Pt(II) centres [70]. Such a “grid” may be considered as the 2D extension of the
porphyrin Pt(II) macrocycles Stang2 and Lehn1 (Sect. 2.2.3).
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Fig. 81 Macrocycle array Drain1

Fig. 82 Macrocycle vanKoten1



In Sect. 2.4, a structure of the Gladysz group comprising two “annulated”
macrocyclic rings involving Pt(II) has been presented (Gladysz2). Closely 
related to this macrocycle is the work of van Koten et al. who used a trigonal
tris-Pt(II) template to preorganize meta-alkyl substituted pyridine ligands
bearing olefinic groups at the termini of the side chains [71]. By ring-closing
metathesis, the outer cyclic array was closed to form the grid vanKoten1
(Fig. 82), which formally consists of three annulated Pt(II) macrocycles. The
Pt(II) template was removed later on by addition of aqueous NaCl to yield a Pt-
free macrocycle. After hydrogenation of the olefinic moieties, the Pt(II) tem-
plate was again recognized by the Pt-free macrocycle ring as a guest molecule.

3.2
3D (Cage) Structures

Meanwhile, a number of 3D structures and topologies exist that have been built
from Pt(II) building blocks or Pt(II) macrocycles by using the same methods
as described before for the macrocycle formation.

The first 3D structures containing Pt(II) were probably not seen as supra-
molecular assemblies, but rather as (simple) organometallic complexes. This 
is because they mainly were not synthesized in a “directional” way, but for 
example by pyrolysis of a metal and a ligand mixture. In 1985, Strähle published
the trinuclear cage complex Strähle1 (Fig. 83), which contains six pyrazole
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Fig. 83 X-ray structure of cage Strähle1
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Fig. 84 Macrocycle Capó1

bridging ligands and is formed in 20% yield among a polymeric mixture [72].
The structure was verified by X-ray structure analysis and should rather be
considered as a macrochelate.

Capó et al. reported the self-assembly of a bis-zinc porphyrin pincer mole-
cule with a cis-Pt(II)(dppp) bis-4,4¢-bipyridyl precursor to form the 3D cyclic
structure Capó1 (Fig. 84) [73]. Hereby, the vectors of the 4,4¢-bipyridyl ligands,
which form a 90° angle, directly point to the central Zn atoms of the porphyrin
moieties. The quantitative formation of the macrocycle was proven by 1H-NMR
spectroscopy, which showed a high upfield shift of those 4,4¢-bipyridyl protons
that point to the porphyrin units.A high Zn-N binding constant of ~108 L2 mol–2

was determined.Additionally, significant shifts of the absorption maxima could
be seen in the UV-Vis spectra by titration of the porphyrin precursor with the
Pt(II) precursor and 4,4¢-bipyridine.

A cage built from tetracyano-substituted cavitands, linked by Pt(II) corners,
was presented by Dalcanale et al. [74]. The molecular cage Dalcanale1 (Fig. 85),
in which the two “bowl” units are linked by four Pt(II)dppp atoms through the
cyano units, seems to trap one of the triflate counter ions. The cage molecule
can be reversibly disassembled by addition of a competing ligand such as NEt3.

“Half” cages built from a cis-Pt(II) precursor and thymine or uracil ligands
have been very recently presented by Krebs et al. [75]. The resulting pentanu-
clear structures Krebs1 (Fig. 86), obtained in rather low yields of ca. 15–20%,
contain one monoplatinum and two diplatinum centres as the three “corners”
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Fig. 85 Cage Dalcanale1

Fig. 86 X-ray structure of cage Krebs1

which are bridged by the nucleobases. The ability of the system Krebs1 to 
coordinate small anions such as nitrate to different edges of the Pt5 complex by
hydrogen bonds points to a close relation to metalla-calixarenes.

The synthesis of more flexible cage structures has been shown by Lindner
et al. [76]. The trinuclear 3D structure Lindner2 (Fig. 87) was prepared by the
self-assembly of a 1,3,5-alkylated benzene scaffold that is functionalized 
by diphenylphosphine ligands at the termini of the alkyl chains and a cis-con-
figured Pt(II) precursor under high dilution conditions [76a,c]. The cage mol-
ecule Lindner2 was formed as the major product and no linear oligomers were
observed. X-ray structure analysis showed the incorporation of dichloro-
methane as a guest molecule into the cavity of the cage by a reversible com-
plexation/decomplexation process. The more complicated hexanuclear cage



Lindner3 (Fig. 88) was only formed in traces during the reaction, as proven by
mass spectrometry [76c].

When similar 1,3,5-trisubstituted benzene scaffolds were reacted with trans-
configured Pt(II) building blocks, comparable prism-like structures Lindner4
(Fig. 89) were prepared comprising various alkyl chain lengths [76b]. The yield
depended on the length of the alkyl side chains and dropped from 68% for eth-
ylene to 37% for butylene bridges, while the formation of polymeric material
increased. Although certain flexibility is introduced in these cages due to the
alkyl chains and they should therefore be ideally suited for guest inclusion by
induced fit, those experiments failed because of either too weak complexation
behaviour by an eventually blocked access to the cage or by competing self-as-
sociation due to p-p stacking. A side reaction detected in both systems Lind-
ner2 and Lindner4 when longer alkyl chains were implemented seemed to be
the formation of “intramolecular” 2D chelate complexes [76a].

With the same stoichiometry of Pt(II) corners and trigonal phosphine lig-
ands, Balch et al. obtained the prism Balch1 (Fig. 90) in moderate yields [77].
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Fig. 87 Cage Lindner2 with included CH2Cl2 guest molecule

Fig. 88 Cage Lindner3



Similar to Lindner2–4, the cage molecule Balch1 comprises 1,3,5-tris(tri-
phenylphosphane)-substituted benzene moieties resulting in a very low solu-
bility that allowed characterization only by X-ray structure analysis in the solid
state.

The best known examples (and also the largest number) of 3D structures
have been published by the groups of Fujita [78] and Stang [79].

By self-assembly of the planar trigonal tris(4-pyridyl)-1,3,5-triazine ligand
and Pt(II)(en) corner units, the “molecular lock” Fujita2 (Fig. 91) has been pre-
pared using sodium adamantanecarboxylate as a templating agent, which can
be removed by heating afterwards [16a, 78c,e]. The cage molecule is capable
of incorporating small neutral guest molecules that can diffuse through the
“pores” of the capsule [16a, 78c]. Therefore, the capsule may act as a catalyst
for the reaction of molecules within the cavity. Since the product that is
formed cannot escape from the capsule, even otherwise reactive and labile
species such as a siloxane cyclotrimer can be prepared, as shown by Kusukawa,
Fujita et al. [78c]).
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Fig. 89 Cage Lindner4

Fig. 90 Cage Balch1



By addition of pyrazine together with a triphenylene template to the same
reactand mixture that is used for Fujita2, the prism-like cage Fujita3 (Fig. 92)
forms instead [78a]. After extraction of the template with chloroform, cage
molecule Fujita3 is capable of intercalating different aromatic guest molecules,
e.g. pyrene.

Using a slightly different mixture of the same components, the interlocked
prism Fujita4 (Fig. 93) could be obtained [78e].

Finally, Stang and his group managed to build a number of Platonic and
Archimedean geometric structures (Scheme 5) from mixtures of specially de-
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Fig. 91 Cage Fujita2

Fig. 92 Catenane Fujita3
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Scheme 5 a Selective formation of 3D solids using directional building blocks. b Typical 
Platonic and Archimedean geometric structures [6]

a

b



signed ligands and Pd(II) or Pt(II) moieties.As a complete survey of this work
would go far beyond the scope of this review, some reviews of Stang et al. on
this topic, which at least cover this work until 2002, are recommended [6]. We
will discuss here some of the most interesting examples containing Pt(II)
units.

The truncated tetrahedron StangOlenyuk1 (Fig. 94) was prepared from a tri-
pod-shaped 1,3,5-tris(4-ethynylpyridyl)-substituted benzene and a cis-Pt(II)
precursor [79f]. The noticeable features of the cage complex are the exocyclic 
BINAP ligands which add chirality to the highly symmetric 3D structure and
minimize a loss of entropy due to their rigid conformation.

An even more complicated cage structure is represented by the cuboctahe-
dra Stang10 (Fig. 95), which in this case combines tritopic trisplatina  and an-
gular bipyridyl precursor units [79e]. Remarkably, despite the high charge, the
big cuboctahedra are very soluble in common organic solvents. Identification
of the highly symmetric 3D structures was possible by NMR spectroscopy and
elemental analysis, as well as ESI-MS, the results of the latter being in excellent
agreement with calculated values [79d,e].

Very recently, the cage structures ChiAddicottStang4–5 (Fig. 96), com-
prising trans-Pt(II) units in the “clip” moieties, have been reported to form in 
excellent yields [79a]. The chiral structure of the cage ChiAddicottStang5
is most noticeable and could be assembled from the R or the S tritopic pre-
cursor. The structure was confirmed by NMR, elemental analysis and ESI-MS
as well as by comparison with crystal structures of analogous compounds
[79b].
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Fig. 93 Cage Fujita4
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Fig. 94 Truncated tetrahedron StangOlenyuk1

Furthermore, the analogous prisms KuehlStang2–3 (Fig. 97) including the
same clip motif but with planar tops and bottoms, have been reported by Kuehl,
Stang et al. [79c].

3.3
Catenanes

In general, catenanes represent interlocked macrocycles that are held together
by a so-called mechanical bond and have become an intensively investigated
field. Several synthetic approaches towards this molecular topology have been
developed in the last two decades, utilizing highly efficient templating strate-
gies [80] and self-assembly processes [81].
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Fig. 96 Prisms ChiAddicottStang4 and ChiAddicottStang5

Fig. 95 Cuboctahedra Stang10
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Fig. 97 Prisms KuehlStang2 and KuehlStang3

Catenanes can be prepared as thermodynamically controlled products
without the use of a template, as shown by Fujita, Ogura et al. While the pre-
cursor macrocycles are formed under kinetic control, heating at 100 °C for 24 h
resulted in an interlocking of two macrocycles to form the corresponding
tetranuclear Pt(II) catenane FujitaOgura1 (Fig. 98) [82b–c].

Selective cross-catenation of two analogous Pd(II) and Pt(II) macrocycles
comprising tetrafluorobenzene units in the cyclic array was achieved by Fujita
et al. [82a]. Without formation of homo-catenanes, the mixed metal catenane

Fig. 98 Catenane FujitaOgura1
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Fujita5 (Fig. 99) is formed in high yield within 3 h at room temperature. This
elegant approach makes use of the kinetically labile Pd(II)-pyridine coordina-
tion, so that the Pd(II) macrocycle can thread through the inert Pt(II) macro-
cycle directed by p-donor/p-acceptor interactions of benzene units in one
macrocycle with tetrafluorobenzene units in the other one.

Fig. 100 Catenanes Bäuerle12

Fig. 99 Catenanes Fujita5



A strategy towards the synthesis of the first interlocked p-conjugated
macrocycles was developed by Bäuerle et al. by extending their metal-template
approach, which has already been described for oligothiophene-containing
Pt(II) macrocycles (see Sect.2.3.2).A tris-metallated catenate was synthesized
by heteroleptic Cu+ complexation of phenanthroline Pt(II) macrocycle
Bäuerle7 and the open-chained ligand to form a “pseudorotaxane” under
thermodynamic control. Ring closure with Pt(II)(dppp) gave bis-platina-Cu(I)
catenate Bäuerle12 (Fig. 100) in 43% yield. Subsequent 1,1-reductive elimina-
tion of the Pt(II) corners with iodine led to the corresponding conjugated Cu(I)
catenate in 41% yield. Characterization and structural proof were made by 
1H-NMR spectroscopy and ESI-FT-ICR mass spectrometry [58]. Due to the very
small ring size of the interlocked macrocycles it was not possible to remove the
Cu+ central atom.

This problem was solved by synthesizing the larger bis-platina-Cu(I) cate-
nate Bäuerle13 (Fig. 101), which contains quaterthiophene instead of terthio-
phenes units. It is obtained by homoleptic complexation of the open-chain
compound with Cu+ and subsequent macrocyclization with Pt(II)(dppp). Re-
ductive elimination and decomplexation of the central copper yielded the first
conjugated catenane [83].
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These examples demonstrate that Pt(II) complexation reactions can not only
be used for the efficient synthesis of complicated molecular topologies and
geometries, but also as templates and intermediates for the formation of the
corresponding “metal-free” and covalently linked structures.

4
Concluding Remarks

The intention of this review was to give an overview of the state-of-the-art in
the use of Pt(II) moieties in macrocyclic and topological chemistry. The many
examples show that a lot of very creative work has already been done in this
strongly growing field.

However, we do not want to conclude without stressing some closely related
aspects. Many reports on the formation of Pt(II) macrocycles are in conjunc-
tion with corresponding Pd(II) compounds, therefore by comparison one gen-
eral conclusion can be drawn: the Pd(II) analogues possess weaker bonds and
are therefore prone to undergo equilibration. Because of this feature, it is easier
to build up 3D structures or to achieve the thermodynamically most stable
product with Pd(II) instead of Pt(II) building blocks, where bond formation is
less reversible and hence unwanted side products are much more probable.
Fujita et al. reported the equilibrium between the (entropically favoured) tri-
angular and (strain-free) square assembly Fujita6 (Fig. 102), the Pd analogue
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Fig. 102 Equilibrium between squared Pd(II) macrocycle Fujita6a and the triangular form
Fujita6b



of Fujita1 [84]. The ratio between these two forms can be adjusted even at room
temperature by just varying the concentration, whereas the Pt(II) square is
completely stable.

If acetylides are reacted with Pd(II), very often only the C-C coupling prod-
uct is observed because elimination from the Pd-bis-acetylide complex is very
fast, in contrast to the corresponding isolable Pt complexes [85].

The coordination patterns for Pt(II), especially coordination to acetylides,
are also seen in a number of linear structures. Pt(II) has been incorporated into
a number of molecular wires, polymers and networks. The interest thereby is
mainly in the electronic nature and conductivity of these compounds and the
change upon the addition of Pt.Although they are not part of this review, their
structures are often closely related to macrocycles.

In summary, the increasing number of Pt(II) macrocycles and complex 3D
structures shows that Pt(II) is a very valuable building block for macrocyclic
and topological chemistry. Its major advantages are good stability towards air
and moisture (especially compared to the Pd(II) analogues), the usually good
to excellent yields in formation, and the applicability both as a 90° and 180°
construction element with which a directional synthesis of a specific structure
(e. g. molecular squares) can be achieved. Furthermore, Pt(II) can act as a build-
ing block for more sophisticated 3D structures as well as a template for the syn-
thesis of strained conjugated macrocycles and catenanes.
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Abstract Mechanically interlocked molecular compounds can be synthesized in high yields
by using template-directed assistance to covalent synthesis. Catenanes and rotaxanes are two
classes of mechanically interlocked molecules that have been prepared using a variety of
methods such as “clipping”,“slipping”, and “threading-followed-by-stoppering”, under both
kinetic and thermodynamic regimes. These different methods have utilized a range of
templates such as transistion metals, p-donor/p-acceptors, and hydrogen-bonding motifs.
Multivalency has emerged as another tool to aid and abet the supramolecularly assisted 
synthesis of mechanically interlocked molecules. Recent advances in our understanding of
the nature of the mechanical bond has led to the construction of molecular machines with
controllable motions that have, in one instance, been introduced into molecular electronic
devices.

Keywords Catenanes · Dynamic chemistry · Molecular machines · Multivalency · 
Rotaxanes

Abbreviations and Symbols
B24C8 Benzo[24]crown-8
BIPY2+ 4,4¢-Bipyridinium
BN24C8 Benzo-2,3-naphtho[24]crown-8
Bu Butyl
24C8 [24]Crown-8
CBPQT4+ Cyclobis(paraquat-p-phenylene)
CT Charge-transfer
CV Cyclic voltammetry
Cy Cyclohexyl
DB24C8 Dibenzo[24]crown-8
DEAD Diethyl azodicarboxylate
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
DN24C8 2,3-Dinaphtho[24]crown-8
DN38C10 1,5-Dinaphtho[38]crown-10
DNP 1,5-Dioxynaphthalene
Et Ethyl
Grubbs I First generation Grubbs catalyst
Grubbs II Second generation Grubbs catalyst
HMPT Hexamethylphosphoric triamide
LB Langmuir-Blodgett
Me Methyl
MPTTF Monopyrrolotetrathiafulvalene
N24C8 2,3-Naphtho[24]crown-8
NMR Nuclear magnetic resonance
RCM Ring-closing metathesis
RORCM Ring-opening ring-closing metathesis
SAM Self-assembled monolayer
tert Tertiary
TFAA Trifluoroacetic anhydride
THF Tetrahydrofuran
Tr Triphenylmethyl (Trityl)
TTF Tetrathiafulvalene
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1
Introduction

Interlocked molecules [1–5] consist of two or more components that are held
together as a consequence of mechanical linking rather than by covalent bonds.
The interest of the scientific community was initially piqued by the challenges
inherent in their efficient syntheses, as well as by their relatively unconventional
architectures – a fascinating aspect of their structure that marries topology [6]
with chemistry. Catenanes [7–14] and rotaxanes [15–26] are the archetypal 
examples of such mechanically interlocked compounds. They merely represent
the forerunners, however, of an ever-expanding family of more intricate as-
semblies [27]. Catenanes (from the Latin catena, meaning “chain”) are com-
prised of two or more mechanically interlocked macrocycles, whereas simple
rotaxanes (from the Latin rota and axis, meaning “wheel” and “axle”, respec-
tively) contain a linear dumbbell-shaped component – bearing bulky end-
groups or “stoppers” – around which one or more macrocycles are trapped. No
longer esoteric curiosities, catenanes and rotaxanes are now being explored
[28–29] as prototypical molecular machines – an intriguing application that
arises from the ability to control the relative translations of interlocked com-
ponents within any given molecular assembly. Molecular devices such as logic
gates, switches, and shuttles are now a reality [28–29].

A common retrosynthetic disconnection shared by generic [2]rotaxane and
[2]catenane structures invokes (Fig. 1) a [2]pseudorotaxane precursor, in which
a linear molecule is threaded through a macrocyclic one. Post-assembly mod-
ification of the threaded [2]pseudorotaxane superstructure can proceed in two
ways: (i) macrocyclization of the linear component affords a [2]catenane
(Fig. 1a), whereas (ii) end-capping of the linear component with sufficiently
large groups – a process often referred to as “stoppering” (Fig. 1b) – results in
the formation of a [2]rotaxane. A complementary “clipping” strategy (Fig. 1c),
in which an acyclic precursor is cyclized around a linear dumbbell-shaped 
template, has also been developed for the synthesis of rotaxanes.An alternative
approach to prepare rotaxanes, called “slippage” (Fig. 1d), proceeds by heating
the preformed macrocycle and dumbbell together in order to slip the macro-
cycle past the bulky stoppers to produce the thermodynamically favored 
rotaxane.

Each of these strategies requires the precise geometrical positioning of two
or more molecules prior to the formation of the final covalent bond, i.e., the one
that defines the ultimate molecular entity. When left to chance, the fragments
are highly unlikely to be oriented in the arrangement necessary for the creation
of an interlocked molecule – the statistics are not kind! Consequently, early
“statistical” approaches [7, 15] were poor yielding, relying upon tedious repe-
tition and arduous purification protocols to generate even the smallest quan-
tities of catenanes and rotaxanes. Covalent-directed approaches followed [1]
but they fared little better since they required complex multi-step syntheses.
Paradigms, however, have a habit of shifting; the chemical landscape was about
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Fig. 1 Schematic representation of the synthesis of a [2]catenane by a clipping, and of a
[2]rotaxane by b stoppering, c clipping, and d slippage



to change. The field of host-guest chemistry [30] gained momentum (and, in
some circles, changed its name [31]) as the latter half of the twentieth century
wore on, and it was only a matter of time before the principles and practices of
supramolecular chemistry were applied to the formation of interlocked mole-
cules. The template-directed strategies that we continue to develop and hone up
to this day were born [8, 32–41].Whether hydrogen-bonding [42–48] or metal-
ligand interactions, [49–53] p–p stacking [54–60] or hydrophobic binding,
[61–65] molecular recognition and the intermolecular forces – that we are now
beginning to comprehend and exploit – are the foundations upon which the
field of mechanically interlocked molecules are built.

To date, the final bond-forming reaction employed in the majority of me-
chanically interlocked molecule syntheses have been performed under kinetic
control. Such protocols can result in the irreversible formation of undesired
(non-interlocked) side-products, potentially reducing the efficiency of the in-
terlocking processes. By contrast, however, a reversible thermodynamically 
controlled approach allows for a “proof-reading”step in which “incorrect”struc-
tures are consumed and their component parts recycled back into an equili-
brating mixture [66–71]. For example, in a stoppering reaction performed
(Fig. 2a) under reversible conditions, the formation of a dumbbell-shaped com-
ponent does not represent a dead end, as it would if this reaction was performed
under kinetic control (vide supra). In this case, such an undesired structure can
simply re-equilibrate and its components can go on to form the desired dynamic
[2]rotaxane product. Furthermore, thermodynamic approaches for the syn-
theses of mechanically interlocked compounds are not limited to stoppering 
reactions. The thermodynamically controlled clipping (Fig. 2b) of a macro-
cyclic component around a preformed dumbbell-shaped molecule can also be
envisaged. In fact, there are many ways by which dynamic [2]catenanes and
[2]rotaxanes can be assembled, depending upon whether just one or both of the
components possess, within their framework, bonds that can be made and bro-
ken reversibly.Additionally, the possibility exists for mechanically interlocked
molecules to be assembled (Fig. 2c) directly from their constituent components.
For example, by mixing two preformed macrocycles with one another – at 
least one of which contains a reversibly formed bond – it is possible, under the 
appropriate conditions, to reproduce the conjurer’s “magic rings”trick, wherein
two apparently “closed” rings can be linked together, one through the other, to
form a [2]catenane.

This article surveys, in an appropriate historical context, the state-of-the-art
when it comes to the formation of mechanically interlocked molecules – under
both kinetic and thermodynamic regimes – and concludes with a vision of
what the future may hold, especially if we choose the right templates!
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Fig. 2 Schematic representations depicting the thermodynamically controlled synthesis of
a [2]rotaxane using a the stoppering methodology and b the clipping methodology.
c Represents the magic interlocked molecules. The thinner lines represent the reversibly
formed covalent bonds



2
Kinetic Approaches to the Synthesis of Interlocked Molecules

2.1
Transition Metal Templates

Kinetic templates, such as transition metals, have been used for over two
decades in the synthesis of catenanes and rotaxanes on account of their ability
to gather and coordinate organic ligands in a geometrically precise fashion. In
1983, Sauvage [8] reported the first metal-templated protocols for the synthe-
sis of catenanes and outlined a general procedure for using various transition
metals as synthetic templates. Since then, the synthesis of a string of exotic cate-
nanes and rotaxanes [72–73] has been demonstrated. Recently, Sauvage has 
reported [74–75] the synthesis of metal-templated [2]catenanes, for which an
alkene terminated 2,2¢-bipyridine derivative 2 (Scheme 1a) is chelated with a
pre-formed bisphenanthroline macrocycle 1 in the presence of a Ru(II) or a
Rh(III) metal center to afford stable, octahedral coordination complexes,
which correspond to the pseudorotaxanes 3a·2Cl or 3b·3Cl, respectively. These
pseudorotaxanes can be transformed into the corresponding olefin-linked
[2]catenates 5a·2Cl or 5b·3Cl, respectively, by using a ring-closing metathesis
(RCM) methodology on the two terminal alkenes with the catalyst 4 (Grubbs
I) in 68% or 34% yield, respectively. Conversely, a Cu(I)-templated [2]rotaxane
9·BF4 [76] can be prepared (Scheme 1b) by means of a threading-followed-
by-stoppering approach. In this case, a 2,2¢-bipyridine derivative 7 is treated 
with a phenanthroline-terpyridine-containing macrocycle 6 in the presence of
Cu(I) ions, resulting in the formation of a tetrahedral coordination complex –
namely a semirotaxane [Cu(6…7)]·BF4. Subsequently, alkylation of the complex
[Cu(6…7)]·BF4 with the stoppering reagent 8 gives the desired Cu(I)-templated
rotaxane 9·BF4 in a yield of 20% for the final two steps. The X-ray crystal struc-
ture of the rotaxane 9·BF4 confirmed that the Cu(I) complex adopts a tetrahe-
dral structure with the coordination of the two different bidentate ligands,
2,2¢-bipyridine and phenanthroline with the Cu(I) metal center. It was demon-
strated [76] that the Cu(I)-templated [2]rotaxane 9·BF4 undergoes controllable
rotary motion (pirouetting) of the macrocycle around the dumbbell’s axis 
following the oxidation and reduction of the Cu metal center. Specifically,
the Cu(I) ion favors a four-coordinate ligand set in a tetrahedral geometry, a re-
quirement satisfied by the 2,2¢-bipyridine and phenanthroline ligands, whereas
Cu(II) ion favors a five-coordinate geometry with 2,2¢-bipyridine and terpyri-
dine ligands.

These recent examples demonstrate the ability of metal-ion templates to 
facilitate the construction of interlocked molecules – and represent only the tip
of the iceberg. Over the past two decades, Sauvage and others have employed
a wide range of metal-ligand interactions to facilitate the efficient synthesis 
of both catenanes and rotaxanes, in addition to other complex intertwined mol-
ecular architectures, e.g., molecular knots.
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Scheme 1 Syntheses of the metal-templated [2]catenanes 5a·2Cl/5b·3Cl and the [2]rotaxane
9·BF4 by a ring-closing metathesis and an alkylation, respectively



2.2
pp-Donor/pp-Acceptor Templation

2.2.1
Charged Templates

The first synthesis of a [2]catenane utilizing the templating effects of charged
p-donor/p-acceptor noncovalent bonding interactions was reported [77] in
1989. Since then, charged p-donor/p-acceptor templates have continued to play
an important role in the syntheses of catenanes and rotaxanes on account of
their high self-assembling efficiency [78]. Thus far, the preparation of catenanes
and rotaxanes [61, 79–80] has taken advantage of strong binding affinities
(Ka>3,000 M–1 in MeCN at 298 K) between (Fig. 3) the charged p-electron-de-
ficient tetracationic cyclophane, cyclobis(paraquat-p-phenylene) (CBPQT4+)
10·4PF6 and p-electron-rich compounds, such as aromatic ethers 11 and 12.
This complexation is driven by p–p stacking and charge-transfer (CT) inter-
actions [81–82], as well as by [C–H…O] hydrogen bonding [83–84]. By far the
most effective p-donors for the preparation of charged catenanes and rotax-
anes are those [85] based on tetrathiafulvalene (TTF) 13 and their mutual
recognition by the p-electron-deficient cyclophane 10·4PF6. The binding con-
stant between TTF (13) and 10·4PF6 to form a 1:1 inclusion complex (i.e., a
[2]pseudorotaxane) was determined to be ca. 10,000 M–1 in MeCN at 298 K.
Even higher binding constants have been obtained [86] for some pyrrole-fused
TTF derivatives. The pioneering work in the development of charged p-donor/
p-acceptor recognition motifs led to the preparation of a myriad of novel cate-
nanes [87–92], including the [5]catenane “Olympiadane” [87] and other func-
tional rotaxanes [26, 93–96].

In 1998, the Stoddart group [90] reported that the bistable [2]catenanes
17a·4PF6 and 17b·4PF6 can be prepared (Scheme 2a) by template-directed 
synthesis that utilizes the appropriate preformed macrocyclic polyether 14a/b.
The reaction of the horseshoe-like dicationic salt 15·2PF6, under high dilution
with the dibromide 16 in the presence of the macrocyclic template 14a/b,
affords either the 1,4-dioxybenzene-containing [2]catenane 17a·4PF6 or the 
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Scheme 2 Template-directed syntheses of the charged p-donor/p-acceptor [2]catenanes
17a·4PF6/17b·4PF6 and the [2]rotaxane 19·4PF6 by clipping reactions around TTF units

1,5-dioxynaphthalene (DNP)-containing [2]catenane 17b·4PF6. The [2]catenanes
were obtained in yields of 23 and 43%, respectively, following counterion ex-
change with ammonium hexafluorophosphate. The X-ray crystal structure of
the [2]catenane 17b·4PF6 revealed that the tetracationic CBPQT4+ cyclophane
encircles the TTF unit, leaving the DNP ring system to interact with the outer
face of one of the bipyridinium rings of the cyclophane. Interestingly, the
[2]catenanes 17a·4PF6 and 17b·4PF6 exhibit controllable, reversible circumro-



tary movements that exchange the TTF unit for the other aromatic ring system
within the cavity of the tetracationic cyclophane. This switching behavior 
occurs in both solution [91] and in the semi-solid state [92]. By further elabo-
rating this synthetic method, a bistable, electrochemically switchable, [2]ro-
taxane 19·4PF6 [95] was synthesized (Scheme 2b) in 23% yield by employing
the same template-directed clipping process with the dicationic salt 15·2PF6
and the dibromide 16 around the dumbbell compound 18 containing the two
donors, monopyrrolo-TTF (MPTTF) and DNP. Furthermore, when the clipping
reaction is performed under high pressure (10 kbar), the yield of the [2]rotax-
ane can be increased dramatically, i.e., up to as much as 50%!

2.2.2
Neutral Templates

In addition to these charged p-stacking systems, Sanders [97] has more recently
reported that neutral p-stacking motifs can be utilized for the construction of
[2]catenanes with high efficiencies. The neutral p-stacking motifs that involve
p-electron-deficient diimides, such as pyromellitimide 23 (Scheme 3) and 
p-electron-rich aromatic ethers, such as the previously mentioned DNP deriv-
ative 12, self-assemble to give charge-transfer complexes with intense colors
[98]. By employing this type of neutral recognition motif (Scheme 3a) when a
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Scheme 3 Template-directed syntheses of neutral p-donor/p-acceptor [2]catenanes 22a/22b
and 25



DNP-based macrocycle 20 (DN38C10) is treated separately with the bisacetyl-
ene 21a or 21b utilizing the Glaser–Hay oxidative homo-coupling reaction, the
[2]catenane 22a is produced as an orange-red solid in 38% yield and the
[2]catenane 22b as a purple solid in 52% yield, respectively [99–100]. From the
X-ray crystal structural analysis of the [2]catenane 22a, both the 3.5 Å p–p in-
teraction and the weak, intramolecular [N–C–H…O] hydrogen bonds are 
observed and are believed to be essential for maintaining the self-assembled
structures. Moreover, an acetylene-free [2]catenane 25 (Scheme 3b) can be
constructed from the same starting macrocycle 20 with pyromellitimide 23
and diol 24 under Mitsunobu dehydrating reaction conditions to give the
product 25 as a deep-red solid in 17% yield [101]. In the synthetic studies of
other similar neutral [2]catenanes, the authors [97] conclude that the acidic
methylene protons adjacent to the diimide unit facilitate the formation of the
[2]catenanes from the macrocycle 20 by additional [N–C–H…O] hydrogen
bonding.

2.3
Hydrogen Bond Templation

2.3.1
Amide Templates

In 1992, Hunter [102] and Vögtle [103] reported separately that amide-based
[2]catenanes can be prepared in reasonable yields by amide-forming reactions
such that the intermediates are held in place by strong [C=O…H–N] hydrogen-
bonds [104]. Subsequently, in 1995, Leigh [9] published a convenient one-step
preparation (Scheme 4) of an amide-based [2]catenane 28. The synthesis in-
volves simply mixing isophthaloyl chloride 26 and p-xylylenediamine 27 in the
presence of triethylamine to furnish the [2]catenane 28 in a 20% yield by a
double [2+2] macrocyclization. The catenane formation is facilitated by two
types of interactions – the [C=O…H–N] hydrogen-bonds as well as p–p in-
teractions between phenylene rings – in a minimally spaced system. Based on
this landmark research, Leigh [105] has recently reported the synthesis
(Scheme 5a) of a “three-station” amide-based [2]catenane 30, which serves 
as the basis for a unidirectional photochemically driven molecular motor. To
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Scheme 4 One-pot hydrogen bonding-assisted synthesis of the amide-based [2]catenane 28
from the acyclic starting materials 26 and 27
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begin with, a large amide-based macrocycle 29, which consists of (a) a sec-
ondary amide fumaramide group, (b) a tertiary amide fumaramide group, and
(c) a succinic amide ester group, is treated with isophthaloyl chloride 26 and
p-xylylenediamine 27 to yield, following a [2+2] macrocyclization, the [2]cate-
nane 30 as the major product in 50% yield. 1H-NMR spectroscopy confirmed
that the newly formed macrocyclic lactam was situated at the secondary amide 
fumarmide moiety by forming a close-to-ideal hydrogen-bonding geometry.
And, as expected, [3]- and [4]catenanes were obtained as bonuses from the 
one-pot reaction as minor products.

Employing a similar hydrogen bonding-induced macrocyclization strategy,
various amide-based [2]rotaxanes can be constructed [106–112]. One example
[110] is that of a [2]rotaxane 32 (Scheme 5b) that can be synthesized in a 59%
yield from a succinamide and naphthalimide-containing compound 31 with a
standard one-pot formation of the macrocyclic lactam from compounds 26 and
27. Upon electrochemical stimulation, the [2]rotaxane 32 displays bistable
switching behavior in which the macrocyclic lactam ring moves from the suc-
cinamide station to the naphthalimide station. Furthermore, by using similar
synthetic strategies described above, other amide-based [2]catenanes [113–116]
and amide-based [2]rotaxanes [117] have also been reported.

2.3.2
Ammonium Ion Templates

It is well known [16, 118–119] that crown ethers, such as [18]crown-6 and
[24]crown-8 are ideal hosts for binding both with primary alkyl- and secondary
dialkyl-ammonium ions as a result of strong [N+–H…O] hydrogen-bonding 
interactions. The Stoddart group [17, 120–121] has recently reported that am-
monium-containing [2]rotaxanes 35-H·2PF6, 36-H·3PF6, 38-H·PF6 and 39-H·PF6
(Scheme 6) can be synthesized by templation between dibenzo[24]crown-8
(DB24C8) and dialkylammonium salts 33-H·PF6 or 34-H·PF6. The synthesis 
[122–123] involves a threading-followed-by-stoppering approach. In all these
cases, one-end-capped dialkylammonium salt 33-H·PF6 (Scheme 6a) or the non-
end-capped ammonium salt 34-H·PF6 (Scheme 6b) is threaded into DB24C8,
followed by stoppering with triphenylphosphine to afford [2]rotaxanes 35-H·2PF6
in 80% or 36-H·3PF6 in 55% yield, respectively. Subsequently, the triphenyl-
phosphonium stoppers can be modified to become aryl stoppers by Wittig re-
actions with, for example, the aldehyde 37. Such reactions, followed by catalytic
hydrogenation, yield new [2]rotaxanes 38-H·PF6 or 39-H·PF6, respectively, both
in about 50% yield. During the post-modification reactions, there is no evidence
for the escaping of the crown ether from the dumbbell component. The X-ray
crystal structures of the [2]rotaxane 38-H·PF6 and 39-H·PF6 reveal that both the
ammonium protons and the a-methylene protons adjacent to the nitrogen atom
contribute to the hydrogen bonding with the DB24C8 component.
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2.3.3
Anion Templates

In the presence of appropriate macrocycles, the use of phenoxy anion templates
directs the synthesis of [2]rotaxanes [124–129] in high yielding reactions. In
1999,Vögtle [124] reported that a macrocyclic lactam 40 (Scheme 7a) is a good
acceptor for a p-tritylphenoxy anion as a result of forming [N–H…O–] hydro-
gen bonds. In this case, an intermediate complex [40…41]– is subsequently 
reacted with a trityl end-stoppered alkylbromide 42, affording an amide-con-
taining [2]rotaxane 43 in 95% yield. By using a similar synthetic protocol,
Schalley [128] reported the synthesis (Scheme 7b) of the amide-containing
[2]rotaxane 46. Initially, the diamine 44 is treated with a mild base, prompting
it to thread onto the same starting macrocycle 40 to give a [2]pseudorotaxane
[40…44]–. The threading is followed by end-capping reactions with triphenyl-
acetic acid chloride 45 at both ends, generating the resulting [2]rotaxane 46.
Use of esterification to add two stoppers in a one-pot reaction leads to a sig-
nificantly lower yield 20–30%, compared with that for the mono-alkylation
(95%) of a single stopper in the former example.

2.3.4
Dipyridiniumethane Templates

In 1998, Loeb and Wisner [19, 130] reported that 1,2-bis(pyridinium)ethane and
DB24C8 self-assemble to form [2]pseudorotaxanes (Ka=1,200 M–1 in MeCN at
298 K). The complex is held together by two modes of attractive interactions,
namely [N+CH2

…O] hydrogen-bonding and [N+…O] ion-dipole interactions.
This finding led these researchers to prepare new rotaxane [131–132] and cate-
nane [133] derivatives. For example, the [3]rotaxanes 50·5BF4 and 51·6CF3SO3
(Scheme 8a) were made by the monoalkylation of the pyridinium salt 47·4BF4
or dialkylation of the pyridinium salt 48·4CF3SO3 [131] with 4-tert-butylbenzyl
bromide 49, respectively, in the presence of an excess of DB24C8, to afford the
[3]rotaxanes, both in about 18% yield. In each series, however, the [2]rotaxanes
can also be prepared by using a limiting amount of the crown ether [132].

Alternatively, Loeb [133] has demonstrated (Scheme 8b) that, when various
crown ethers, such as 24C8, B24C8, N24C8, BN24C8, DN24C8, and DB24C8, are
treated separately with the pyridinium salt 52·2Br and the dibromide 53, then
a large number of [3]catenanes 54·8CF3SO3 can be produced. According to the
nature of the crown ether, the percentage yields vary from 17% to 66%, with
DB24C8 giving the best result.

2.4
Summary

Mechanically interlocked molecules, such as catenanes and rotaxanes, can be
synthesized in high efficiencies by utilizing organic or inorganic templates un-
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der kinetic control. The efficiency of these template-directed syntheses relies
upon a supramolecular approach that utilizes a combination of cooperative
noncovalent bonding interactions such as, metal–ligand interactions, p–p
stacking and hydrogen bonding to form intermediates, leading to the irre-
versible formation of mechanically interlocked molecules by the formation of
a final covalent bond under kinetic control.

3
Thermodynamic Approaches to the Synthesis of Interlocked Molecules

3.1
Introduction

During the past 30 years, the synthesis of mechanically interlocked molecular
compounds such as rotaxanes and catenanes has relied, for the most part, upon
kinetically controlled reactions. However, as a result of the irreversible nature of
this synthetic approach, non-interlocked by-products(free dumbbell compo-
nents and free macrocycles) that are formed during the final post-assembly step,
invariably reduce the yield of the mechanically interlocked compounds. So, in
recent years, dynamic chemistry [134] has become the focus of some interest,
leading to molecular assemblies that are formed in a thermodynamically con-
trolled manner. In contrast with the kinetic process, the reversible thermody-
namic regime allows the undesired or competitive by-products to be recycled to
afford the most energetically favored mechanically interlocked compound.

3.2
Synthesis of Interlocked Molecules by Slippage

The so-called slippage approach has been employed successfully, in the past three
decades to self-assemble a series of linear [135–139] and branched [n]rotaxanes
[140–142] under thermodynamic control. In this strategy, the macrocycle and the
dumbbell, which are synthesized independently prior to self-assembly, are usu-
ally heated together in an appropriate solvent until the macrocycle slips over the
dumbbell’s stopper by overcoming the associated free energy of activation. The
resulting pseudorotaxane is stabilized by noncovalent bonding interactions. The
rotaxane comes into being when the solution is cooled down to ambient tem-
perature, at which point the free energy barrier to its dissociation back into its
components becomes insurmountable.

In 1972, Harrison [143] reported the synthesis of a rotaxane using a ther-
modynamically controlled slippage process. This interlocked molecular com-
pound was obtained by heating a solution containing macrocyclic hydrocarbons
with ring sizes between C14 and C42 and a dumbbell-shaped compound, namely
1,10-bis(triphenylmethoxy)decane, up to 120 °C. After cooling the solution
down to room temperature, Harrison was able to isolate chromatographically
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a [2]rotaxane comprised of the thread and the C29-macrocycle. It transpires that
at high temperatures, the C29 macrocycle has sufficient energy to stretch out and
pass over the triarylmethane stoppers to afford, after cooling, a [2]rotaxane.

Macrocycles with a ring size of C30 are instead free to pass freely over the end
groups of the dumbbell and hence assemblies containing these rings are sim-
ply [2]pseudorotaxanes (1:1 complexes) at room temperature and dissociate
into their components when chromatographic purification is attempted.When
this type of slippage experiment was repeated in the presence of a small
amount of trichloroacetic acid, a number of [2]rotaxanes containing cyclics
ranging from C25–C29 could be separated chromatographically. Thus, Harrison
postulated that, as a result of the acid-catalyzed reversible cleavage of the tri-
aryl group, the species that threads through the C25–C29 rings, is now only the
monotriphenylmethyl ether (i.e., the half dumbbell) prior to reformation of the
ether linkage. In 1986, Schill [144] reported a similar synthesis of interlocked
molecular compounds obtained by the reversible covalent bond approach but
using thioethers instead of ethers.

Recently, the Stoddart group has demonstrated [135–136] the efficiency 
of the slippage approach by self-assembling a number of linear and branched 
[2]-, [3]-, and [4]rotaxanes, incorporating p-electron-rich hydroquinone-based
macrocyclic polyethers and p-electron-deficient bipyridinium-based dumbbell-
shaped compounds.A kinetic investigation of the slippage process revealed [138,
145] that the free energies of activation associated with the slipping-on and slip-
ping-off processes are correlated with the size of the cavity of the macrocyclic
component, as well as with the size of the stoppers attached to the dumbbell-
shaped component. The free energy of activation was observed to increase upon
reducing the size of the cavity of the macrocycle and/or enlarging the bulk of the
stoppers. Rotaxanes have also been synthesized [146–148] by slippage using
other well-known recognition motifs. For example [146], the interaction of sec-
ondary dialkylammonium ions with commercially available dibenzo[24]crown-
8. In 1997, Vögtle [148] reported the synthesis of the first amide-type rotaxane 
using the slippage approach. The rotaxane-like structure was achieved by briefly
melting the macrocycle and dumbbell components together in order to overcome
the high energy of activation for the slippage process. The reported examples
demonstrate the efficiency of the thermodynamically controlled slippage ap-
proach to achieve a range of rotaxanes using a wide variety of noncovalent 
interactions by tuning the size between the stoppers and the macrocycle.

The slippage approach leads to rotaxanes that are only stable under certain
conditions. In fact an increase in temperature, solvent polarity or acidity can
drastically affect [146] the stability of rotaxanes obtained by slippage. Thus, in
the last decade, more and more attention has become focussed on dynamic 
covalent chemistry. In this case, by utilizing reversible bond formation, in con-
juction with supramolecular assistance, it is possible to make mechanically 
interlocked compounds by thermodynamically controlled stoppering or clip-
ping reactions that can, in principle, produce rotaxanes that are stable under a
broader range of conditions.
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3.3
Ring-Closing Metathesis Mediated Syntheses

In 1998, the Sanders group [149] explored the use of dynamic covalent bond
formation for synthesizing neutral p-associated [2]catenanes by ring-closing
metathesis (RCM) [150–160]. The mechanically interlocked structure was
achieved using the electronic complementarity of p-electron-deficient aromatic
diimides substituted with olefin terminated alkyl chains and the p-electron-rich
dinaphtho[38]crown-10 (DN38C10) in the presence of the catalyst 4. The Cam-
bridge group proved that, in the absence of the RCM catalyst, the main product
formed is a white precipitate containing presumably only a mixture of oligo-
meric species. However, upon treatment of this product with the catalyst 4, the
mixture of linear and cyclic oligomers re-equilibrates to afford isomeric [2]cate-
nanes. Some competition experiments were performed using an alternative 
diimide derivative to confirm the reversibility of these reactions. The slow re-
action kinetics, however, prevents the system from reaching the ultimate equi-
librium. Despite these difficulties, the Sanders group was able to demonstrate
that a reversible thermodynamic process, such as olefin metathesis, can lead to
the formation of an interlocked structure. Once again, the use of noncovalent
bonding interactions to direct the synthesis of the [2]catenane led to greatly
improved yields compared to the previous statistical methods.

A similar approach was employed by the Leigh group [161] in the synthe-
sis of a [2]catenane wholly stablized by hydrogen bonds. The combination 
of ring-closing olefin metathesis and hydrogen bond-mediated assembly of
self complementary macrocycles, under appropriate condition leads to the 
formation (Scheme 9) of [2]catenanes in >95% yield. A mixture of benzylic
amide macrocycles (E- and Z-diastereoisomers) 55a (or 55b) was used in 
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Scheme 9 Reversible olefin metathesis is employed for the synthesis of [2]catenanes 56a and
56b under thermodynamic control.Their complete disassembly is achieved upon protection of
the amide groups, followed by treatment with Grubbs I catalyst 4, and subsequent deprotection



the metathesis experiments. Reversible ring-opening ring-closing metathesis
(RORCM) reactions were carried out in a noncompeting solvent (typically
CH2Cl2) to maximize the strength of the inter-ring hydrogen bonding inter-
actions in the presence of the catalyst 4.

Under these conditions, the formation of the [2]catenane is readily detected
in high yields (>95%) reminiscent of the “magic” interlocking rings trick. In the
RORCM experiment, the product distribution is, as expected, strongly depen-
dent on the concentrations of the monomers. Thus, at low concentrations
(0.2 mM), only the macrocycles can be detected. By increasing the reaction
concentrations progressively, however, more and more of the [2]catenane 
is produced until, at 0.2 M, more than 95% of a mixture of the three diolefin
isomers (EE, EZ, ZZ) is produced. The isolated mixture of these isomers can
subsequently be converted into a single kinetically stable product by simply 
hydrogenating the double bonds catalytically.

As further proof that the metathesis reaction proceeds under thermody-
namic control, the product mixture from one particular reaction was re-ex-
posed at a different concentration to the catalyst 4. The product distribution
readjusted to that obtained if only the macrocycle (or catenane) was subjected
to metathesis originally at that same concentration of the solution. Finally, to
complete the magic ring-trick, the [2]catenane was disassembled into the
macrocyclic components by trifluoroacetylation of the amide group in 56a and
56b. This protection procedure provides a mild and efficient method for
switching “off” the inter-macrocycle hydrogen bonding interactions.Although
these chemically modified macrocycles are stable in the interlocked structure,
when the Grubbs I catalyst 4 is added to the mixture, the dynamic nature of the
[2]catenane shifts the equilibrium towards the formation of the free macrocy-
cles 55. Subsequently, cleavage of the trifluoroacetyl groups by refluxing in
MeOH, prior to removal of the metathesis catalyst, affords the starting parent
macrocyclic compound 55.

Recently, in an extension of this work, the Leigh group [162] reported the
synthesis of a rotaxane based on hydrogen bonding under thermodynamic
control. In this research, a benzylic amide macrocycle, a rod containing two
bulky stoppers, peptide-based template sites, and an olefinic bond are exposed
to the Grubbs I catalyst 4. In a manner similar to that observed for the magic
rings, the rod is broken and the macrocycle binds to the template through four-
point hydrogen bonding. Upon reformation of the carbon–carbon double bond
and removal of the metathesis catalyst, the macrocycle is then trapped on the
dumbbell component of the now kinetically stable [2]rotaxane. Since the
dumbbell contains two templation sites, the interlocked structure obtained can
be easily converted into a [3]rotaxane by another round of metathesis. The 
reversibility of the magic rod systems can be convincingly demonstrated either
by concentration or disassembly experiments.

In summary, the Leigh group has demonstrated with the magic ring and
dumbbell experiments that the combination of the olefin metathesis reaction
with hydrogen bonding interactions represents a powerful method for inte-
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grating thermodynamically controlled “error-checking”with a kinetically robust
final product in the shape of mechanically interlocked compounds.

3.4
Ammonium Ion Templated Syntheses

Even although the introduction of supramolecular assistance to covalent syn-
thesis leads to a tremendous improvement in reaction yields compared with the
early statistical methods, the thermodynamic approach to the synthesis of
wholly organic interlocked structures remained largely unexplored prior to the
exploitation of the reversible imine bond [163]. Recently, the Stoddart group
[164] reported a simple and effective dynamic procedure for the synthesis of a
[2]rotaxane combining the reversible formation of the imine bond with the
widely investigated secondary ammonium ion/crown recognition motif [119,
165–176]. Mixing a bis(4-formylbenzyl)ammonium salt with two equivalents of
3,5-di-tert-butylaniline, as a stoppering precursor, in the presence of one equiv-
alent of DB24C8 afforded,after five days, the expected diimine [2]rotaxane as the
major species (47%) present in solution. This reaction was demonstrated to pro-
ceed under thermodynamic control by the observation that the equilibrium
composition was independent of the order of the addition of components.
Finally, the dynamic system can be readily converted into the kinetically stable
product by addition of benzeneselenol [177], leading to the isolation of the
“fixed” diamine [2]rotaxane in 18% yield.

Further investigations into the reversibility of the imine bond were con-
ducted by Rowan and Stoddart [178] in the dynamic synthesis of [2]rotaxanes
based upon p-electron-rich/p-electron-deficient recognition expressed by di-
aryl ethers and bipyridinium cations [66, 179–181]. This study not only explored
the reversible behavior of imine bond formation but also illustrated its ability
to undergo exchange reactions with competiting amines to form new imines.

All the thermodynamically controlled syntheses of interlocked molecular
compounds discussed so far in this Section have, as a common feature, the 
location of the reversible covalent linkage in the dumbbell component. This 
approach has led to the preparation of rotaxanes by either threading-followed-
by-stoppering [152, 182–184] or slippage [135–148] protocols. However, in 2001,
the Stoddart group [185] reported a simple and highly effective dynamic pro-
cedure (Scheme 10) for the formation of a [2]rotaxane by the clipping of a 
diamine with a dialdehyde, as the precursor components of a [24]crown-8-like
macrocycle, around a dialkylammonium center that also acts as a template.

When an equimolar mixture of 2,6-diformylpyridine 57 and the diamine 58
are mixed together in acetonitrile-d3, the 1H-NMR spectrum revealed broad
peaks that clearly arise from a complex mixture of many different cyclic and
acyclic oligomeric species. However, addition of bis(3,5-dimethoxybenzyl)am-
monium hexafluorophosphate 60-H·PF6 to this equilibrating mixture has an
immediate and dramatic effect. After only a few minutes, a new equilibrium
state is established in which the main component is the [2]rotaxane 61-H·PF6.
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This result indicates that the dibenzylammonium ion templates the formation
of the [24]crown-8-like macrocycle, thus generating the mechanically inter-
locked compound.

The [2]rotaxane obtained in this manner is thermodynamically stable,
even although it interconverts slowly with its free components as a result of the
presence of easily hydrolyzable imino groups. These groups can be subse-
quently reduced to the corresponding kinetically stable amino functions using
the borane·2,6-lutidine complex [178].

The reaction between the equilibrium mixture set up by the dialdehyde 57,
the diamine 58, and the dialkylammonium salt 60-H·PF6, in the presence of a
slight excess of the BH3·lutidine complex in CD3CN, was monitored by 1H-NMR
spectroscopy. The [2]rotaxane 61-H·PF6 is consumed gradually with the ini-
tial appearance and subsequent disappearance of the monoreduced rotaxane
62-H·PF6 being detected until, ultimately, the fully reduced rotaxane 63-H·PF6
is produced.

Interestingly, the free dibenzylammonium ion signals also disappear while
the reduction of the imine bonds takes place. This result indicates that the 
reduction of the imine bonds in the interlocked structures occurs at a rate faster
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Scheme 10 Reaction of the pyridine-containing macrocycle with 60-H·PF6 leads to the equi-
librium being shifted to form almost exclusively the [2]rotaxane 61-H·PF6. Subsequent 
reduction affords the kinetically stable [2]rotaxane 63-H·PF6 in essentially quantitative yield
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Scheme 11 Dynamic covalent syntheses of the imine [2]rotaxanes by clipping of the di-
aldehydes (57, 64 and 65) and the diamine 58 around the dialkylammonium ions (60-H·PF6,
66-H·PF6, 67-H·PF6)

than those of the imine bonds in the free macrocycles or acyclic oligomers.
Therefore, as more of the kinetically stable 63-H·PF6 is formed, its removal from
the equilibrium mixture is compensated by a shifting of the equilibrium be-
tween threaded and free macrocycles to form more of 61-H·PF6. Although the
imino groups of the interlocked structures are not as accessible sterically as
those in free macrocycles or acyclic species, the presence of the NH2

+ center in
the rotaxanes provides a mildly acidic environment for the addition of the B-H
bond to these particular imines, thereby catalyzing their reduction. The whole
process, namely, thermodynamic formation of the diimine [2]rotaxane followed
by kinetically controlled borane reduction, is somewhat reminiscent of enzyme
catalysis [186] and also catalysis employing synthetic enzyme mimics (for an 
example of a synthetic receptor with enzyme-like activity, see [187]), wherein an
initial recognition process results in a substrate pre-organization and hence 
access to a conformation that lowers the activation barrier for the final reaction.

The clipping approach based on the reversible imine bond [188] was inves-
tigated further by the preparation of a library of [2]rotaxanes (Scheme 11). This
study describes the influence that the constitutions of two of the three precur-
sor components have on the kinetic and thermodynamic stabilities of these 



dynamically interlocked compounds. In particular, the donor-acceptor nature
of the terminal benzyl stoppering groups of the dumbbell-shaped dialkylam-
monium ions is varied from the p-electron-rich 60-H·PF6 [189] through the 
p-electron-neutral 66-H·PF6 to the p-electron-deficient 67-H·PF6. The dialde-
hyde is varied between 2,6-diformylpyridine 57 [190], isophthalaldehyde 64 and
2,5-diformylfuran 65 [191]. The tetraethylene glycol bis(2-aminophenyl)ether
58 is used as the diamine monomer in all the cases. On combining these dumb-
bell-shaped ions and the three dialdehydes with the diamine monomer, a library
of nine dynamic [2]rotaxanes is obtained. The stabilities and stoichiometry of
the dynamic [2]rotaxanes are established by mass spectrometry and 1H-NMR
spectroscopy. The non-existence of higher-order assemblies, such as double-
stranded [3]pseudorotaxanes, in this dynamic equilibrating system confirms
that the [2]rotaxanes are by far the most stable entities.

The rates of rotaxane formation vary drastically, however, depending on the
components used in the assembly. In general, the 2,6-diformylpyridine 57 is 
associated with the fastest clipping reactions with all of the three dumbbells, and
the 2,5-diformylfuran 65 results in the slowest. Clipping of isophthalaldehyde 64
occurs at an intermediate rate. This reactivity scale is consistent [183–195] with
the electrophilicities of the different formyl groups.As expected, the dialdehyde
57 exhibits the most electrophilic behavior, while 65 exhibits the least. The
donor-acceptor nature of the dumbbell-shaped dialkylammonium ion also 
affects the rates of clipping. In particular, the 67-H·PF6 dumbbell establishes the
fastest reaction equilibria with all of the three dialdehydes. This result can be 
attributed to the higher acidity of the NH2

+ center relative to those of the other
dumbbells and so increases the rate of imine bond formation. Additionally,
during the clipping process, there are likely to be significant aromatic–aromatic
interactions occurring between the stoppers on the dumbbell and the aryl units
(p-electron-rich units in the diamine 58 and p-electron-deficient ones in 64
and 65) of the forming macrocycle.

Some predictions on the rate of clipping can be made by considering the 
p-electron density alone, based on the simple model of charge distribution in
p-systems proposed by Hunter and Sanders [81]. This model indicates that fast
clipping reactions would occur for the most p-electron-rich dumbbell with the
most p-electron-deficient dialdehyde (i.e., 60-H·PF6 with 57) and the most 
p-electron-deficient dumbbell with the most p-electron-rich dialdehyde (i.e.,
67-H·PF6 with 65), as well as for pairs of p-electron-deficient dumbbells and 
dialdehydes (i.e., 67-H·PF6 with 57). Based on the same idea, the slowest clip-
ping reactions should occur for the interaction of the most p-electron-rich
dumbbell with the most p-electron-rich dialdehyde (i.e., 60-H·PF6 with 65). The
Hunter–Sanders model turns out to be a good one for explaining the rates of
the dynamic reactions obtained by 1H-NMR spectroscopic studies. Another 
factor that influences the rate of reaction is the number of hydrogen bond 
acceptors in the nascent macrocycles. Thus, macrocycles containing either pyri-
dine or furan units bind to all of the dialkylammonium-ions more strongly
than the one derived from the isophthalaldehyde.
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Estimations of the effective association constants (Keff)1 between the macro-
cycles and dumbbells are available for all nine systems. The Keff values support
the fact that [2]rotaxanes 68a,c-H·PF6, 69a,c-H·PF6 and 70a,c-H·PF6 are more
thermodynamically stable (i.e., they have high values of Keff) on account of the
incorporation of eight heteroatoms into their macrocycles. By contrast, low 
values of Keff are estimated for the remaining three [2]rotaxanes 68b-H·PF6,
69b-H·PF6 and 70b-H·PF6 incorporating the isophthaloyl unit and are related
to the absence of the extra heteroatom as well as to the presence of an aryl 
hydrogen atom, which may interact sterically in an unfavorable manner with
the dumbbell.

The [2]rotaxanes 69a-c-H·PF6, which incorporate the most p-electron-de-
ficient dumbbell, are the most stable thermodynamically; a feature that is
probably a consequence of a combination of enhanced [N+–H…X] hydrogen
bonding and significant aromatic p–p stacking interactions. Finally, Keff
values for [2]rotaxanes containing pyridine or furan units are similar for each
dumbbell-shaped ion and are comparable to the strengths of binding in CD3CN
of disubstituted dibenzylammonium salts with the crown ethers DB24C8 [118,
196–198] and dipyridyl[24]crown-8 [199].

Several competition experiments were also conducted to evaluate the relative
stabilities of pairs of [2]rotaxanes formed from a choice of either two dialde-
hydes or two dumbbell-shaped components. These experiments were carried
out in CD3CN with equimolar mixtures of four chosen components in which 
either (a) the four components were mixed together and then equilibrated or
(b) the competing dumbbell or dialdehyde was added to a pre-equilibrated mix-
ture of a single [2]rotaxane and the reaction was monitored until re-equilibration
occurred. The times (6–30 days) required for these systems to reach equilibrium
are generally longer than those found for the formation of a [2]rotaxane on com-
bining the three single components – namely the diamine, the dialdehyde,and the
dibenzylammonium salt. This observation suggests that the rates of macrocyclic
ring opening of the [2]rotaxanes are relatively slow when compared to the rates
of their clipping. Once again, the data showed that the [2]rotaxanes formed by 
using the fluorine-containing dialkylammonium ion 60-H·PF6 were the most 
stable. The differences in the stabilities of the [2]rotaxanes, incorporating either
methoxy or methyl units in the dumbbell, were found to be negligible. Compar-
ing the Keff values with the data collected from the competitive experiments, it 
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1 Keff values between a macrocycle and a dumbbell in a rotaxanes were obtained using the 
Rotaxane

equation: Keff = 991 Dumbbell. This equation is based on the assumption that,
Macrocycle

in an equimolar mixture of dialdehyde, diamine, and dumbbell, all of the diamine and 
dialdehyde that is not incorporated into a [2]rotaxane is condensed into a free macrocycle
whose concentration is equal to that of the uncomplexed dumbbell minus the concentra-
tion of the free dialdehyde. The real concentration of each free macrocycle is smaller 
than that, but, by making this assumption, we reduce the complexity of the system down
to a bimolecular self-assembly involving one macrocycle and one dialkylammonium ion.



is possible to obtain the complete sequence of relative stabilities for the nine
[2]rotaxanes studied. These are portrayed graphically in Fig. 4.

The fluorine-containing [2]rotaxanes 69a-c-H·PF6 are found to be the most
stable compounds, whereas [2]rotaxanes derived from isophthalaldehyde 64
are the least stable. An unexpected result is the higher stability of furan-con-
taining [2]rotaxanes 68a-H·PF6, 69a-H·PF6 and 70a-H·PF6 compared to the 
interlocked structures incorporating the pyridine ring. One might expect that
a pyridine ring, being more basic than the furan one, would form the stronger
hydrogen bonds. It is suggested, however, that the relative basicities of the
pyridine and furan rings incorporated in the macrocycles is only one of the
factors that play a part in determining the relative stabilities of the structure
and that the basicities of their imino nitrogen atoms must be considered as
well.2
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Fig. 4 Stabilities of the nine [2]rotaxanes in a competition experiment relative to the stability
of [2]rotaxane 69a-H·PF6, which is designated as zero. The thickness of each black bar 
indicates the error associated with each measurement

2 The solid-state structure of a reduced form of 61-H·PF6 suggests that the aminophenyl 
nitrogen atoms are important for hydrogen bonding with the NH2

+center.



In fact, any partial positive charge that these groups receive upon hydrogen
bonding to an NH2

+ center is better stabilized by the furan ring than by a pyri-
dine one, by virtue of the former’s greater p-electron density. The pyridine ring
may be expected to also withdraw a significant amount of electron density 
mesomerically from the phenolic ether oxygen atoms of the macrocycle. Thus,
although the furan ring, when compared with the pyridine ring, is not as 
capable of accepting a hydrogen bond directly, the enhanced basicity of its
neighboring imino and phenoxy units results in a more strongly coordinating
macrocycle.3 To our knowledge, this study represents the most complete piece
of work on [2]rotaxanes that are thermodynamically equilibriating with their
starting products, based on a dynamic imine clipping. These systems are 
remarkably sensitive to small changes in the constitutions of the macrocyclic
and dumbbell-shaped components, which in turn have dramatic effects on the
kinetics and thermodynamics of the assemblies.

Another important investigation on some interlocked molecular com-
pounds synthesized thermodynamically was recently reported by the Grubbs
group [200]. In this work, the well established mutual recognition exhibited by
secondary dialkylammonium (R2NH2

+) ions and suitably sized crown ethers is
combined, in an elegant fashion, with the versatile reversible RCM reaction. In
this manner, a terminal diolefin macrocyclic precursor 71 (Scheme 12) was 
designed in an effort to mimic the significant R2NH2

+ ion-binding capability of
DB24C8.

Treatment of this linear oligomer 71 with the Grubbs I catalyst 4 [201] under
dilute conditions, gave the 24-membered olefinic crown ether analog 72 as a
mixture of E and Z isomers. The constitution of the macrocycle is strikingly sim-
ilar in nature to the macrocyclic skeleton of 24C8. 1H-NMR spectroscopic analy-
ses showed that compound 72 interacts readily with a dibenzylammonium ion
rod to form a 1:1 complex with a threaded geometry, i.e., a [2]pseudorotaxane.
Therefore, repeating the same RCM reaction of the terminal diolefin 71 in 
the presence of a dumbbell-shaped template containing an ammonium ion
60-H·PF6 leads to the isolation of the corresponding [2]rotaxane as a mixture
of E and Z isomers in 73% yield.

The significant templating effect of the NH2
+ ion center can be appreciated

by comparing this reaction with the untemplated macrocyclization of 71 to
form the cyclic compound 72. In fact, while the untemplated reaction is carried
out at low concentration (5 mM) to avoid oligo/polymerization and yields only
48% of the desired macrocycle, the templated reaction can be performed at
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3 Inspection of molecular models (Chem3D) suggests that the bite angle of a 2,5-diimino-
furyl unit (N…O…N angle of ca. 144°) is somewhat larger than that of a corresponding
pyridyl unit (N…N…N angle of ca. 125°). This larger bite angle suggests that any NH2

+ unit
that hydrogen bonds to the two imino nitrogen atoms of these subunits will be positioned
about 0.4 Å closer to the furan oxygen atom than to the pyridine nitrogen atom. This small
structural effect may result in more favourable electrostatic interactions and help to 
explain the stability of [2]rotaxanes incorporating the furan unit.



much higher concentrations (ca. 100 mM in this case) to give 73% of the me-
chanically interlocked system.

The inherent reversibility of this system was investigated by performing a
magic ring experiment. The second generation Grubbs II catalyst 73 was added
to a mixture containing equimolar quantities of the dumbbell 60-H·PF6 and the
macrocycle 72. 1H-NMR spectroscopic analysis, prior to the addition of any 
catalyst, confirmed that the terminally bulky substituted secondary dialkyl-
ammonium ion 60-H·PF6 cannot pass through the cavity of the 24-membered
macrocyclic ring. However, upon the addition of the Grubbs II catalyst 73 [202]
(10 mol%), the system re-equilibrates to a new thermodynamic minimum4 and
results in the formation of the [2]rotaxane 74a/b. The equilibrium was achieved
after only 45 min and more than 95% of the species in solution was identified
as the desired interlocked compound.
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Scheme 12 Synthesis of the olefin macrocycles 72, via their corresponding diolefin precur-
sors 71. Rotaxane synthesis can be achieved through either a ring-closing-metathesis ap-
proach, by utilizing 71 as starting material (lower left pathway), or by a magic ring synthe-
sis in which the preformed macrocycles 72 are employed (lower right pathway)

4 A thermodynamic minimum is a process driven by the creation of N+–H…O and C–H…O
hydrogen bonds.



3.5
Disulfide-Based Systems

A common dynamic covalent bond, widespread in natural systems (i.e., stabi-
lizing protein structures), is the thiol-disulfide redox system. Extensive mech-
anistic studies on thiols and disulfides by Whitesides [203] has shown that
disulfide exchange takes place efficiently under mild conditions in the presence
of a catalytic amount of a thiol and that disulfides are stable toward many 
different functional groups.Although disulfide linkages have been employed in
the synthesis of both catenanes [204] and rotaxanes 5 [205], this potentially 
reversible covalent bond was employed for the first time to construct an inter-
locked molecule under thermodynamic control in early 2000 by the Takata
group [206–207].A symmetrical dumbbell-shaped compound 75-H2·2PF6 pos-
sessing two secondary dialkylammonium ion centers in addition to a centrally
located disulfide linkage was synthesized. In the knowledge that DB24C8 can
bind secondary dialkylammonium ions within its macroring, two equivalents
of this crown ether were added (Scheme 13) to a solution of 75-H2·2PF6 in
CD3CN. No crown ether was observed to thread onto the dumbbell containing
two NH2

+ centers since the 3,5-di-tert-butylphenyl end groups are far too large
to pass through the cavity of the DB24C8 macrocycle, even when the solution
is heated to 100 °C. Upon addition of a catalytic amount of benzenethiol, how-
ever, the slow formation (equilibrium is reached after 30 days) of both a [2]- and
a [3]rotaxane (8 and 58%, respectively) was observed. In the event, the small
amount of catalytic thiol acts to “unlock”the disulfide bond in the dumbbell and
create two threads containing NH2

+ centers, both of which are capable of thread-
ing through a DB24C8 macrocycle. Subsequent attack of the thiol-terminated
[2]pseudorotaxane on any of the disulfides present in solution results in the
formation of either a [2]- or a [3]rotaxane, 76-H2·2PF6 and 77-H2·2PF6, respec-
tively.

Takata [207] also went on to show that increases in both temperature and
catalyst loading resulted in the equilibrium being reached more quickly in this
dynamic system. In a similar experiment, a small amount of benzenethiol was
added to a solution of the dumbbell and DB24C8 (1:2 ratio, respectively) in
CD3CN. The mixture was heated at 50 °C and the progress of the reaction was
monitored by 1H-NMR spectroscopy. This time, the [2]rotaxane 76-H2·2PF6 was
formed faster, and its yield gradually increased to reach a maximum value
(69%) after only 4 h. Eventually the signals in the 1H-NMR spectrum relating
to the [3]rotaxane start to appear and they increase rapidly with a concomitant
decrease in the amount of the [2]rotaxane in the mixture. Finally, the system
reached equilibrium after about 36 h (instead of 30 days) and the final yields
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5 The kinetically controlled crystallization of a dynamic system appears to have been used
to advantage in a high yielding preparation of a [3]rotaxane following a reversible oxida-
tive coupling of the thiol groups of two [2]pseudorotaxane supermolecules by a so-called
molecular riveting action.



of 76-H2·2PF6 and 77-H2·2PF6 were 29 and 65%, respectively. If the system is
cooled down to room temperature for 80 h, the reaction mixture reaches an-
other equilibrium state in which the yields of [2]- and [3]rotaxanes are 15 and
81%, respectively. Since the main driving force for rotaxane formation is the
exothermic hydrogen-bonding interaction between the secondary dialkylam-
monium group and DB24C8, the equilibrium shifts to the [3]rotaxane side on
lowering the reaction temperature. And, of course, raising the temperature
again to 50 °C returns the equilibrium to its original state. These observations
are wholly consistent with a reversible process where the yields of the rotaxanes
can be changed under thermodynamic control.

Changing the solvent polarity also drastically affects the yields of the inter-
locked species. By using a mixture of CDCl3/CD3OD (1:1) instead of CD3CN as
solvent, the equilibrium shifts to give predominately the [2]rotaxane (37% at
50 °C).When nitromethane (CD3NO2) was used as the solvent, the highest yield
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Scheme 13 Synthesis of the [2]- and [3]rotaxane 76-H2·2PF6 and 77-H2·2PF6, respectively,
by thiol-disulfide bond interchange



(83%) of [3]rotaxane 77-H2·2PF6 was observed, while the use of dimethylfor-
mamide (DMF) as solvent resulted in a dramatic decrease in yield (total yield
of interlocked compounds <10%). Both the experiments were carried out at
50 °C.

As expected, increasing the amount of the DB24C8 also shifts the equilibrium
of the reaction mixture. When equimolar amounts of DB24C8 and 76-H2·2PF6
were employed, the [2]rotaxane was obtained preferentially (at 50 °C). In-
creasing the DB24C8/dumbbell ratio dramatically shifts the equilibrium to the
[3]rotaxane 77-H2·2PF6 [208–209].

To evaluate the effect of the thiol catalyst, the monomer 78-H·PF6 and tert-
BuSH were used as initiators. The use of 78-H·PF6 retarded the reaction rate and
the yield of the [2]rotaxane reached a maximum 33 h after initiation, indica-
tive of a much slower rate than that obtained with PhSH. The advantage of this
slow rate, however, is that it makes it easier to isolate the [2]rotaxanes. When
tert-BuSH was employed as an initiator, the reaction rate was much slower than
that obtained with PhSH and 78-H·PF6. The system did not reach equilibrium,
even after 300 h. This result can be attributed to the low nucleophilicity of
tert-BuSH because of the steric hindrance of tert-Bu group.

In fact, the disulfide linkages can be cleaved by various nucleophiles other
than thiols [210], such as 4-nitrophenol, diethylamine, and hexamethylphos-
phoric triamide (HMPT). Diethylamine was observed to catalyze the rotaxane
synthesis, yielding 25% and 4%, of the [2]- and [3]rotaxane, respectively, at
50 °C after 67 h, but the reaction rate was as slow as that with tert-BuSH. HMPT
also catalyzed the formation of [2]- and [3]rotaxane 76-H2·2PF6 and 77-H2·2PF6,
(the yields were 60 and 25%, respectively, at 50 °C after 54 h). Finally, 4-nitro-
phenol did not react with 75-H2·2PF6 at 50 °C, even after 60 h. Thus, amines and
phosphines are potential catalysts for rotaxane synthesis utilizing the reversible
nature of disulfide linkages.

3.6
Summary

To the best of our knowledge, four dynamic interlocked architectures have been
examined to date (Fig. 5). A dynamic [2]catenane, in which each ring contains
one or more reversibly formed covalent bonds (I), can be utilized for the 
self-assembly of homocircuit [2]catenanes, as demonstrated by Leigh [161].

However, as shown by the Sanders group [149], it is possible to assemble a
dynamic [2]catenane (II) that is comprised of one static ring and one reversibly
formed ring, thereby affording a heterocircuit [2]catenane. It has been shown
that both structures III and IV can be utilized successfully in the self-assem-
bly of dynamic [2]rotaxanes [164, 178, 185, 200, 208–209]. The reversibly
formed component can be located in either the dumbbell (III) or the ring (IV)
components, thus allowing for threading-followed-by-stoppering and clipping
approaches, respectively. It should be noted that structure V, in which both
components of the [2]rotaxane contain reversibly formed linkages, is largely 
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Fig. 5 Selected examples of dynamic [2]catenanes (I and II) and dynamic [2]rotaxanes
(III–V). The thin lines represent dynamic covalent bonds

redundant as the only advantage of each component in an interlocked assem-
bly having dynamic covalent bonds arises in cases where a homocircuit [2]cate-
nane is desired. A [2]rotaxane comprised of a dynamic ring, as well as of a 
dynamic dumbbell, requires a certain orthogonality in the choice of the reversible
reactions chosen for each component, i.e., the formation of the ring should not
interfere with the formation of the dumbbell and vice versa.

In summary, the use of thermodynamically controlled approaches for the
synthesis of wholly organic interlocked molecules is slowly growing in popu-
larity. The use of olefin metathesis, imine formation/exchange and disulfide 
exchange as the reversible covalent step – in addition to the exploitation of
different molecular recognition motifs – demonstrates the generality of ther-
modynamically controlled approaches for the synthesis of mechanically inter-
locked molecules.

4
Multivalency and Interlocked Molecules

The preparation of increasingly complex and functional mechanically inter-
locked molecules using template-directed methods will depend to a great extent
on our understanding of the concept of multivalency [211–215]. The coordi-



nated binding of multiple ligands on one chemical entity to multiple receptors
on another is typically defined as a multivalent interaction and it can be much
stronger than the sum of the corresponding monovalent interactions
[216–225]. The relative ease of increasing binding affinities by multiplying the
number of existing interactions [226–229], rather than addressing the more
complicated task of evolving a new and stronger interaction could be an 
efficient way forward in the design of more effective receptors, drug delivery
agents, inhibitors, and catalysts [230–235]. In an effort (i) to enhance nonco-
valent associations of molecules in unnatural settings, and (ii) to be able to
build mechanically interlocked molecules beyond rotaxanes and catenanes,
the complexation of multi-ligand with multi-receptor compounds and the con-
struction of multivalent two-component mechanically interlocked bundles
[236–240] have been investigated.

The formation of a triply threaded, two-component supramolecular bundle
[79…80-H3]·3PF6 (Scheme 14) has been demonstrated [241–242], wherein each
arm of a trifurcated trication 80-H3·3PF6 (in which three dibenzylammonium
ions are linked 1,3,5 to a central benzenoid core) is threaded through each
macroring of a tritopic receptor 79, in which three benzo[24]crown-8 macror-
ings are fused onto a triphenylene core. Spectroscopic, photophysical and elec-
trochemical experiments corroborated the formation of a very stable 1:1 adduct
(Ka>107 mol L–1 in CH2Cl2) with the averaged C3V symmetry in solution. The
supramolecular bundle [79…80-H3]·3PF6 is both kinetically and thermody-
namically stable, lending itself to studies in which template-directed methods
could be probed in the syntheses of multivalent interlocked molecules.

[1,3]-Dipolar cycloaddition reactions have been used to pursue the post-
assembly covalent modification of a multivalent supramolecular assembly,
wherein one molecular structure interpenetrates another molecular structure 6

[243] to yield a mechanically interlocked molecular compound. The triply
threaded superbundle 83-H3·3PF6 (Scheme 15) containing the tritopic crown
ether 79 and the trifurcated trisammonium trication 81-H3·3PF6, which carries
azidomethyl functions on the para positions of its three benzyl groups, was 
initially assembled [244] in CH2Cl2/MeCN (3:2) in 40% yield. Interestingly,
neither the singly nor the doubly threaded mechanically interlocked compounds
were detected or isolated 7 [245]. The complete mechanical entanglement was
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6 [1,3]-Dipolar cycloadditions have already been used successfully in the template-directed
synthesis of [2]-rotaxanes, using a threading-followed-by-stoppering approach, see [17].
Furthermore, a range of virtually instantaneous reactions, i.e., click chemistry, may be 
utilized in the place of the cycloaddition.

7 In the strict self-assembly of a triply threaded two-component superbundle, starting 
from a tritopic receptor in which three benzo[24]crown-8 macrorings are fused onto a
triphenylene core and a trifurcated trication wherein three bipyridinium units are linked
1,3,5 to a central benzenoid core, it transpires that the rapid formation of a doubly threaded
two-component complex is followed by an extremely slow conversion over a week at 253 K
in CD3COCD3 to reach equilibrium of this kinetically controlled product into a thermo-
dynamically controlled one – namely, a triply threaded two-component superbundle.
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vindicated in experiments where the bundle 83-H3·3PF6was fully deprotonated
using a strong base tert-BuOK. Although the deprotonation did loosen the in-
terlocked molecular structure, a result of replacing relatively strong [N+–H…O]
hydrogen bonds by much weaker [N–H…O] ones, the two matching compo-
nents stayed mechanically interlocked, as confirmed by 1H-NMR and fluores-
cence spectroscopies.
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Scheme 15 Template-directed synthesis of the mechanically interlocked bundle 83-H3·3PF6

using kinetically controlled, [1,3]-dipolar cycloadditions to trap the superbundle formed in
CH2Cl2/MeCN (3:2) at 40 °C between the tritopic triscrown ether 79 and the trifurcated
trisammonium salt 81-H3·3PF6

Incorporating the architectural features of the previously designed mechan-
ically interlocked bundle, a two-component molecule 86-H3·9PF6 that behaves
like a nanometer-scale elevator was synthesized (Scheme 16) efficiently on 
account of the template-direction, coupled with the multivalency effect [246].



240 F. Aricó et al.

Scheme 16 Trifurcated guest salt 84-H3·6PF6 and the tritopic host 79 (each 6.6 mM) in a
CHCl3/MeCN solution (3.0 mL, 2:1) form a 1:1 adduct (superbundle) that is converted, at 
elevated temperature (75 °C), to the mechanically interlocked elevator 86-H3·9PF6 in a reac-
tion with 3,5-di-tert-butylbenzylbromide 85 (200 mM), followed by the counterion-exchange
(NH4PF6/MeOH/H2O)



The trifurcated trisammonum hexacation 84-H3·6PF6 and the tritopic crown
ether 79 forms, in CH3CN/CHCl3 solution, an extremely stable 1:1 supramole-
cular bundle. The trifurcated trisammonium hexacation [79…84-H3]·6PF6 con-
taining three terminal pyridyl groups, each threading through one of the three
macrocyclic rings associated with the triscrown ether 79, was reacted with
bulky 3,5-di-tert-butylbenzyl bromide 85, affording [247] the mechanically 
interlocked species 86-H3·9PF6 in 33% yield. 1H-NMR, absorption and fluores-
cence spectroscopies, in addition to electrochemistry measurements, indicated
that 86-H3·9PF6 has averaged C3v symmetry with the platform’s three crown
ether loops encircling the three NH2

+ centers (Scheme 16).Acid/base treatment
of the 86-H3·9PF6 drives the crown ether platform between the NH2

+ and BIPY2+

recognition sites, a mechanical motion that resembles the operation of a nano-
scale elevator.

The advent of dynamic covalent chemistry has opened up attractive alter-
native routes to mechanically interlocked molecules, vide supra. It has already
been shown that reversible RCM and RORCM reactions, mediated by Grubbs
catalysts, can be used in the thermodynamically controlled synthesis of cate-
nanes and rotaxanes [149, 157, 161–162, 200, 248–249]. If multivalent sites 
between two or more components could be created spontaneously in situ by 
dynamic covalent chemistry [134], it seems reasonable that the multivalency 
effect, which is primarily a thermodynamic phenomenon, could assist in the
formation of elaborate multiply threaded interlocked molecules [250].

When the triphenylene hexa-olefin 88 (Scheme 17) was subjected to the RCM
reaction with and without the monovalent bis-3,5-dimethoxydibenzylammo-
nium ion template and using Grubbs I catalyst 4, neither the desired crown ether
analog nor [4]rotaxane, respectively, was observed.When an equimolar mixture
of the triphenylene hexa-olefin 88 and trifurcated trisammonium trication
89-H3·3PF6 was subjected to an RCM reaction using Grubbs I catalyst 4, the 
exclusive product was the mechanically interlocked molecular “bundle”
90-H3·3PF6, containing C=C double bonds with both E and Z configurations and
with averaged quasi-C3v symmetry, as confirmed by 1H-NMR spectroscopy.

The almost quantitative production of 90-H3·3PF6 is presumably the result
of the build-up of cooperative binding interactions, which result from the three
productive RCM reactions assisted by the statistical and cluster effects associ-
ated with the multivalency that characterizes the thermodynamically stable
product. The assembly of the mechanically interlocked 90-H3·3PF6 was also 
attempted (Scheme 17) using already preformed components 89-H3·3PF6 and
91. The two components do not form a supramolecular bundle in solution.
However, RORCM reactions do take place upon addition of Grubbs II catalyst
73, leading to the opening and closing of 91. The equilibration process led to the
exclusive formation of the mechanically interlocked compound 90-H3·3PF6,
as evidenced by 1H-NMR spectroscopy and mass spectrometry. The dynamic
interplay between molecular recognition and the reversible formation of co-
valent and mechanical bonds, using suitable catalysts, in combination with
template-directing effects can apparently be used in the efficient production of
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Scheme 17 Efficient preparation of the mechanically interlocked “bundle” 90-H3·3PF6 as a
mixture of isomers containing C=C double bonds with both (E) and (Z) configurations can
be achieved through either RCM reaction, starting from an equimolar mixture (CH2Cl2 at
40 °C) of the trifurcated trisammonium salt 89-H3·3PF6 and hexa-olefin 88 using the func-
tional-group tolerant Grubbs I catalyst 4 or RORCM reaction starting from an equimolar
mixture (CH2Cl2 at 25 °C) of the trifurcated trisammonium salt 89-H3·3PF6 and tris-crown
91 using the Grubbs II catalyst 73



intriguing and functional molecular assemblies, and also hopefully of high
molecular weight polymers with appealing materials properties.As the need for
elaborate functional systems grows, the concept of multivalency is likely to play
a significant role in the areas of supramolecular, medicinal, and materials
chemistry.

5
Templating the Future of Technology

Template-directed synthesis allows for the precise control over the mutual 
location of the components in mechanically interlocked molecules. This high
degree of organization lays the foundations for the production of molecular
machinery [251–259]. In particular, with the addition of more than one tem-
plating unit, a property of higher order emerges – motion [78, 260]. Specifically,
when two different templates are utilized [261–265], mechanically operating
switchable molecules can be realized, wherein it is now their movements that can
be controlled by an external chemical [266–268], electrochemical [269–271], or
photochemical [272–275] stimulus. The stimulants are utilized to turn off and
on the recognition motifs, namely the very templates that were employed in the
compound’s preparation. Additional criteria – organization and integration
onto surfaces and ultimately into multi-scale devices [251–252, 276–278] – have
been recognized and are presently being addressed in order to give molecular
machines their rightful place in a technological world. As a first step, some of
the molecular machines outlined in this review are being tethered to a variety
of surfaces. In one significant instance, bistable [2]catenanes and [2]rotaxanes
have been used to template the emergence of binary molecular memory.

5.1
Molecular Switching

Building on the early successes, a truly bistable [2]catenane 17b4+ was prepared
[91, 262] that displays (Fig. 6) an “all-or-nothing” preference for one of the
translational isomers until stimulated, whereupon the preference switches from
the ground state to an excited translational state or even to the other transla-
tional isomer, a metastable one. In this example, the TTF unit of the aromatic
cyclic polyether component is preferentially bound within the CBPQT4+ cyclo-
phane’s cavity with the DNP ring system on the outside. Solution phase studies
reveal that upon two-electron oxidation of the TTF unit, the now-charged 
aromatic cyclic polyether circumrotates as a result of charge repulsion, thus 
relocating the DNP ring system inside the cavity of the CBPQT4+ cyclophane.
This design is exemplary for controlling molecular motion because (a) one of
the recognition units can be easily switched – in this case the redox active TTF
unit – and (b) both of the recognition units can be selected to have vastly 
different binding affinities for the mechanically mobile cyclophane.
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A bistable light-driven switch [110] in the form of a [2]rotaxane 32 has been
designed so that the hydrogen-bond accepting ability of a photoactive naph-
thalimide (Fig. 7) is “turned on” by a photochemical reaction with a secondary
electron donor. In the electronic ground state, the benzylic amide macrocycle is
located preferentially at the succinamide site (MeCN, 329 K). Electrochemical re-
duction drives the translocation of the macrocycle to encircle the now-reduced
naphthalimide unit. Consequently, the reduced form of the rotaxane can be con-
sidered a viable candidate for photo-induced electron transfer. In particular, the
photo-excited (355 nm) naphthalimide unit of 32 accepts an electron from the
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Fig. 6 Electrochemically stimulated circumrotational motion in the bistable [2]catenane
17b4+ allows two distinct redox states to be reversibly accessed

Fig. 7 Linear motions in the photoactive [2]rotaxane 32 can be driven by light in the pres-
ence of the secondary electron donor 1,4-diazabicyclo[2.2.2]octane (D)



triplet transfer agent 1,4-diazabicyclo[2.2.2]octane (D), generating the reduced
state and thus turning on the unit’s attraction for the macrocycle. In this man-
ner, photo-induced translational motion is not only achieved but is also time-
resolved to occur in ~1 ms, with subsequent relaxation over a much longer
(~100 ms) time-scale. The utilization of a secondary reagent has been employed
in other instances [272], highlighting the fact that totally intramolecular pho-
todriven motion is an ongoing challenge.

The design of the component parts of a machine is becoming increasingly
dictated by the desired functional outcome. Unidirectional motion [279–280]
has been demonstrated [105] recently by utilizing (Fig. 8) a switchable hydro-
gen-bonded [3]catenane 92, which is a by-product in the synthesis of the
[2]catenane 30. In this instance, the second macrocycle acts as a blocking group
that directs the movement of the other macrocycle. This example underscores
the level of complexity that has been achieved and will continue to be demanded
in the design of molecular machinery based on interlocked molecules.

Analogous bistable catenates and metallated rotaxanes, which can be elec-
trochemically activated, have been developed that are based on the translocation
of transition metal ions. In particular, Sauvage [281] has made effective use of
the differences in coordination requirements between Cu(I) and Cu(II) redox
centers. The former prefers a four-coordinate arrangement, whereas the latter
likes a five-coordinate environment. For example, an electrochemically active
copper [2]catenate 93+ involves [282] one macrocycle that incorporates both a
bidentate and tridentate polypyridyl ligand into its ring. In the presence of
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Fig. 8 Unidirectional circumrotational motion has been demonstrated from a [3]catenane
92 with four recognition units in which one of the two smaller rings acts as a blocking group
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Fig. 9 Circumrotational motion in a metallated copper [2]catenate 932+/+ can be driven elec-
trochemically in order to accommodate the 5- and 4-coordinate bonding preferences of
Cu(II) and Cu(I), respectively

Cu(I), the two bidentate sites from the interlocked macrocycles are coordinated
to the copper center. Oxidation to the Cu(II) state causes circumrotation and sit-
uates the tridentate ligand within the coordination sphere in order to accom-
modate the five-coordinate bonding requirement of the Cu center. This process
(Fig. 9) can be stimulated electrochemically by beginning in the Cu(II) state. In
addition to the circumrotational motions, the macrocycles can also be made to
spin around the axles of rotaxanes [76, 265] and similarly, linear motion can be
activated in rotaxanes [264].

5.2
Surface Switching

The linear motions of the moving components in a large number of controllable
molecular machines distributed randomly in the solution state can be expressed
coherently in a mechanical context by organizing them at interfaces [273,
282–283], either as Langmuir–Blodgett (LB) films [284–288] or as self-assem-
bled monolayers (SAMs). Before any multi-scale and integrated devices based
on molecular machines become viable for real technological applications, the
conditions required to ensure that mechanical switching persists when the mol-
ecules are mounted onto solid supports are currently being investigated.

Molecular design motifs based on intramolecular disulfide bonding have
been incorporated into a series of rotaxanes [289] and catenates [282] in order
to facilitate their self-assembly onto gold surfaces. However, in both cases, the
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Fig. 10 The interlocked macrocycle of a surface-bound bistable [2]rotaxane 94 displays elec-
trochemically driven linear motions between two recognition sites. The binding of the
macrocycle to the weaker donor, 1,5-dioxynaphthalene, in the metastable state is sufficiently
strong to forestall the reformation of the ground state, following electrochemical reset
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molecular movements were found to be highly hindered or quenched in com-
parison to the solution-phase behavior. For example, the circumrotation of
the [2]catenate 93+ operates in solution following electrochemical stimulation 
according to the hysteresis observed in the CV. However, when either the Cu(II)
or Cu(I) form of the [2]catenate SAM were examined electrochemically, negli-
gible hysteresis in the CV was observed.

A switchable [2]rotaxane, based on viologen recognition units, has been 
attached [278] to 6 nm TiO2 nanoparticles by a rigid tripodal stopper with phos-
phonate tethers. In this instance, switching within the hetero[2]rotaxane is
achieved by chemical or electrochemical reduction. Analysis of the CV reveals
a complex sequence of mechanical movements that differ from the solution dy-
namics. This result illustrates how the dynamics of surface-bound species may
not always behave exactly as those observed in solution. Consequently, the study
of molecular machines in the context of surface-bound species is important in
order to understand just how to optimize their molecular structure in order to
elicit controllable molecular functions.

Taking advantage of the modularity of template-directed synthesis of me-
chanically interlocked molecules, a [2]rotaxane 944+ was prepared with a disul-
fide tether attached to one of its two stoppers so that it can form a SAM on gold
electrodes. These rotaxanes display redox-controlled motions (Fig. 10) of the
CBPQT4+ cyclophane from the TTF unit to the DNP ring system. In an illumi-
nating study using cyclic voltammetry (CV), fast redox switching at variable
temperatures allowed the translational isomer with the CBPQT4+ cyclophane
stationed at the DNP ring system to be identified and time-resolved. This trans-
lational isomer persists for a short period of time (~s) even although the TTF
unit has returned to its neutral and therefore more attractive redox state. This
metastable state was found [283] to relax to the ground state in about 1 s at room
temperature over a barrier of 18 kcal mol–1. Such DNP-based metastability had
been observed in other systems [282] but had never been fully investigated. The
presence of the metastable state, together with the barrier to motion, is consis-
tent with the supramolecular history of these compounds from the perspective
of the molecule’s properties.

5.3
Molecular Electronics

Electrical crossbar devices (Fig. 11) built around the catenane 17b4+, the am-
phiphilic bistable rotaxane 954+, and others have been investigated [92–94,
290–291] for their ability to display binary switching. The general method for
constructing such devices relies upon depositing a LB monolayer of closely
packed molecular switches onto a highly doped polysilicon (p-Si) electrode. A
top electrode of Ti, followed by Al, is subsequently vapor-deposited on top of
the monolayer.

The molecular devices display switching between high and low conductance
states. Each device is interrogated and characterized by applying a “write” volt-
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Fig. 11 The amphiphilic bistable [2]rotaxane 954+ has been integrated into a crossbar device
between two electrodes as a Langmuir-Blodgett monolayer. The ON and OFF states of the
device are accessed at +2 V and –2 V, respectively, and are assigned to two different transla-
tional isomers, the metastable and the ground states, respectively

age, V and recording the “read” current, I. The ON state is accessed at +2 V,
which is equivalent to net oxidizing conditions, whereas the OFF state is trig-
gered at –2 V, or net reducing conditions. These data reveal that, in addition 
to the reversible voltage-gated switching of the device ON and OFF more than
30 times, the ON state is metastable, displaying a temperature-dependant re-
setting of the device back to the OFF state.

A molecule-based nano-electromechanical switching mechanism has been
proposed to account for the device’s observed experimental behavior. The OFF
state corresponds to the translational isomer, with the cyclophane encircling
the MPTTF unit. In the device, application of a +2 V bias generates an oxidized
form of the MPTTF unit in the rotaxane. Just as observed in solution, the 



resulting charge–charge repulsive force drives a linear movement of the cyclo-
phane along the dumbbell component to a position encircling the DNP ring
system. When the bias is lowered to +0.1 V, for the purpose of reading the 
device, the charge on the MPTTF unit is neutralized and yet the cyclophane 
remains around the DNP ring system on account of the mutually attractive
noncovalent interactions. This new metastable translational isomer is respon-
sible for the high-conductance ON state. This metastable state of the device, and
by inference the molecule, is observed to decay to the OFF state in a manner that
is qualitatively similar [283] to the movements of the tetracationic cyclophane
in rotaxanes that are self-assembled (vide supra) onto a gold electrode. There-
fore, the decay rate is concomitant with the thermally activated linear movement
of the cyclophane back along the dumbbell to the MPTTF unit. Alternatively,
applying a reverse bias of –2 V causes the electrochemical reduction of the tetra-
cationic cyclophane, allowing the facile reformation of the most stable transla-
tional isomer.

The proposed switching mechanism, while based on the molecule’s known
mechanical movements in solution, is supported experimentally by the com-
parison to control devices. In particular, devices utilizing the dumbbell-only
compounds and non-redox active molecules, such as eicosanoic acid (Fig. 11),
do not display any switching behavior.

5.4
Summary

The tenet for the molecular sciences that structure follows function is equally
apparent for mechanically interlocked molecules where their potential to be
harnessed as molecular machines is becoming increasingly attractive both aca-
demically and technologically. Beyond synthesis, the template and its recogni-
tion partner(s) serve many other purposes. Selection of strong binding tem-
plates allows for sub-nanometer control over the mutual location of the
interlocked components. Switchable templates open the door to controllable
motion. Topological design allows for different types of motions, including uni-
directional rotations. Integration of mechanically interlocked molecules into
larger self-organized assemblies can be easily attained, although the mechan-
ical movements become more challenging to identify. Consequently, struc-
ture–function analyses are required in order to elicit understanding, as much
as they are essential to optimize the molecules’ function for a desired techno-
logical application. Where an example is apparent in molecular electronics,
there are likely more, as yet unexplored, areas of research and development 
for these classes of molecules that utilize purely the mechanical machinery 
paradigm to herald a new technology at the boundary between soft and hard
matter.
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6
Conclusions and Perspectives

Mechanically interlocked molecules, such as catenanes and rotaxanes, can 
be synthesized at high efficiency by utilizing organic or inorganic templates un-
der kinetic control. The efficiency of these templated syntheses relies upon a
supramolecular approach that utilizes a combination of cooperative noncova-
lent bonding interactions (such as metal–ligand interactions, p–p stacking and
hydrogen bonding) to form a weakly bonded intermediate complex, leading 
to the irreversible formation of interlocked molecules on the formation of a
strong chemical (covalent) bond.

The use of thermodynamically controlled approaches for the synthesis of
wholly organic interlocked molecules is slowly growing in popularity. The use
of olefin metathesis, imine formation/exchange, or disulfide exchange as the 
reversible covalent step – in addition to the exploitation of different molecu-
lar recognition motifs – demonstrates the generality of thermodynamically
controlled approaches for the synthesis of interlocked molecules.

The dynamic interplay between molecular recognition and the reversible for-
mation of covalent and mechanical bonds, using catalysts where appropriate, in
combination with template-directed effects, can be used in the efficient pro-
duction of intriguing and functional molecular assemblies and high molecular
weight polymers with appealing materials properties.As the need for elaborate
functional systems grows, the concepts of multivalency and cooperativity 
are likely to play significant roles in the areas of supramolecular, medicinal, and
materials chemistry.

Beyond synthesis, the template and its recognition partner(s) serve many
other purposes, such as control over the mutual location of the interlocked
components. Switchable templates lead to controllable motion, and topological
design affords the opportunity for different types of motions, including unidi-
rectional rotations. The integration of mechanically interlocked molecules into
larger self-organized assemblies, as revealed by structure function analyses,
is beginning to show some technological promise in areas such as molecular
electronics.
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1
Introduction

The present review article will mostly be focused on artificial molecular knots,
but other types of molecular knots belonging to the biological world are very
important. These synthetic knots used to represent very challenging chemical
problems but, nowadays, they are reasonably accessible. If the synthesis of
amazingly complex natural products is still an extremely active area of research
(for recent work on antitumor drugs, see [1]), with formidable challenges 1,
unnatural compounds also represent exciting objectives for many reasons. Be-
yond aims related to applications (molecular materials, pharmaceutical use,
sensors, etc…), the making of a novel molecular system can represent an ex-
citing challenge in itself, not only for possibly discovering the new properties
of a so-far-unknown compound, but also for its attractive shape, topology, etc.
In other words, the synthesis itself of the compound and the hypothetical prop-
erties of the target molecules are two distinct incitements. The synthesis of
interlocking ring molecular systems and knots combines both sets of motiva-
tion but it also adds an aesthetic dimension to the chemical problem. Indeed
the search for aesthetically attractive molecules has been a goal since the very
origin of chemistry.

1.1
Topology: from the Arts to Mathematics

The aesthetic aspect of any object is usually connected to its shape in Euclidian
geometry: the object is conveniently represented by points and lines, the met-
ric properties (length of a segment, angles, etc.) being of utmost importance. In
this case, the object cannot be put out of shape. However, another interesting
facet of beauty rests in the topological properties of the object. Among the 
most fascinating objects displaying non-trivial topological properties, interlaced
designs and knots occupy a special position.

Interlocking and knotted rings occupied a privileged position in the art of
the most ancient civilizations. This virtually universal art reached its zenith in
the Celtic culture. The magnificent illuminations consisting of the extremely
complex interlaced designs and knots of the Book of Kells [3], an Irish incuna-
bulum of the 8th century,give evidence of the fascination that braids,wreaths and
knots exert on man. Some views of interlaced designs and knots are presented
in Fig. 1. Modern art has also devoted special attention to knotted threads. The
Dutch artist Cornelius Escher [4] is certainly one of the most popular artists
among the community of chemists since many of his works contain volumes
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1 An impressively complex natural molecule is maitotoxin, a remarkable biologically active
compound produced by the dinoflagellate Gambierdiscus toxicus. Presently, the total 
synthesis of this natural substance seems to be beyond the possibilities offered by modern
synthesis [2].
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a b

Fig. 1 a Remarkable lettering example taken from the Book of Kells (8th century) [3]. b Escher:
the trefoil knot [4]

Fig. 2 First fifteen prime knots

and interlaces closely related to modern molecular sciences. The simplicity of
his view of the trefoil knot makes it particularly attractive (Fig. 1b).

In mathematics, knots and links occupy a special position. They have been
the object of active thinking for more than a century [5–7].Any interested reader
should have a look at a relatively recent and accessible small book entitled The
Knot Book [8]. In Fig. 2 are represented the first twenty prime knots. These knots
are single-knotted loops, in contrast to “links” (or catenanes, in chemistry),
which are sets of knotted or unknotted loops, all interlocked together.

In 1994, Liang and Mislow presented fascinating discussions on knots and
links in relation to chirality [9–10]. This breakthrough work should help bridge
the gap between the communities of mathematical topologists and molecular
chemists.

1.2
Biological Topology: DNA and Proteins

The discovery that DNA forms catenanes and knots, some of them being of
extreme complexity, initiated a new field of research that has been called “bio-
chemical topology” [11]. In 1967, Vinograd and coworkers detected in mito-



chondria “isolable DNA molecules that consist of independent, double-stranded,
closed circles that are topologically interlocked or catenated like the links in a
chain” [12, 13]. A few years later, catenanes had been observed everywhere that
circular DNA molecules were known [14] and the first knot was found by Liu and
coworkers in single-stranded circular phage fd DNA treated with Escherichia coli
w-protein [15]. In 1980, knots were also generated in double-stranded circular
DNA [16]. A whole class of enzymes effect these topological transformations
perfectly: they are called topoisomerases [17, 18]. Their possible role in a large
variety of biological functions was, and still is, intensively studied. It is today
commonly assumed that topoisomerases are able to solve the topological prob-
lems arising during replication, site-specific recombination and transcription
of circular DNA [16, 19].

Besides naturally occurring DNA catenanes and knots, a fascinating family of
related molecules has been synthesized and described by Seeman and cowork-
ers [20].The elegant approach of this group utilizes synthetic single-stranded
DNA fragments, which are combined and knotted by topoisomerases.

Interestingly, DNA is not the only biological molecular system to have the
privilege of forming catenanes and knots. Liang and Mislow examined X-ray
structures of many proteins and, to the surprise of many molecular chemists
and biochemists, they found catenanes and even trefoil knots [9, 10]. This re-
markable finding addresses the general question of whether the topological
properties of proteins have any biological significance. Recent work by Zhou
seems to demonstrate that catenation of proteins increases very significantly
the stability of their folded structures [21]. Similar conclusion were drawn from
an interesting study on knotted properties [22]. It is particularly interesting 
to observe that Nature has utilized topology as a functional tool in order to con-
trol the properties of given proteins.

2
The Early Days of Chemical Topology

Turning now to pure chemistry and synthetic molecular objects, it is clear that
the concept of catenanes has fascinated chemists for several decades. The ap-
plication of graph theory to chemistry has created a new field called “chemical
topology”. However, it must be stressed that rigorous mathematical treatments
applied to molecules has existed only since the 1980s thanks to Walba’s use of
graph theory for describing molecular systems [23].

Before being put into rigorous theory, chemical topology received much in-
terest from many scientists and several contributions of utmost importance are
worth mentioning. The famous book written by Schill and published in 1971
[24] is an absolute “must”. But the first theoretical written discussion to appear
on chemical topology was a publication by Frisch and Wasserman [25]. This
general article seems to be the cornerstone of the field since it contains,
expressed in a very chemical and accessible language, most of the notions that
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Fig. 3 Trefoil knot: a closed ring with a minimum of three crossing points. The rings a, b and
c are topological stereoisomers; the two knots b and c are topological enantiomers

constitute the background of chemical topology. The idea of topological isomers
was introduced in this pioneering paper. It is best exemplified using a single
closed curve: normal (topologically trivial) or knotted cycle (the most simple
non-trivial knot being the trefoil knot). The three objects a, b, and c of Fig. 3 are
topological stereoisomers: although they may consist of exactly the same atoms
and chemical bonds connecting these atoms, they cannot be interconverted by
any type of continuous deformation in three-dimensional space. In addition, the
compounds of Fig. 3b and Fig. 3c are topological enantiomers since the mirror
image of any presentation of Fig. 3b is identical to a given presentation of Fig. 3c.

Two other historically important discussions are worth mentioning: (i) A very
imaginative paper was written by Van Gülick (Eugene, University of Oregon,
USA) at the beginning of the 1960s but, unfortunately, the manuscript was not
accepted for publication at that time. It was published [26] in a special issue of
the New Journal of Chemistry devoted to chemical topology, along with many
other contributions spanning from mathematical topology to polymers and
DNA [27]. (ii) A review by Sokolov [28] which appeared in Russian literature and
which is particularly relevant to the present discussion since it mentions the
possible use of a transition metal center as template to prepare a trefoil knot.

3
Towards Molecular Knots: Early Attempts

The “Möbius strip”approach, depicted in Fig. 4 and first suggested by Frisch and
Wasserman in 1961 [25], is attractive although extremely difficult to realize.

In this approach, it is envisaged that the target molecule 3 can be obtained
after cleavage of the vertical rungs of compound 2, which in turn is prepared
from the ladder-shaped molecule 1, the ends of which are able to twist prior to

Fig. 4 Möbius strip approach (three half-twists) to a trefoil knot

a b c
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Fig. 5 Particularly attractive way of introducing three half twists in a molecular ladder,
as envisaged by Schill and group [30]

bimacrocyclization. Walba and coworkers [29] have done very elegant work
along a strategy close to that of Fig. 4. Unfortunately, formation of twisted
species similar to 3 could not be demonstrated.

A directed knot synthesis relying upon the Möbius strip principle was con-
ceived by Schill and coworkers [30–39] who synthesized the doubly bridged
tetraamino-p-benzoquinone 4. Connection of three such molecules by long
chains should give the molecular ladder 5, precursor of the three half-twist con-
taining Möbius strip 6 (Fig. 5).

Nevertheless, despite the elegance of its principle, this synthesis did not yield
a trefoil knot, because of the large number of steps required. The same authors
also attempted the directed synthesis of a trefoil knot, which relied on the use
of a benzo-acetal central core [32, 33]. These syntheses are closely related to the
ones that this group had already used successfully to prepare various [2]- and
[3]catenanes [34–38].

A very interesting approach towards a trefoil knot can be found in Sokolov’s
review [28]. The principle of the synthesis imagined by this author as early as
1973 is given in Fig. 6.

Three bidentate chelates disposed in a suitable fashion around an octahedral
transition metal used as a matrix may, after connection of their ends, lead to a
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Fig. 6 Sokolov’s strategy for constructing a trefoil knot on an octahedral tris-chelate com-
plex [28]

Fig. 7 Synthesis of an “open” knot using a linear fragment 7, which can wrap itself around
an octahedral metal center such as Zn2+ to afford an “open” knot 82+ [40]

molecular knot. Obviously, the probability that the six ends will connect (two by
two) in the required fashion is quite low. Nevertheless, strict geometrical con-
trol of the involved coordinated fragments or slight changes in the above pro-
posed scheme may one day give access to a knot using this strategy. Recently, an
“open” knot was prepared using a different but related strategy by Hunter and
coworkers [40].The three chelates have been incorporated in a single linear frag-
ment 7. The synthesis of the knotted molecule 82+ is represented in Fig. 7.



4
Molecular Knots Constructed on Dicopper(I) Helical Complexes

4.1
Strategy

The templated synthesis towards a trefoil knot derives directly from the syn-
thetic concept that had already afforded an easy access to catenanes. The strat-
egy of the catenane synthesis relied on the well-known specific property of
transition metals, namely their ability to gather and dispose ligands in a given
predictable geometry, thus inducing what is generally called a template effect.

In the presence of copper(I), 2,9-dianisyl-1,10-phenanthroline or related
compounds such as 9 form a very stable pseudo-tetrahedral complex (10+) in
which the two ligands are intertwined around the metallic center. Due to its
very special topography [41], this complex appeared to be a perfect precursor
for a templated catenane synthesis as shown in Fig. 8.

The functionalized ligand 2,9-di(p-hydroxyphenyl)-1,10-phenanthroline 9
was prepared by the addition of lithioanisole to 1,10-phenanthroline, leading to
2,9-dianisyl-1,10-phenanthroline, which was subsequently deprotected by the
pyridine hydrochloride procedure [42–44]. In the presence of Cu(CH3CN)4.BF4,
two ligands 9 fit together by forming the very stable copper(I) complex 10+. The
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Fig. 8 One-pot preparation of the first metallo-catenane (=catenate) 11+ [43]



latter reacts with two equivalents of di-iodo derivative of pentaethylene glycol
under high-dilution conditions in the presence of cesium carbonate in dimethyl-
formamide. By this very convenient one-pot synthesis, the expected copper(I)
[2]catenate 11+ could be obtained in 27% yield. It should be noted that, more
recently, two different, also highly efficient template catenane syntheses have
been developed; one of them, first introduced by Stoddart and his coworkers
[45] is based on the p-donor/p-acceptor gathering effect between aromatic 
nuclei, whereas in the second one, mainly developed by Hunter and Vögtle and
their coworkers, gathering and orientation of the various subunits of the future
catenane are induced by hydrogen bondings [46–48].

The success encountered in the synthesis of various catenanes following the
strategy depicted in Fig. 8 led to a molecular trefoil knot synthesis by extend-
ing the former synthetic concept from one to two copper(I) ions. As shown in
Fig. 9, two bis-chelating molecular threads (A) can be interlaced on two tran-
sition metal centers, leading to a double helix (B). After cyclization to (C) and
demetalation, a knotted system (D) should be obtained. An important pre-
requisite for the success of this approach is the formation of a helical dinuclear
complex (B).

Although the preparation of double helices from various transition metals
and bis-chelate ligands is very likely to have occurred long ago, it is only rela-
tively recently that the first such system was recognized and characterized [49].
Moreover, the scientific interest of these arrangements was not at all obvious.
One of the earliest dinuclear helical complex was identified by Fuhrhop and
coworkers in 1976 [49]. During the 1980s, several laboratories prepared and 
investigated double-stranded helical complexes, the systems containing either
pyrrolic ligands [50] and derivatives [51] (with Zn2+,Ag+, Cu+) or oligomers of
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Fig. 9 Strategy leading to a trefoil knot is represented on the bottom line. It involves two
metal centers and two coordinating organic threads. On the upper line, the synthesis prin-
ciple of a [2]catenane is also given, to show the analogy between both strategies

A B C D



2,2¢-bipyridine [52, 53].“Helicates” [52–56] may consist of up to five copper(I)
centers and these systems are reminiscent of the DNA double helix.

4.2
A Synthetic Molecular Trefoil Knot: First Results [57]

After many attempts with various linkers, it was found that 1,10-phenanthro-
line nuclei connected via their 2-positions by a -(CH2)4- linking unit will indeed
form a double helix when complexed to two copper(I) centers. In addition, by
introducing appropriate functions at the 9-positions, the strategy of Fig. 9 could
be followed to achieve the synthesis of a molecular knot of the (D) type. The
precursors used and the reactions carried out are represented in Fig. 10.

The diphenolic bis-chelating molecular thread 12 (prepared in a few steps
starting from 1,10-phenanthroline and Li-(CH2)4-Li [58]) was reacted with a
stoichiometric amount of Cu(CH3CN)4.BF4 to afford the dinuclear precursor
double helix 132+ together with an important proportion of other copper(I)
complexes. The complex mixture containing the double helix was reacted un-
der high dilution conditions with two equivalents of the di-iodo derivative of
hexaethyleneglycol in the presence of cesium carbonate.After a long and diffi-
cult purification process, the bis-copper(I) complex 142+ could be isolated in 3%
yield. Its knotted topology, first evidenced by mass and NMR spectroscopy, was
later fully confirmed by an X-ray structure determination [59] (Fig. 11).
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Fig.10 Organic precursor and the reaction scheme leading to the dicopper(I) trefoil knot 142+.
The main limitation is due to the poor yield of the double-stranded helical precursor 132+
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Fig. 11 X-ray structure of the knot 142+ [59]

Treatment of 142+ by a large excess of potassium cyanide led quantitatively
to the free knot 15 whose topological chirality could be demonstrated by NMR
and mass spectroscopy (Fig. 12).

4.3
Generalization and Improvements

The modest yield (only 3%) obtained for the original dicopper knotted 86-
membered ring could be significantly improved by modifying the length of the
linker connecting the two chelates and the long functionalized chain used in
the cyclization step [60]. The best yields obtained were in the range of 8% but,
using polymethylene linkers between the phenanthroline nuclei, it turned out
to be the upper limit.

A spectacular improvement could be obtained by using a 1,3-phenylene
spacer between the coordinating units [61]. The bis-chelate organic precursor
16 as well as the reactions leading to the dicopper(I) trefoil knot 172+ are rep-
resented in Fig. 13.

The diphenolic bis-chelate 16 was obtained in good yield by reacting 2-(p-
anisyl)-1,10-phenanthroline with 1,3-dilithio-benzene in tetrahydrofurane, fol-
lowed by hydrolysis, MnO2 oxidation and subsequent demethylation in usual
conditions.
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Fig. 12 Demetalation of the dicopper(I) knot 142+ by CN– leading to the free trefoil knot 15

Fig. 13 Reaction scheme leading to the dicopper(I) trefoil knot 172+. In this case, the for-
mation of the helical precursor from copper(I) and the bis-chelate 16 is quantitative
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Fig. 14 Synthetic strategy: Two coordinating fragments bearing terminal olefins are gath-
ered and interlaced around two copper(I) centers. Ring-closing metathesis with Grubbs
ruthenium catalyst affords the knot

Preparation of the double-stranded helical precursor turned out to be quan-
titative. Reaction of this tetraphenolic double helix with two equivalents of the
di-iodo derivative of hexaethyleneglycol, in the presence of cesium carbonate,
afforded a single isolable copper(I) complex (Fig. 13). The dicopper(I) knot 172+

was isolated in 29% yield after chromatography. It forms sea urchin-shaped 
aggregates of crystals (as BF4

– salt).
1H-NMR spectroscopy data [61] indicate that 172+ contains a compact heli-

cal core. This was fully confirmed by its subsequent X-ray structure determi-
nation [62].

In 1992, Grubbs and coworkers published the synthesis of a new family of
metallo-carbenes and developed their use as catalysts for ring-closing meta-
thesis (RCM) reactions [63–65]. Gradually, these compounds were used by a
large number of research groups and, nowadays, this new methodology can 
be considered as one of the major developments of transition metal-assisted
organic synthesis of the last decade. In a collaborative research project between
the Grubbs group and our team, we could show that the RCM strategy is par-
ticularly well adapted to the synthesis of copper(I)-complexed catenanes [66].A
natural extension of this work was the preparation of a trefoil knot following
the strategy depicted in Fig. 14.

The helical precursor 192+ was obtained in quantitative yield from 18 and
Cu(I). The double ring closing metathesis reaction of the terminal olefins 
catalyzed by RuCl2(PCy3)2(=CHPh) (Ph=phenyl, Cy=cyclohexyl) afforded the
trefoil knot 202+ in 74% yield [67] (Fig. 15). The only other products were
oligomers due to intermolecular metathesis reactions.

The dicopper(I) trefoil knot 202+ was first obtained as a mixture of isomers
(cis-cis, cis-trans and trans-trans products), due to the cis or trans nature of the
two cyclic olefins formed. These olefins can be easily and quantitatively re-
duced at room temperature by catalytic hydrogenation.

Combining the quantitative formation and high stability of the helical pre-
cursor composed of Cu(I) bisphenanthroline units with 1,3-phenylene linkers
(between the phen moieties) and the highly efficient RCM methodology de-
veloped by Grubbs and coworkers, the dicopper(I) trefoil knot 202+ could be ob-
tained in seven steps from commercially available 1,10-phenanthroline, with an
overall yield of 35% [67].

Due to the significant yield improvements, it became possible to study the
specific properties of the knots related to their topology, to resolve both enan-
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tiomers, and also to study their coordination chemistry. It also became possi-
ble to prepare the first chemical knot composite [68] and to prove its complex
and unusual topology. For space reasons, we will not discuss in detail the co-
ordination properties of the knotted ligands. However, it should be noted that
the various complexes of such ligands display extraordinary kinetic inertness
towards de-metalation [69]. In addition, due the close proximity between the
two copper centers in the helical core of the knot, novel electronic properties
could be evidenced [70]. In particular, the Cu(II)-Cu(II) oxidation state is
strongly destabilized, as shown by the extremely high redox potential of the
system (~0.9 V vs. SCE in acetonitrile) which makes it almost unique in cop-
per chemistry.

4.4
Resolution of a Molecular Knot into its Enantiomers

The chirality of a molecular system can generally be analyzed in terms of
Euclidian geometry, using metric elements (distances and angles) [71–72].
Topological chirality is an upper level of description of a molecular object,
which implies that its molecular graph be non-planar [73–75]. Made of a sin-
gle-knotted closed ring, the trefoil knot, which requires a minimum of three
crossing points for its representation in a two-dimensional space, can be con-
sidered as the prototypical example of an unconditionally topologically chiral
object (no need to orient nor color edges for the species to be chiral) [76, 77].
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Fig. 16 Resolution of the dicopper(I) molecular trefoil knot 172+. The chiral auxiliary used
is (S)-(+)-1,1¢-binaphthyl-2,2¢-diyl phosphate (BNP–). The cationic species are true topo-
logical enantiomers



Resolution using chiral supports in HPLC turned out to be successful for the
separation of chiral catenates [78, 79]. Unfortunately, this technique seemed to
be inappropriate to the resolution of the knot.

The copper(I)-templated syntheses of knots implies that the target molecules
are obtained as cationic dicopper(I) complexes. Therefore, the possibility of
interconverting both enantiomers into a pair of diastereomeric salts [80, 81] by
combining them with an optically active anion was considered. The chirality of
binaphthyl phosphate (BNP–) [82] arises from the binaphthyl core, which is
twisted. This helical structure is of the same type as that of the copper(I) dou-
ble helix, precursor of the knot. Besides, both compounds are aromatic and thus
we could expect some potentially helpful stacking interactions. These structural
similarities should enable strong interactions between the two moieties, possi-
bly leading to a marked differentiation of the properties of both diastereomers
(e.g., their solubility), making their resolution possible by selective crystal-
lization.

The molecular structure of the chiral auxiliary used is represented in Fig. 16.
Both enantiomers of the dicopper(I) knots are also depicted.

To introduce the chiral auxiliary, a labile anion, unlike the classical BF4
– or

PF6
–, which cannot be exchanged, is required. Preliminary studies showed the

triflate to be appropriate. It was introduced during the formation step of the
double helix. One equivalent of copper(I) triflate was added to the bischelating
diphenolic strand 16 (Fig. 13) in a reductive medium. 1H-NMR showed that the
dinuclear copper(I) double helix 172+ (Fig. 13) was formed quantitatively, the
counterion being now CF3-SO3

–. The bicyclization reaction afforded the
racemic copper(I) knot triflate 172+.2TfO– in 23% yield.

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

The 1H-NMR spectrum of the diastereomeric mixture appeared to be very
striking: each signal was split into two, which clearly indicated a strong differ-
ence of association between the chiral auxiliary and each enantiomer of the
knot. This difference was large enough to give the two diastereomers different
solubilities. Indeed (+)-172+.2(+)-BNP– could be crystallized in a mixture of ni-
tromethane and benzene [83], whereas the laevorotatory knot remained in the
mother liquor.

To our knowledge, this was the first preparative resolution of topological
enantiomers.

In order to obtain the pure topological enantiomers, and not diastoreomeric
salts, the chiral auxiliary was easily replaced by the hexafluorophosphate anion.
The optical rotatory power was found to be very high. Considering the D-ray
of sodium (589 nm), the optical rotatory power was + or –7,000°mol–1 L dm–1.
The circular dichroism (CD) spectra of both enantiomers are shown in Fig. 17.
As one would expect for such molecules, the two spectra are mirror images of
one another.
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Fig. 17 Circular dichroism spectra of both enantiomers (in CH2Cl2); these are perfect mir-
ror images

Of course, it also seemed to be of great interest to obtain the enantiomeri-
cally pure free ligands, in order to investigate the properties of a molecule for
which chirality was exclusively originating from its topology (i.e., had nothing
to do with that of transition metal complexes). It should be mentioned here that
pure classical Euclidian chirality is present in the double helix of the metalated
species. Each enantiomer was thus demetalated using cyanide as copper(I)
quencher. The optical rotatory power of the free knot [(+) or (-)-(K-84)p] was
then + or –2.000°mol–1 L dm–1. Interestingly, the demetalated knot can be con-
sidered as two intertwined helicenes and the values obtained can be compared
to those measured for heterohelicenes of similar structures [84–86].

By definition, topologically chiral molecules are those whose enantiomers
cannot be interconverted by continuous deformation and therefore racemiza-
tion is totally excluded as long as no bond in their organic backbone is broken.
In addition, the combination of this latter topological property with the high
thermodynamic stability of copper(I) 2,9-diphenylphenanthroline complexes
provides such complexes with promising catalytic properties for enantiose-
lective processes.

5
Templated Synthesis of Molecular Knots Based on Hydrogen Bond-Sets

Until the recent contribution by Vögtle and coworkers, only one example of a
molecular trefoil knot synthesis based on organic templates had been reported
in the literature [87]. Due to its sophisticated topology, this synthesis must be
based on a reliable template intermediate. The work of Vögtle and coworkers
on the templated synthesis of [2]catenanes based on hydrogen bonds serendip-
itously led to a very efficient preparation of a molecular knot [88]. In the course
of the synthesis of [n]catenanes, the macrocycle 21, presenting two concave
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sites for hydrogen bonding interactions, was identified as a good intermediate.
The synthesis of 21, consisting of the reaction between 2,6-pyridinedicarboxylic
acid dichloride 22 and diamine 23, in the presence of triethylamine under high
dilution conditions (10–3 mM in dichloromethane), gave 25 as a colorless prod-
uct in 20% yield along with the smaller macrocycle 24 (15% yield) and 21 (23%
yield) (Fig. 18).

The first analysis (1H NMR and mass spectrometry) did not provide enough
information to determine the structure of 25 (knotted or not knotted? Catenated
or not catenated?). The molecular weight of 25 corresponded to a 3:3 macrocy-
clization. The [3]catenane-type structure (consisting of 2 macrocycles of 24 and
one macrocycle of 21) was excluded because of the fragmentation pattern of the
mass spectrum. No more structural evidence could be obtained before the suc-
cessful crystallization of 25 which, unexpectedly, was found to be a molecular
trefoil knot.

The knotted structure could be rationalized from the crystal structure of 25,
which showed a pattern of hydrogen bonds between amide groups (Fig. 19).
A similar pattern is also found in the templated synthesis of [2]catenanes and
rotaxanes [46].

Further studies of the two precursors 22 and 23 proved the reliability of this
templated synthesis and leading to a large number of molecular knot analogs
of 25 [89–90] and more exotic structures [91].

The intrinsic chirality of a molecular knot was introduced earlier. Chromato-
graphic methods were not suitable for the separation of the two enantiomers of
the metal-templated trefoil knot, however, these techniques were successful in the
amide-containing knot. In collaboration with the group of Prof. Okamoto, the
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Fig. 19 X-ray crystal structure analysis of 25



separation of the two enantiomers of six different knots was achieved [89].
A non-commercially available column (Chiral-AD type) was required since
trichloromethane was needed to obtain an optimal separation. The silica gel
and the chiral stationary phase were covalently bound so that the material did
not bleed out when the lipophilic eluent was used.

Moreover, comparison of the experimental CD of the pure enantiomers 
of 25 with a theoretically calculated CD (based on X-ray structure and a fully
optimized AM1 geometry) permitted assignment of the absolute configuration
of this knot

6
Conclusion

Looking back at the first discussion on non-trivial knots in the chemical 
literature (1960), it is clear that very significant progress has been made as far
as their synthesis is concerned. Transition metals have proved extremely useful
in their ability to gather and intertwine string-like molecular fragments,
before the appropriate ring-forming reactions are carried out. The second 
efficient approach is based on hydrogen bonding. This impressive synthetic
achievement was probably not totally predicted by the authors themselves but
the result is that another novel and really preparative method is now available.
Because the first series of molecular knots stem from coordination chemistry,
most of their interesting properties are related to transition metal chemistry.
On the other hand, the Bonn series made by Vögtle and coworkers is purely or-
ganic and structurally much closer to biological molecules, new properties
could be expected in relation to modeling biological processes such as the
knotting or the catenation of proteins. Both series of molecular knots are thus
complementary and it is expected that, in the future, other families of knotted
molecules with distinct properties will also be made and studied. In this con-
text, the properties of a pure polymethylene knotted ring should be fascinat-
ing, although the synthesis of such a compound seems to be presently out of
reach.

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

Obviously, chirality is an essential property in molecular chemistry, and
knots are exciting systems in this context. With a touch of fantasy, it could be
conceived that some of the chemical processes for which chirality is essential
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(enantioselection of substrates, asymmetric induction and catalysis, cholesteric
phases and ferroelectric liquid crystals molecular materials for non linear 
optics etc.) could one day use enantiomerically pure knots. The future of mol-
ecular knots will, to a large extent, be determined by their accessibility and,
even if the transition metal-templated strategy and the hydrogen bond-ap-
proach represent interesting synthetic achievements, there is still a long way to
go before molecular knots can be made at a preparative scale compatible with
industrial applications.
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Abstract In this chapter, hydrogen-bonded assemblies based on the rosette motif are used
to describe some examples of templation in noncovalent synthesis.

After a brief description of the synthesis and characterization of these assemblies, the
guest-templated selection and amplification of the strongest binding receptor in dynamic
libraries is explained. The equilibrating mixtures of the rosette structures (dynamic com-
binatorial libraries) allow for the target-driven generation of the active constituents of the
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library. A template effect for the formation and amplification of the strongest hydrogen-
bonded receptor is obtained when a guest molecule is added to a library of potential 
hydrogen-bonded receptors that are under thermodynamic control.

Additionally, templation for the control of the chirality in these supramolecular systems
is described at three different levels:

1. Amplification of chirality (“Sergeant and Soldiers” principle), where the achiral building
blocks of the assemblies “follow” the templated helicity induced by the chiral components
even when chiral molecules are present in very small fractions.

2. Enantioselective noncovalent synthesis (memory of supramolecular chirality), where 
use of a chiral template interacts stereoselectively to give preferentially one of the two
possible enantiomeric forms (P or M-helix). After the template is replaced by an achiral
analog the induced chirality is preserved allowing the synthesis of enantiomerically 
enriched self-assembled double rosette assemblies.

3. Diastereomeric and enantiomeric noncovalent synthesis of double and tetrarosettes 
by guest templation, where chiral guest molecules can be used as templates to induce the
formation of one specific helicity of the double and tetrarosette assemblies.

Furthermore, the concept of templated synthesis by hydrogen-bonded rosette assemblies is
also illustrated with the templated synthesis of covalent cyclic calix[4]arene dimelamine
trimers. The synthesis of this trimer is impossible without the template role provided by one
of the building blocks of the assembly. The templated synthesis by a double rosette of non-
covalent cyclic hydrogen-bonded trimers is also described.

The role of gold and graphite surfaces as template for the formation of hydrogen-bonded
nanostructures is also revised. The topology of the structure that is formed by noncovalent
interactions on the surfaces is determined by the noncovalent interactions between the 
surface template and the substrates. Specifically, the growth of individual nanometer-sized
hydrogen-bonded assemblies on gold monolayers is templated through an exchange reaction
between a double rosette in solution and a single calix[4]arene dimelamine embedded into
hexanethiol self-assembled monolayers (SAMs).

On the other hand, first- and second-order template effects using graphite surfaces as
templates are shown. The formation of linear rod-like structures on a graphite surface was
observed by TM-AFM after deposition of double rosette on the graphite template (first-
order template effect). Also, double rosettes having gold atoms coordinated to phosphane
groups form nanorod domains after deposition on HOPG template. These metal-containing
nanorod arrays might constitute a viable route for the templated (second-order template 
effect) bottom-up fabrication of, for example, conducting nanowires.

Keywords Hydrogen-bonded assemblies · Noncovalent templation · 
Supramolecular chirality · Combinatorial dynamic libraries · Nanowires

1
Introduction

In this chapter, hydrogen-bonded assemblies based on the rosette motif are
used to describe some examples of templation in noncovalent synthesis. In self-
organizing systems the building blocks contain all the information to form an
assembly with specific geometry, while templated systems involve the use of
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Fig. 1 a 2-D lattice of alternating isocyanuric acid (light grey) and melamine (dark grey)
molecules. The three possible motifs, i.e., linear tape, crinkled tape, and rosette are high-
lighted. b Formation of double rosette assembly 1a3·(DEB/BuCYA)6 from three calix[4]arene
dimelamines 1a and six 5,5-diethylbarbiturate (DEB) or n-butyl cyanurate (BuCYA) mole-
cules. c Schematic representation of 1 double rosette, 2 tetrarosette, 3 hexarosette, and 4
octarosette. Each floor represents one rosette motif

a

b

c



temporary or permanent species that assist the assembly of supramolecular
structures into a specific geometry.

The rosette motif is a self-assembled circular network of complementary 
hydrogen bonds formed between three melamines and three barbituric (BAR)
or cyanuric acids (CYA) (Fig. 1a) [1]. This rosette motif is used to form large
and well-defined hydrogen-bonded assemblies. Calix[4]arenes, diametrically
substituted with two melamine units at the upper rim, form double rosette 
assemblies (Fig. 1b) in the presence of two equivalents of BAR or CYA [2].
Extended tetra-, hexa- and octarosettes are obtained when calix[4]arene dime-
lamine units are covalently linked [3–5]. In these nanostructures, each rosette
motif is formed through 18 hydrogen bonds. The rapid increase of the number
of hydrogen bonds (double rosette=36, tetrarosette=72, hexarosette=108 and
octarosette=142) in these extended assemblies renders a high thermodynamic
stability (Fig. 1c). The molecular weight of the rosette assemblies reaches that
of small proteins. For example, the octarosette has a size of 3.0 nm¥3.3 nm¥
5.5 nm and a molecular weight of ~20 kD, which is larger than small proteins
like cytochrome c (~12 kD) and myoglobin (~16 kD).

Functionalization of the melamine moieties of the rosette assemblies allows
for the concave 3-D positioning of functionalities around this template, pro-
viding the basis for the formation of several receptor assemblies that are able
to complex small substrates. Moreover, ordered nanostructures are obtained by
the self-organization of the rosette assemblies on graphite templates.

2
Formation and Characterization of Rosette Assemblies

Using the rosette motif introduced by Whitesides [6], we have reported the
noncovalent synthesis of the thermodynamically stable double rosette assem-
blies 13·(DEB/CYA)6 that are held together by a total of 36 hydrogen bonds. The
assemblies are formed spontaneously by mixing of calix[4]arenes diametrically
substituted at the upper rim with two melamine units (1) and 2 equivalents 
of either BAR or CYA derivatives (Fig. 1b). The assemblies consist of two 
flat rosette motifs connected via three calix[4]arene molecules. The assemblies
are stable in apolar solvents like chloroform, benzene, and toluene even at
10–4 M [2, 7].

Three conformational isomers of double rosette assemblies can be formed,
i.e., one staggered (D3) isomer and two eclipsed (symmetrical C3h and unsym-
metrical Cs) isomers (Fig. 2). In the staggered isomer the two melamines on each
calix[4]arene are in an anti-parallel orientation with respect to each other, while
in the eclipsed isomers the melamines on each calix[4]arene unit are parallel.

Rosette assemblies are easily characterized by 1H-NMR spectroscopy in 
solution [8]. In the region between 13 and 16 ppm, diagnostic signals for 
the BAR/CYA hydrogen-bonded imide NH protons are present (Fig. 3b). The
number of signals that are observed depends on the type of rosette and their
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symmetry. For example, the D3 and the C3h isomers of the double rosette have
only two different hydrogen-bonded imide NH protons and therefore two 
different signals are observed in the 1H-NMR spectrum. For the Cs isomer, six
hydrogen-bonded imide NH protons are magnetically different and thus six
signals are observed. If the assemblies are formed with certain bulky CYA 
derivatives, all possible isomers are formed [9], while with BAR derivatives the
D3 isomers are obtained preferentially. For the D3 isomer of the tetrarosettes
X3·(DEB/CYA)12, four different hydrogen-bonded imide NH protons can be 
distinguished and therefore four different signals are observed in the 1H-NMR
spectra (Fig. 3c). Similarly, for the D3 isomer of the hexa- and the octarosettes,
six and eight signals are observed in the 1H-NMR spectra, respectively.

Rosette assemblies X3·(BAR/CYA)3n (n=2 double, n=4 tetra-, n=6 hexa-, and
n=8 octarosette) are formed as an equal mixture of (M)- and (P)-enantiomers
when the components do not contain chiral centers.[2, 7, 10]. Nevertheless,
in double rosette assemblies 13·(BAR/CYA)6 for example, when one of the build-
ing blocks (1 or BAR/CYA) is chiral, complete induction of supramolecular 
chirality is observed; i.e., when R,R dimelamines assemble with BAR or CYA
only the (M)-diastereomer is formed, while the assembly of S,S dimelamines
with BAR or CYA gives only the (P)-diastereomer. This property makes it 
possible to study double (and tetra-, hexa-, and octa-) rosette formation using
circular dichroism (CD) spectroscopy [11]. For example, double rosette as-
semblies exhibit a very strong induced CD signal (|Demax|~100 L mol–1 cm–1 for
double rosettes), while the individual chiral components are hardly CD active
(|Demax|<8.1 L mol–1 cm–1) (Fig. 4). The observed CD is a direct result of the 
assembly formation. The CD curves of the (M)- and (P)-assemblies are perfect
mirror images, reflecting their enantiomeric relationship. Therefore, the sign
of the CD curve is a good probe for the supramolecular chirality of double (and
larger) rosette assemblies.

MALDI-TOF mass spectrometry using the Ag+-labeling technique [12] also
gives evidence for rosette formation. This technique is extremely mild and 
provides a nondestructive method to generate positively charged assemblies by
coordination of Ag+ to a cyano group or by complexation of Ag+ between two
phenyl rings.
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Fig. 2 Schematic representations of the three isomeric forms for double rosette assemblies:
staggered (D3), symmetrical eclipsed (C3h), and unsymmetrical eclipsed (Cs)
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Fig. 3 a Chemical structure and schematic representation of dimelamine 1a, tetramelamine
2 and DEB and part of the 1H-NMR spectrum (CDCl3, 298 K) of b 1a3·(DEB)6 and c 23·(DEB)12
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Fig. 4 Example of the CD spectra obtained for (M)- and (P)-double rosettes (M-(R)6 and
P-(S)6) after chiral induction by R,R-dimelamines and S,S-dimelamines, respectively

Fig. 5 Top and side view of the X-ray crystal structure of assembly 1a3·(DEB)6

The X-ray crystal structure of assembly 1a3·(DEB)6 provides unequivocal 
evidence that the assembly exists as the D3-isomer (Fig. 5). Furthermore, it
shows that the calix[4]arene units are fixed in a pinched cone conformation,
which is the only conformation that allows simultaneous participation of the
calix[4]arene units in both the upper and the lower rosette motif. The two
rosette motifs are stacked on top of each other with an interatomic separation
of 3.5 Å at the edges to 3.2 Å in the centre of the rosette [7]. The assemblies have
a height of 1.2 nm and a width of ~3 nm.



3
Guest Templated Selection and Amplification of the Strongest Binding
Receptor in Dynamic Libraries

Combinatorial chemistry (CC) allows for the generation of molecular diversity
and is widely used in the search for biologically active compounds, new mate-
rials, and catalysts [13]. Its combination with supramolecular chemistry has led
to the new research field of dynamic combinatorial chemistry (DCC) [13]. The
concept of DCC relies on the reversible interchange of components between
supramolecular structures. The equilibrating mixtures of supramolecular
structures (dynamic combinatorial libraries) allow for the target-driven gen-
eration of the active constituents of the library [14]. For example, a template 
effect for the formation and amplification of the strongest binding receptor can
be expected when a guest molecule is added to a library of potential receptors
that are under thermodynamic control.

Dynamic libraries of double rosette assemblies are formed under thermo-
dynamically controlled conditions in solution when different substituted
calix[4]arene dimelamines and 5,5¢-diethylbarbituric acid (DEB) are mixed
[15]. These libraries exist as a statistical mixture of homomeric and hetero-
meric double rosettes. For example, mixing of equimolar solutions of the 
individual assemblies 1a3·(DEB)6 and 1b3·(DEB)6, bearing butyl and zinc por-
phyrin moeities, respectively, distributes the calix[4]arene dimelamines 1a and
1b (Fig. 6a) over four different double rosettes. The assemblies 1a3·(DEB)6,
1a2·1b·(DEB)6, 1a·1b2·(DEB)6, 1b3·(DEB)6 are formed in a statistical ratio of
1:3:3:1, respectively (Fig. 6b).

The Hc-He (d=8.0–9.0) and the Hf, Hg proton signals (d=2.5–2.7) clearly il-
lustrate the mixing process (Fig. 7a-c). For the Hc proton signal of the mixture
1a(3–n)·1bn·(DEB)6 (n=0–3) at least five signals (d=8.3–8.5) are present, while
this signal appears as a single resonance at d=8.32 for the pure homomeric as-
sembly 1b3·(DEB)6 (Fig. 7a). Similarly, the Hd, He and Hf, Hg protons of the mix-
ture give rise to multiple resonances. Integration of the various proton signals
clearly proves the almost statistical composition of the mixture (30% versus
25% homomeric, 70% versus 75% heteromeric).

Addition of template 3 to this dynamic library shifts the equilibrium towards
the maximum formation of the strongest 3-binding receptor 1b3·(DEB)6,
resulting in a mixture of 1a3·(DEB)6 and 1b3·(DEB)6·32 (1:1) (Fig. 6b) [16]. In this
way, guest 3 serves as a template that drives the chemical evolution of the 
dynamic mixture 1a(3–n)·1bn·(DEB)6 (n=0–3) toward the amplification of the
best receptor. The amplification of receptor 1b3·(DEB)6 is a factor 3.3 (from
~15% before addition to ~50% after addition of 3). Evidence for this comes
from the disappearance of the proton signals for the heteromeric assemblies
1a2·1b·(DEB)6 and 1a·1b2·(DEB)6 in the 1H-NMR spectrum (Fig. 7d). From the
five Hc protons resonancing at d=8.3–8.4, only two signals corresponding to the
homomeric assemblies 1a3·(DEB)6 and 1b3·(DEB)6·32 are present after addition
of the guest template 3.
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Fig. 6 a Molecular and schematic representations calix[4]arene dimelamines 1a and 1b and
tripyridine 3. b Schematic representation of the formation of four component library
1a(3–n)·1bn·(DEB)6(n=0–3) and templated selection of the best receptor upon addition of the
guest 3
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Fig. 7 Parts of the 1H-NMR spectra of a assembly 1a3·(DEB)6, b assembly 1b3·(DEB)6, c mix-
ture of 1a3·(DEB)6 and 1b3·(DEB)6 (1:1), d mixture of 1a3·(DEB)6 and 1b3·(DEB)6 (1:1) after
addition of 4 equiv of 3, and e assembly 1b3·(DEB)6 after addition of 2 equiv of 3. Spectra were
recorded at 300 MHz in CDCl3 at room temperature. The signals marked with ? are from
1a3·(DEB)6 protons

4
Templation for the Control of the Chirality in Supramolecular Systems

4.1
Amplification of Chirality: “Sergeant and Soldiers Principle”

In the absence of elements of chirality, double rosettes are formed as a racemic
mixture of M- and P-enantiomers but, when one of the components (melamine
or BAR/CYA) is chiral, total chiral induction is achieved and they assemble in



two diastereomeric forms with either the M- or P-enantiomers (see Sect. 2).
More interestingly, double rosettes also exhibit amplification of chirality. In this
case, the achiral components of the assemblies “follow” the templated helicity
induced by the chiral components even when chiral molecules are present in
very small fractions. This is known as the “‘Sergeants and Soldiers” principle.

Meijer and coworkers have also studied the “Sergeants and Soldiers” prin-
ciple in dynamic macromolecular aggregates that are held together via non-
covalent interactions, such as p–p stacking or hydrogen bonding [17]. Large
optical activities were observed for chiral columnar assemblies containing only
a small fraction (~5%) of chiral components [17a, 18].

In this section, the principle applied to double rosette assemblies is described.
The “Sergeants and Soldiers” experiments with the rosette assemblies (templa-
tion of chirality) have been carried out under thermodynamically controlled
conditions.

Mixing of solutions of diastereomerically pure assembly (M)-1c3·(DEB)6 [15]
and racemic assembly 1d3·(DEB)6 (mixtures were prepared at ratio 1c3·(DEB)6:
1d3·(DEB)6 rangingfrom 1:9 to 9:1; see Fig. 8a for molecular structures) results
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Fig. 8 a Molecular structures of calix[4]arene dimelamines 1c-e and (R)- and (S)-BAR.
b Mixing of the diastereomeric double rosettes (M)-1c3·(DEB)6 and racemic assembly
1d3·(DEB)6



in the formation of a mixture of assemblies 1cn1d3–n·(DEB)6 (n=0–3), due to 
the continuous exchange of 1c and 1d in solution (Fig. 8b). In chloroform, the
thermodynamic equilibrium is reached within seconds after mixing because of
the high exchange rate of dimelamines 1c and 1d when barbiturate form part
of the assemblies. Two-dimensional NMR analysis has shown that for this type
of assembly the distribution of the dimelamine components over the four 
assemblies 1cn1d3–n·(DEB)6 (n=0–3) is nearly statistical (1:3:3:1) [10b].

The CD intensities of the different mixtures of (M)-1c3·(DEB)6 and 1d3·(DEB)6
are significantly higher than the sum of the CD intensities of the individual 
assemblies (corrected for the relative ratio 1c/1d, see Fig. 9). This phenomenon
is an example of chiral amplification and is caused by the presence of the 
heteromeric assemblies 1c21d1·(DEB)6 and 1c11d2·(DEB)6. These assemblies con-
tain four or two (R)-substituents, respectively, which act as a chiral template
leading to the preferential formation of the corresponding (M)-diastereomers
for the heteromeric assemblies. Apparently, the d.e. for these assemblies is 
significantly higher than 66% (1c21d1·(DEB)6) or 33% (1c11d2·(DEB)6), values 
expected when the d.e. is related in a linear fashion to the number of chiral 
centers present. This is a clear example of the phenomenon first described 
by Green and coworkers as the “Sergeants and Soldiers” principle [19], which 
indicates here that within the heteromeric assemblies the achiral dimelamines
follow the helicity induced by the chiral dimelamines that act as a chiral tem-
plate.

4.2
Enantioselective Noncovalent Synthesis: Memory of Supramolecular Chirality

The synthesis of enantiopure self-assembled aggregates from achiral compo-
nents has been achieved using the “chiral memory”concept previously reported
by the groups of Yashima for the enantioselective synthesis of covalent P- or
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Fig. 9 Relative CD intensity (�, measured at 286 nm) versus the mole fraction of chiral com-
ponent 1c (c1c), measured in chloroform at room temperature. The dotted line represents the
expected CD intensity in the absence of chiral amplification



M-helical polymers [20]. The chiral memory concept implies the use of a 
chiral template that interacts stereoselectively in a noncovalent manner to give
preferentially one of the two possible enantiomeric forms. Subsequently, the
template is replaced by an achiral analog while the induced chirality is 
preserved. This replacement of the chiral template is the crucial step in this
strategy. The resulting structure is still optically active, although none of its
components are chiral. This strategy has been used to synthesize enantiomer-
ically enriched self-assembled double rosette assemblies [10b].

As explained earlier (Sect. 2), the use of a chiral barbiturate compound leads
to the formation of a diastereomeric double rosette with a d.e. of 96% (total 
induction of supramolecular chirality). For example, when BuCYA is added 
to a solution containing the diastereomerically pure P-1e3·((S)-BAR)6 or M-1e3·
((R)-BAR)6 (for molecular structures see Fig. 8a), the exchange of the chiral
barbiturate (S)-BAR for the achiral cyanurate BuCYA gives an enantiopure 
assembly with an e.e. of 96% (Fig. 10a). This exchange of the barbiturate for a
cyanurate is possible because of the formation of stronger hydrogen bonds 
between the melamine–cyanurate pair than between the melamine–barbiturate
pair due to the higher acidity of the cyanurate [21]. Thus, enantiopure rosettes
P-1e3·(BuCYA)6 (or M-1e3·(BuCYA)6) are obtained without any chiral center due
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Fig. 10 a Schematic representation of the chiral memory effect by exchange of a chiral 
barbiturate for an achiral cyanurate. b CD spectra of assemblies 1 (M)-1e3·(BuCYA)6, 2 (M)-
1e3·((R)-BAR)6, 3 (P)-1e3·((S)-BAR)6, and 4 (P)-1e3·(BuCYA)6. Assemblies were recorded in
benzene-d6 (1.0 mM) at 298 K

(b)

(a)



to the templation exerted by the chiral barbiturate. This memory of supramole-
cular chirality is clearly demonstrated by CD spectroscopy (Fig. 10b).

4.3
Diastereomeric and Enantiomeric Noncovalent Synthesis of Double Rosettes by
Guest Templation

Chiral guest molecules can be used as templates to induce the formation of one
specific helicity of the double rosette assemblies.Assemblies 1f3·(BuCYA)6 and
1g3·(BuCYA)6 are formed predominantly as the D3-isomer and exist as a
racemic mixture of the P- and M-enantiomers (Fig. 11) [9].We have shown that
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Fig. 11 a Structures of dimelamines 1f and 1g, n-butylcyanurate, chiral acids 4 and 5.
b Illustration of templation of supramolecular chirality by chiral acids 4 and 5

(a)

(b)



the six amino or pyridyl functionalities positioned on the assemblies 1f3·
(BuCYA)6 and 1g3·(BuCYA)6, respectively, are able to interact with chiral car-
boxylic acids to form diastereoselectively a P- or M-assembly depending on 
the chirality of the guest (Fig. 11) [22]. Thus, the chiral acids template the di-
astereoselective formation of preferably one of the two possible diastereomeric
assemblies.

Typically, six equivalents of 4a-b were added to a racemic solution of 1f3·
(BuCYA)6 (1.0 mM, 298 K), which has six amino functionalities that serve 
as binding sites for complexation of the chiral carboxylic acids in toluene-d8.
The interaction between host and guest becomes apparent from shifts in the
1H-NMR spectrum. For example, in the case of acid (S)-4b (6 equiv), the Hk and
Hl shift is 0.09–0.18 ppm upfield and 0.32 ppm downfield, respectively, upon 
addition of guest (Fig. 12). In addition, the Hb, Hc, Hk, and Hl protons are split
because of the formation of the diastereomeric assemblies (M)-1f3·(BuCYA)6/
(S)-4b and (P)-1f3·(BuCYA)6/(S)-4b, which are no longer mirror images. The
chiral acids (R)-4a, (R)-4b, (S)-4b also express a clear selectivity towards one
of the two enantiomers (M or P) of assembly 1f3·(BuCYA)6 that are present in
solution. As a result, the enantiomer that is bound most strongly is amplified
in the mixture as both enantiomers are in dynamic equilibrium. This increase
causes the CD spectrum of assembly 1f3·(BuCYA)6 to show reliable and repro-
ducible Cotton effects in the presence of chiral acids 4a-b (Fig. 12a). With 
six equivalents of acids 4a and 4b, enantioselectivities of 19% and 21% d.e.,
respectively, were observed.

On the other hand, double rosette assembly 1g3·(BuCYA)6 with six 2-pyridyl
functionalities is able to complex chiral dicarboxylic acids 5a-c. The interaction
between the assembly and the chiral diacid can be seen from the shifts and the
splitting of the signals in the 1H-NMR spectra. For example, when L-5a
(3 equiv) was added to a solution of 1g3·(BuCYA)6 (1.0 mM, 298 K) in toluene-
d8, the signals of protons Ha, Hb, Hc, Hh, and Hi are split and shifted (Fig. 13) 
because of the formation of the diastereomeric assemblies (M)-1g3·(BuCYA)6/
(L-5a) and (P)-1g3·(BuCYA)6/(L-5a), which are no longer mirror images and ex-
hibit different signals in the 1H-NMR spectrum. The ratio of these signals
shows that the diacids 5a-c bind preferentially to either the M- or P-enantiomer
of the assembly 1g3·(BuCYA)6, leading to amplification of that particular enan-
tiomer in the mixture. The addition of dicarboxylic acids 5a-c (3 equiv) gives
a very high enantioselectivity (Fig. 13) that is ascribed to a two-point hydrogen-
bonding interaction between one molecule of 5a-c and two 2-pyridyl moieties
of 1g3·(BuCYA)6. The highest selectivity was achieved with 5a (90% d.e.). In 
absence of the chiral auxiliary, the racemic mixture of P- and M-enantiomers
is not CD active. When the chiral diacids are added, the CD spectra of 1g3·
(BuCYA)6 show reproducible Cotton effects, indicating that the chiral acids in-
teract with the assembly and, thus, amplify either the P- or the M-enantiomer
in the mixture. Generally, it was found that chiral L-acids induce the M-helic-
ity and D-acids the P-helicity, as indicated from a positive and negative CD sign,
respectively.
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Moreover, removal of the template 5a leaves one of the original enantiomers
in 90% ee, which racemizes only slowly (t1/2≈1 week). 1H-NMR spectroscopy in-
dicated that within a few minutes after addition of ethylenediamine (3 equiv)
the L-5a moeities are removed by complexation with the ethylenediamine. As
monitored by CD spectroscopy, removal of L-5a from complex 1g3·(BuCYA)6/
(L-5a) leads to the formation of mainly the M-enantiomer of 1g3·(BuCYA)6.
Thus, the assembly memorizes the chirality templated by the guest even after
removal of the template.
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Fig. 12 a CD spectra of 1f3·(BuCYA)6 after addition of 6 equiv of acids (R)-4a, (R)-4b, and
(S)-4b and parts of the 1H-NMR spectra (toluene-d8) of 1f3·(BuCYA)6 b before and c after 
addition of 6 equiv (S)-4b
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Fig. 13 a CD spectra of 1g3·(BuCYA)6 after addition of 3 equiv of acids (L)-5a, (D)-5a, (L)-5b
and (L)-5c and part of the 1H-NMR spectra (toluene-d8) of 43·(BuCYA)6 b before and c after
addition of 3 equiv (L)-5a

4.4
Diastereomeric Noncovalent Synthesis of Tetrarosettes by Guest Templation

Another interesting case of templation of supramolecular chirality can be 
seen with tetrarosettes upon saccharide complexation. Recognition of n-octyl
b-D-glucopyranoside (b-D-6) by the tetrarosette 23·(DEB)12 is, among other
things, reflected by the shifts and splitting of the hydrogen-bonded proton 

(a)

(b)

(c)
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Fig. 14 Top: Formation of tetrarosette assembly 23·(DEB)12 from three tetramelamines 2 and
twelve 5,5-diethylbarbiturate (DEB) molecules; Bottom: Parts of the 1H-NMR spectra (CDCl3)
of 23·(DEB)12 (1 mM) in CDCl3 at 293 K a before and b after addition of 10 equiv of b-D-6.
c CD spectra of 23·(DEB)12 (1 mM) in CDCl3 at 293 K after addition of 1 b-D-6 and 2 b-L-6

signals Ha2 and Hc2 on the second and third rosette floors in the 1H-NMR spec-
trum (293 K, CDCl3), whereas the corresponding signals of the first and fourth
floor show no splitting (Fig. 14).

The intensities of the new signals (Ha2’ and Hc2’) increase when b-D-6 is
added, while the original signals decrease. This means that only one of the two
enantiomers from the racemic mixture of the P and M isomers of 23·(DEB)12
recognizes the chiral guest stereoselectively and results in the formation of one
diastereomeric complex. This conclusion is supported by the induced CD spec-



trum. The racemic mixture of (M)-23·(DEB)12 and (P)-23·(DEB)12 is CD silent,
while addition of b-D-6 induces a negative Cotton effect, evidencing the pref-
erential formation of a P rosette assembly (Fig. 14c). As a result of the chiral
templation, the P enantiomer, which bind b-D-6 more strongly, is amplified in
the mixture as both enantiomers are in dynamic equilibrium. The templation of
the M rosette assembly is observed when n-octyl b-L-glucopyranoside (b-L-6)
is added to the racemic mixture of (M)-23·(DEB)12 and (P)-23·(DEB)12. Thus, the
chirality of the guest template (b-D-6 or b-L-6) determines the supramolecular
chirality of the resulting tetrarosette assembly (Fig. 15).

5
Templated Synthesis by Noncovalent Assemblies

The principle of templated synthesis is based on a template that provides 
the instructions for the formation of a specific product from substrates that
otherwise have the potential to assemble and react in a variety of ways or do
not assemble at all [23]. After the template has directed the formation of the
product the template can often be removed to yield the template-free product,
but it is also possible that the template is required for the stabilization of the
non-stable products [23].

5.1
Templated Synthesis of Covalent Cyclic Calix[4]Arene Dimelamine Trimers

The covalent capture or post-modification of a supramolecular assembly is the
fixation of the different components comprising the noncovalent assembly
through the formation of covalent bonds. Such modification on hydrogen-
bonded double rosettes was performed with the intent to increase their over-
all stability. In addition, with the covalent fixation the structural information
present in the assemblies is stored on a covalent level, which allows for the
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Fig. 15 Schematic representation of the templation of the supramolecular chirality of
tetrarosette 23·(DEB)12 by chiral saccharides b-D-6 and b-L-6



characterization of the assembly. Furthermore, covalent post-modification 
allows for the formation of a cyclic calix[4]arene dimelamine trimer in >95%
yield. The synthesis of this trimer is virtually impossible without the template
role provided by the DEB (Fig. 16). For covalent capture the ring closing
metathesis reaction (RCM) [24] was chosen since it occurs under conditions
that are compatible with the hydrogen-bonded network in assembly 1h3·
(DEB)6 (Fig. 16) (for application of the metathesis on hydrogen-bonded systems
see [25] and for application of the metathesis in other supramolecular systems
see [26]).

Reaction of assembly 1h3·(DEB)6 (n=6) [7], having oct-7-enyl side chains,
with Grubbs catalyst in CH2Cl2 resulted in the covalent linkage of the three
calix[4]arene dimelamine units 1 h (Fig. 16) via a threefold metathesis reaction
giving macrocycle 7 as the corresponding assembly 7·(DEB)6 in 96% yield [27].
Upon formation of assembly 1h3·(DEB)6, the oct-7-enyl side chain of one
calix[4]arene dimelamine is in close contact with an oct-7-enyl side chains of
an adjacent calix[4]arene dimelamine. This pre-organization of the 7-octenyl
side chains obtained upon addition of DEB and formation of the double rosette
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Fig. 16 Top: Schematic representation of the formation of cyclic calix[4]arene dimelamine
trimer 7. Bottom: Molecular structures and schematic representations of calix[4]arene dime-
lamine 1h and cyclic monomer 8



causes the templated formation of macrocycle 7, rather than the formation of
cyclic monomer 8.

The reaction monitored by 1H-NMR spectroscopy clearly showed that the
reaction occurs without destroying the assembly. The signals for the terminal
vinylic protons of 1h3·(DEB)6 at d 5.8 and 4.9 (Fig. 17a) gradually disappear 
during the reaction and a new signal at d5.5 for the vinylic protons in 7·(DEB)6
is observed (Fig. 17b). The clean formation of 7 was also confirmed by MALDI-
TOF (m/z=3,100 for [7+H]+ containing the most abundant natural isotopes as
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Fig. 17 Parts of the 1H-NMR spectra (CDCl3, 298 K) of a assembly 1h3·(DEB)6 and b assem-
bly 73·(DEB)6 after reaction of assembly 1h3·(DEB)6 with Grubbs catalyst. Peak assigment:
NHDEB protons (1 and 2), NHAr protons (3), NHCH2 protons (4), terminal (5, 6) and internal (7)
vinylic protons. c MALDI-TOF mass spectra of the crude reaction mixture of the covalent
capture of assembly 1h3·(DEB)6

(c)

(b)

(a)



calcmarked for C180H240N36O12=3,100). Both, HPLC and MALDI-TOF MS clearly
showed that the cyclic monomer 8 is not formed, which emphasizes the degree
of pre-organization of the reactive double bonds within the assembly. The clean
formation of 7·(DEB)6 is only formed under conditions where assembly
1h3·(DEB)6 is present. RCM reactions carried out at concentrations where 
extensive dissociation of the assembly is observed give the cyclic monomer 8
as the major product.

5.2
Templated Synthesis of Noncovalent Cyclic Hydrogen-Bonded Trimers

The double rosette 1a3·(DEB)6 (see Fig. 1 for molecular structure) also acts as
a template for the formation of the noncovalent hydrogen-bonded trimer 93,
which is not formed in the absence of this double rosette (Fig. 18). 1a3·(DEB)6
is a self-assembled nanometer-sized molecular box that can encapsulate three
molecules of alizarin 9 (Fig. 18). Both the top and the bottom of this highly
thermodynamically stable molecular container comprise the cyclic hydrogen-
bonded rosette motif, with the calix[4]arene units acting as side walls, while the
space between the two rosette floors limits the encapsulation area. The dynamic
character of the self-assembled box allows the rearrangement of the building
blocks to obtain the “perfect” fit for three alizarin molecules forming a trimeric
species [28]. The driving force for the encapsulation of alizarin is p–p stacking
between host and guest, while the trimer formation arises from the formation
of a hydrogen-bonded network between the entrapped molecules.

The crystal structure of the complex 1a3·(DEB)6·93 (Fig. 19) revealed that the
two melamines of one calix[4]arene are in an eclipsed orientation, while before
the encapsulation of 9, these melamines were in a staggered orientation. The
electron-deficient aromatic ring of 9 (ring B; see Fig. 18) is stacked in between
the two relatively electron-poor rings of the melamine units, with a slight 
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Fig. 18 Schematic illustration of the encapsulation of three molecules alizarine 9 by double
rosette 1a3·(DEB)6 and the conformational changes of double rosette 1a3·(DEB)6 to fit 9



offset of the face-to-face arrangement [28]. Furthermore, the crystal structure
showed that the three 9 molecules of the trimer are interlocked by an array of
hydrogen bonds between the carbonyl groups and the 2-hydroxyl groups of 9.

The symmetry of the complex, reflected by the relatively simple 1H-NMR
spectrum, indicated that three molecules of 9 are also  complexed in solution
between the two rosette layers (Fig. 20). The large shifts observed for the
alizarin protons (>3 ppm) clearly indicate the encapsulation of the guest mol-
ecules. The aromatic protons Hr, Hs, and Ht of 9 (ring C, see Fig. 20) shifted
3.28–3.88 ppm upfield upon complexation, indicating that ring C is partially in-
cluded in the calix[4]arene cone. The 2-hydroxyl group (OHn) shifted 3.63 ppm
downfield, suggesting that the hydroxyl group is involved in the formation of
an hydrogen bond. Furthermore, the NHDEB-protons Ha and Hb in the complex
1a3·(DEB)6·93 were shifted upfield in comparison with the free host 1a3·(DEB)6.
In summary, all the shifts confirmed the formation of the hydrogen-bonded
alizarine trimer 93 between the two rosette planes of the template 1a3·(DEB)6
in solution.

6
Surface Templation

The topology of a structure that is formed by noncovalent interactions on a 
surface is determined by the noncovalent interactions between the surface 
template and the substrates [23]. The surface holds the organic groups in the
correct orientation for a specific structure.
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Fig. 19 Top and side view of the crystal structure of the complex 1a3·(DEB)6·93.A stick model
is used for the representation of the molecular cage 1a3·(DEB)6, while a space-filling repre-
sentation is chosen for the trimer 93. Hydrogens of the assembly are not shown and only the
main parts for the disordered butyl and propyl groups are depicted
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Fig. 20 Part of the 1H-NMR spectra (CDCl3) of a guest molecule 9, b complex 1a3·(DEB)6·93,
and c receptor 1a3·(DEB)6. The signals corresponding to free 9 are marked with *



7.1
Gold Surfaces

The growth of individual nanometer-sized hydrogen bonded assemblies on
gold monolayers is templated through an exchange reaction between double
rosette 1a3·(DEB)6 (for molecular structures see Fig. 1) in solution and single
calix[4]arene dimelamine 1i embedded into hexanethiol self-assembled
monolayers (SAMs) (Fig. 21) [29].When gold Au (111) substrates covered with
hexanethiol monolayer are exposed to a solution of absorbate 1i, single isolated
features with an average height of 1.1±0.2 nm are visible in TM-AFM images
in air. The calix[4]arene dimelamines 1i are positioned at the surface of the
monolayers. Subsequently, TM-AFM images recorded after immersing of the
monolayers in a solution of 1a3·(DEB)6 results in two different size features. The
height of the largest feature is 3.51 nm, which agrees well with the expected size
for the heteromeric assembly 1a2·1i·(DEB)6 considering the crystal structure of
a similar double rosette assembly [7]. The height of the smallest features
(0.95 nm) corresponds to single isolated molecules of 1i that are not involved
in exchange reactions with 1a3·(DEB)6.
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Fig. 21 a Schematic representation of the growth of assemblies 1a2·1i·(DEB)6 on gold mono-
layers. b TM-AFM image in air (1¥1 mm) and histogram analysis of hexanethiol monolayers
on Au (111) after sequential treatment with a solution of calix[4]arene dimelamine 1i and
a solution of assembly 1a3·(DEB)6. Color scale from dark to yellow: Z=10 nm



6.2
Graphite Surfaces

6.2.1
First-Order Template Effect

The formation of linear rod-like structures on a graphite surface was observed
by TM-AFM after deposition of double rosette 1a3·(DEB)6 (0.01 mg/mL) on the
graphite template (Fig.22a) [30].These rod-like structures are most likely formed
by the face-to-face arrangement of multiple disc-like assemblies 1a3·(DEB)6, a
process that is driven by solvophobic interactions. The TM-SFM data were 
analyzed according to the model presented in Fig. 22b. The heart-to-heart 
distance is experimentally determined from the SFM images by averaging the
distance spanned by 10–15 adjacent strands. This parameter is related to the
others via h=d+n. The diameter (d) is calculated from the crystal structure 
of 1a3·(DEB)6 via the relation d=2L/(3)0.5 [7]. These calculations assume that
stacking occurs with the alkyl chains organized in a circular fashion around
the structure. For the rod-like nanstructures with 1a3·(DEB)6 a diameter 
of 3.4 nm was calculated from the TM-SFM data. It was found that the heart-
to-heart distance (3.8 nm) is always larger than the diameter, indicating that
the short C3 side chains of the calix[4]arene units are not interdigitating
(n=0.4 nm).
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Fig. 22 a TM-SFM images of rod-like nanostructure [1a3·(DEB)6]n (chloroform). b Schematic
front view of the nanostructures indicating the “heart-to-heart” distance (h), the diameter
(d), and the inter-strand distance (n)



6.2.2
First- and Second-Order Template Effect

Double rosette 1l3·(DEB)6 having gold atoms coordinated to phosphane groups
also form nanorod domains after deposition on HOPG template (first-order
template effect), as unveiled by intermittent contact mode AFM (Fig. 23) [31].
The observed structure is characterized by a heart-to-heart distance of 5.1 nm
and is thereby forming structurally similar 2-D arrays as observed for double
rosette 1a3·(DEB)6. The observed inter-row distances (heart-to-heart) are a func-
tion of the substituents as well as the rosette size and, together with evidence
from molecular modeling, led to the conclusion that the rosettes are stacked ap-
proximately face-to-face in these rows. The direct real-space observation of the
individual rosettes comprising the nanorod domains was attempted in high-res-
olution AFM measurements.As shown in Fig. 23, the 2-D fast Fourier transform
(2-D FFT) shows several reflections in addition to the reflections that corre-
spond to the inter-row distance. From analysis of the 2-D FFT, an oblique lattice
structure was obtained, which is characterized by a=4.0±0.1 nm, b=5.2±0.1 nm,
and g=105±3 °. This unit cell probably contains four double rosette structures,
which correspond to a formal area requirement of 5.0 nm2/rosette. The gas-
phase-minimized structure possesses an area requirement of 3.64 nm2/rosette.
These values are in good agreement with each other considering earlier reports
of related double rosettes [30].

On the other hand, the feasibility of 1l3·(DEB)6 to serve as a scaffold for the
formation of metal-containing nanorod arrays might constitute a viable route
for the templated (second-order template effect) bottom-up fabrication of, for
example, conducting nanowires.

The formation of rod-like nanstructures with the larger tetrarosette assem-
bly 23·(DEB)12 (for molecular structure see Fig. 14 top) has also been studied 
by atomic force microscopy (AFM) [32]. The self-assembly of tetrarosettes
23·(DEB)12 from a dilute solution on highly oriented pyrolitic graphite (HOPG)
by slow evaporation and subsequent vacuum treatment resulted in the forma-
tion of multiphase films (Fig. 24a). The most prominent features of these films
are the ordered domains, which consist of parallel stripes as revealed by tapping
mode AFM images. The tetrarosettes 23·(DEB)12 form nanorod assemblies on
HOPG that are similar to the structures observed for double rosette 1a3·(DEB)6.
The mutual directions of the rods in different domains possess relative angles
of 0°, 60°, and 120°, respectively (Fig. 24). Hence, the alignment is determined by
the template substrate HOPG.

The nanorods observed by AFM are characterized by a highly reproducible
inter-row distance (heart-to-heart) of 4.6 nm, and appears to be an intrinsic
property of the tetrarosette 23·(DEB)12 nanorod assembly on the template
HOPG.

In higher resolution AFM images, a superstructure with smaller periodicity
is also present, suggesting the presence of inclined elongated features along the
rows. The quantitative analysis of the 2-D fast Fourier transforms (Fig. 25b 
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inset) reveals an oblique lattice structure with a=2.5±0.3 nm, b=5.0±0.1 nm, and
g=122±3 °. This unit cell, which has an area of 10.6 nm2 and contains probably
one rosette nanostructure, is indicated in the Fourier filtered section shown in
Fig. 25c. Considering the known crystal structure of the double rosette
1a3·(DEB)6 and the gas-phase minimized structure of the tetrarosettes [33], the
observed nanorods can be concluded to consist of rows of tetrarosettes.
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1
Introduction

Recent progress in the area of host-guest chemistry has resulted in low mole-
cular weight hosts capable of selective and strong complexation of a variety of
guests in various matrix environments [1–3]. One drawback of such receptors
is the difficulty in engineering them in useful formats for the recognition of
guests of higher complexity or of larger size. Thus, general recognition strate-
gies directed towards more complex targets based on artificial receptors remain
an important challenge [4]. In this context the concept of molecular imprint-
ing appears very appealing [5–7]. Here, monomers are chosen in order to com-
plement functional groups of a template molecule. After incorporation of the
monomer–template complexes in a cross-linked polymer matrix and removal
of the template, binding sites remain that are capable of rebinding the template
with high affinity and selectivity (Fig. 1).

The advantage of this “top-down” approach in receptor design lies in its use
of the self-assembly principle to guide the binding groups to their positions 
in the receptor site; thus, the structure of the final binding site is, a priori, un-
known. Recent advances in molecular imprinting have opened up new ways 
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Fig. 1 General principle for imprinting of polymers starting from templates and monomers

Fig. 2 Scheme outlining the main applications envisaged for MIPs



to custom-make robust molecular recognition elements with relatively little 
effort. A range of applications using these so-called molecularly imprinted
polymers (MIPs) are under investigation (Fig. 2).

For instance, stable recognition elements capable of strong and selective bind-
ing of molecules could be used in areas with urgent needs for methods enabling
selective separation [8], extraction [9] and sensing [10] of low molecular weight
or macromolecular targets in biological fluids. Alternatively, such recognition 
elements could be used as scavengers to remove undesirable compounds from
foods or biological fluids [11], for targeted delivery of drugs [12], or as tools in
drug discovery [13]. If these recognition elements can be designed to bind spe-
cific proteins, a number of important applications in areas such as biotechnology
(including downstream processing, sensors and diagnostics) can be foreseen.

Although MIPs are good at binding specific targets they have been less suc-
cessful in catalysing chemical reactions [14]. However, using stable transition
state analogues as templates, recent advances indicate that they may someday
compete with their biological counterparts.

We will review here the recent advances in this field from the above-men-
tioned aspects. In the context of templates we will discuss the different roles
templates have in molecular imprinting, from achieving molecular recognition
to achieving catalysis, and the chemistry involved in achieving this using
mainly the non-covalent imprinting approach. For a comprehensive coverage
of the field, the reader is referred to a number of excellent books and reviews
[5, 7, 10, 14–16].

2
General Approaches

MIPs are highly reticulated network polymers consisting of a common matrix
structure and binding sites formed by a template present during polymer syn-
thesis (Fig. 1).

The 3-D arrangement of the binding functional groups in MIPs is obtained
by linking the functional monomers covalently or noncovalently to the tem-
plate during polymerisation (Fig. 3). Removal of the template from the formed
polymer then generates a structure complementary to the template structure.
These sites can be reoccupied by the template or an analogous structure
through reformation of the binding interactions present during synthesis or,
alternatively, through weaker, kinetically more favourable interactions.

Essentially, three main approaches exist to date to generate high fidelity 
imprinted sites, which are distinguished by the nature of the linkage during
synthesis and during rebinding.

The first example of molecular imprinting of organic network polymers 
introduced by Wulff was based on a covalent attachment strategy, i.e. covalent
monomer–template, covalent polymer–template (Fig. 3A) [17, 18]. This ap-
proach has the advantage of a known stoichiometry between the functional
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monomer and the template. Provided that the template can be recovered in
high yields, a high density of well-defined sites can be expected. One problem
with this approach is the limited number of covalent linkages that satisfy these
criteria. Furthermore, considerable synthetic effort may be required to prepare
the template, and slow kinetics are often observed for rebinding by reformation
of the covalent bond. This approach is therefore difficult to combine with 
applications where fast on-off kinetics are required. In this respect, the use of
sacrificial spacers has found more widespread use [11]. Here the functional
monomer is bound to the template through a disposable spacer that is removed
after polymerisation is completed. This results in a disposition of the functional
groups allowing rebinding to occur through hydrogen bonding interactions
(Fig. 3B). Therefore, this approach can be more amenable to chromatographic
applications and furthermore allows more freedom in the choice of poly-
merisation conditions (vide infra). However, the most widely used approach
in imprinting involves functional monomers that are chosen to associate non-
covalently with the template (Fig. 3C) [19]. Here the template is directly mixed
with one or several functional monomers followed by polymerisation. It can
thereafter be easily extracted from the polymer and recycled. Generally, the 
resulting materials can be directly used to perform separations with high affin-
ity and selectivity, for instance as chromatographic stationary phases.

For example, a simple commodity monomer such as methacrylic acid (MAA)
can be used to create good binding sites for a large variety of template structures

320 A. J. Hall et al.

Fig. 3 Strategies used to place binding or catalytic functional groups at defined positions in
imprinted sites of network polymers
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Fig. 4 Non-covalent imprinting of 9-ethyladenine (9EA) leading to highly cross-linked mono-
liths from which particles are obtained by repetitive crushing and sieving cycles

containing hydrogen bond- or proton-accepting functional groups (see Fig. 4
for the imprinting of 9-ethyladenine 9EA) [20]. MAA forms complementary 
hydrogen bonds or hydrogen-bonded ion pairs with the template, with indi-
vidual binding constants ranging from units for weak hydrogen bonds to 
several hundreds for cyclic hydrogen bonds or hydrogen-bonded ion pairs
formed in weakly polar aprotic solvents such as chloroform.

Otherwise, templates containing acids are often well targeted using basic func-
tional monomers such as vinylpyridine, or amide monomers such as methacry-
lamide. For templates with multiple functionalities, obtaining the best result may
require the use of a multitude of the above functional monomers. Often, the 
optimum combination is only found after time-consuming trial and error, which
has spurred the development of parallel synthesis and assessment techniques and
computational approaches to identify suitable functional monomers [21].

Although the preparation of a MIP by this method is technically simple it 
relies on the success of the stabilisation of the relatively weak interactions be-
tween the template and the functional monomers. This typically requires the use
of solvents of low polarity and the addition of an excess of functional monomer
(typically four equivalents, but sometimes higher) in order to ensure that the
template molecule is complexed to a maximal degree. This, in turn, means that
a large proportion of the functional monomer is not involved in complexation
of the template and is instead distributed randomly throughout the polymer ma-
trix during the polymerisation. This is a major cause of the high levels of non-
specific binding and binding site heterogeneity observed in these materials.

The result is often a material that exhibits a small class of high affinity 
binding sites capable of discriminating the template from close structural
analogues (see Fig. 5a) superimposed on a larger class of non-discriminating
sites [20].

As shown for a polymer imprinted with 9-ethyladenine, these materials 
exhibit binding isotherms (Fig. 5b), that can only be fitted with multiple site
models. This typically results in a poor performance when the materials are
used a chromatographic stationary phases. Furthermore, it results in a low 
saturation capacity, which restricts the use of such materials mainly to low load



322 A. J. Hall et al.

Fig. 5 a Elution volumes of the DNA bases, nucleosides and their derivatives from chro-
matographic runs using columns packed with a polymer imprinted with 9EA (black bars) or
a control polymer imprinted with benzylamine (white bars). The mobile phase was acetoni-
trile/acetic acid/water: 92.5/5/2.5 (v/v/v). b Binding isotherms obtained from equilibrium
binding experiments in chloroform showing the binding to a 9EA-imprinted polymer (upper
curve) and a control polymer imprinted with benzylamine (lower curve). From  [20]

a

b



analytical applications. One solution to this problem is to extend the monomer
tool box drawing inspiration from the area of host-guest chemistry. Thus,
designed functional monomers and recent examples of their use to achieve
molecular recognition or catalysis are the subjects of the following sections.

3
Binding Site Design in Non-Covalent Imprinting

In the previous section, the various methods of molecular imprinting have
been described. In this section we will focus on some of the more successful
approaches that have been investigated towards the design of improved bind-
ing sites within MIPs. These concern firstly developments in “non-covalent”
imprinting, especially with regards to the design of new “breeds” of functional
monomers capable of stronger interactions than those traditionally used in
imprinting and, secondly, on developments in “metal-mediated” imprinting.

The use of designed functional monomers also allows the opportunity to
build in secondary functions, such as units capable of signalling a binding event
or cross-linking functional monomers which can increase binding site fidelity.
Developments of this nature will also be discussed.

3.1
New Host Monomers for Non-Covalent Imprinting

There have been a number of advances in recent years in the design of new
functional monomers for non-covalent imprinting. Here, the aim is the prepa-
ration of monomers capable of strong binding to the template molecule, such
that no excess of functional monomer is required during the imprinting
process. The achievement of this ultimate goal has thus far been demonstrated
in only a limited number of examples. To describe such examples Wulff has
coined the phrase “stoichiometric non-covalent imprinting” [6].

One of the first reports of a designed functional monomer in molecular im-
printing came from Takeuchi et al., [22] who used the bis-amidopyridine
monomer 1 in the imprinting of barbital. The monomer presents a donor–
acceptor–donor (DAD) array of hydrogen bond sites, which is complementary
to the ADA sites within the template. The polymeric binding site obtained was
postulated to resemble the structure of small molecule receptors prepared by
Hamilton et al. [23] for the same purpose (Fig. 6). MIPs prepared with this
monomer showed relatively high imprinting factors and a degree of selectivity
for barbital over differently substituted barbiturates when tested in the chro-
matographic mode. Further, analytes where some of the hydrogen bonding sites
had been removed were much less retained on these polymers. Takeuchi et al.
extended their use of 1 to the imprinting of uracils (thymines) [24, 25].

Concurrently with this latter work, we used 1 in the imprinting of similar
imide-containing templates, e.g. 1-substituted uracils [26, 27] and flavins (es-
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Fig. 6 2,6-Bis-acrylamidopyridine (1) and the proposed polymeric binding site with barbital

Fig. 7 Structures of 2a riboflavin and 2b template analogues used for imprinting (R=CH3,
C2H5, C3H7)

2a 2b

pecially riboflavin, vitamin B2(2a)) (Fig. 7) [28].We first quantified the solution
binding of the monomer to the templates. By performing 1H-NMR titrations 
(in CDCl3), we obtained association constants of ca. 780 M–1 for the binding to
(1-benzyl) uracil (1BU) and ca. 600 M–1 for a chloroform-soluble flavin deriv-
ative. This implies that, at “normal” imprinting concentrations (ca. 0.1 M in
template), stoichiometric use of the monomer would lead to ca. 80% complex-
ation of the template molecule. However, due to difficulties in solubilising 1 and
1BU in the chosen polymerisation medium (containing EDMA as cross-linking
monomer), we used much lower concentrations (ca. 0.05 M), while keeping the
ratios of 1 and 1BU stoichiometric with the template functionality. Even under
these imprinting conditions, the obtained MIPs exhibited large imprinting 
factors.

We then extended our studies to the preparation of riboflavin-selective
MIPs, again using 1 as the functional monomer. Due to the insolubility of ribo-
flavin in organic media, we used a series of tetraesters (acetate, propionate and
butyrate) as “template analogues” during the imprinting protocols and used 1
in a stoichiometric manner. The resulting MIPs showed extremely high im-
printing factors (>100) for their respective templates when organic media
where used as chromatographic mobile phases. Furthermore, recognition of
riboflavin in predominantly aqueous phases (85% water) was also achieved.



Aiming to increase the performance of our MIPs, we then prepared bis-ami-
dopyrimidines 3 and 4 [27] (Fig. 8), expecting that the electron-donating 
substituents at the 6-position of the ring would lead to an enhancement of the
hydrogen-bond accepting properties of the ring N3. However, the strengths of
the binding to 1BU of both 3 (Ka ca. 600 M–1) and 4 (Ka ca. 560 M–1) were found
to be lower than that with 1. This is in keeping with the reports of Sijbesma et
al. [29], who reported that such molecules show a strong tendency to dimerise
(Kd ca. 170 M–1 in CDCl3), thus masking their binding affinity towards uracils.
We estimate Kd(3) to be ca. 700 M–1. Given that the Ka value for the 3:2 com-
plexation is not so different from that obtained for 1:2 complexation, we believe
that the intrinsic binding ability of 3 is higher than that of 1.

Despite this “masking” effect, anti-2 MIPs prepared with 3 as the functional
monomer, under the same conditions used previously with 1, exhibited in-
creased imprinting factors.A possible explanation is as follows: In the pre-poly-
merisation solution, 1 is either free or complexed (to 1BU). This leads to the for-
mation of a mixture of non-specific and imprinted sites in the MIP. With 3,
there will be a mixture of free 3, 1BU:3 complexes and (3)2 dimers, which are
duly incorporated into the polymer matrix.After extraction of 2, only monomer
residues that were previously free or complexed to 2 are available for template
rebinding as the dimers are now locked irreversibly into the 3-D network. Given
the values for the association and dimerisation constants, it is reasonable to
suggest that only limited amounts of 3 exist in the free state prior to poly-
merisation, thus reducing non-specific binding to the MIP.

In an interesting approach to imprinting in aqueous media, Komiyama et al.
[30] have introduced the use of functionalised b-cyclodextrins as functional
monomers in the imprinting of steroids and dipeptides, taking advantage of
hydrophobic effects. In the latter example, it was demonstrated that the latent
enantioselectivity exhibited by the host molecule was enhanced by the im-
printing process.

Turning to the recognition of oxyacids, a number of reports concerning the
use of novel monomers have appeared. In the majority of cases, these
monomers offer only slightly improved binding compared to the commercially
available functional monomers, with the exception of the amidine-based
monomer of Wulff, which will be discussed later.

Steinke et al. [31] proposed the use of 2-amidopyridines for the imprinting
of carboxylic acids, although no results on MIPs were presented. Whitcombe 
et al. prepared MIPs against glutamate-containing secondary metabolites of a
fermentation process, using 6-methyl-2-(methacrylamido) pyridine (5) (Fig. 8)
as functional monomer, with the aim of applying the materials to downstream
processing applications. An association constant for the interaction of the
monomer with acid (Ka ca. 100 M–1) was measured prior to MIP preparation.
The MIP prepared using 5 performed less well than another prepared using 
4-aminostyrene as functional monomer and no further studies were performed
with this MIP.We have also prepared a series of such monomers and found that
subtle increases in solution association with model acids may be achieved via
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Fig. 8 Some monomers used for stoichiometric imprinting of imides (3, 4) carboxylic and
phosphonic acids (5–7)

simple variation of substitution patterns (at the pyridine 4- and 6-positions).
There appears to be a delicate balance between enhanced basicity and steric
factors affecting the extent of association, with monomer 6 showing the opti-
mum binding properties (Ka=780 M–1 in CDCl3) [33].

Spivak and Shea prepared a range of functional monomers for the imprint-
ing of acids [34]. Included were 2-amidopyridines, adenine-based monomers
and monomers containing guanidinium functions. However, MIPs prepared
from these monomers showed negligible imprinting effects. This is presumably
due to the fact that the poor solubility of the monomers necessitated the use of
an extremely polar solvent (DMF) as polymerisation solvent.

To date, the most successful functional monomer for the imprinting of
neutral acids is the amidine-based monomer 7 reported by the group of Wulff
[35]. This monomer is capable of engaging in electrostatic and cyclic hydrogen
bonding interactions with carbon and phosphorous acids. In CDCl3, the inter-
actions (Ka>106 M–1) are strong enough to allow beaded MIP preparation via
traditional, aqueous-based suspension polymerisation techniques [36]. The as-
sociation is also strong in CD3CN (Ka≈104 M–1). The stoichiometric use of 7 in
such solvents leads to >95% complexation prior to the polymerisation, which
has been shown to translate to a near-quantitative yield of imprinted sites in
the final polymer. A limitation of 7 is that the association strength falls dra-
matically on moving to solvents of yet higher polarity, e.g. DMSO-d6
(Ka<10 M–1), due to the adoption of an unfavourable conformation for binding.
The highly impressive use of 7 in the preparation of catalytically active MIPs
will be discussed in more detail in the following section.

Whitcombe et al. described two novel functional monomers for the prepa-
ration of MIPs against ampicillin, an antibiotic (Fig. 9) [37]. To target the 
carboxylic acid (in its anionic form) they prepared a polymerisable version 
of a previously reported receptor (8). Unfortunately, the binding of this
monomer to carboxylates (ca. 280 M–1 in DMSO-d6) was an order of magni-
tude lower than the receptor upon which the monomer was based. It was 
suggested that the decrease in binding strength arose from the electron-re-
leasing group by which the polymerisable function was introduced. To target
the amino group the chloranil-based monomer 9 was prepared. According to
Job plot analysis, one amino group should be complexed by two molecules of
9. The interaction between the template and 9 (in DMSO-d6) was too strong to



be determined quantitatively (via 1H-NMR titration), but was estimated to be
>104 M–1. Stoichiometric use of 9 (postulated to give a complex such as 10),
together with monomer 8, led to a MIP capable of selective ampicillin uptake in
buffered aqueous media. It is also interesting to note that the monomers may be
used in an orthogonal manner, as there are no competing monomer–monomer
interactions.

We have recently introduced a new type of monomers, containing 1,3-di-
substituted urea moieties, for targeting oxyanions (Fig. 10) [38]. This moiety
has been extensively used in small-molecule receptors [39] and it has been
shown that, by manipulation of the urea substituents, extremely strong binding
to oxyanions may be achieved [40], even in polar environments, e.g. DMSO.

In our first study we prepared the bis-urea monomer 11 and used it in an 
attempt to prepare MIPs able to recognise the anti-cancer drug methotrexate
(12), which contains a glutamic acid residue. Thus, a MIP was prepared against
the tetrabutylammonium (TBA) salt of N-Z-L-glutamic acid using 11 stoichio-
metrically. Prior to this we determined Ka between and 11 and bis-TBA-glutarate
to be ca. 1,500 M–1 (DMSO-d6). Initial chromatographic mode testing, using 
pure acetonitrile as the mobile phase, led to minimal differences being observed
between the MIP and non-imprinted (NIP) control polymer with respect to the
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Fig. 9 Novel monomers used in the “orthogonal”imprinting of ampicilllin. 10 is the proposed
complex formed between 9 and a 1° amine

Fig. 10 A bis-urea monomer, targeted towards glutamate recognition, and the anti-cancer
drug methotrexate
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Fig. 11 Bis-aryl mono-urea monomers providing for strong binding to oxyanions

retention of N-Z-L-Glu. However, addition of small amounts (1–2%) of a base,
triethylamine, to the mobile phase caused large differences in the behaviours
of the polymers. Thus, the “template”now exhibited far greater retention on the
MIP. Further, the MIP was able to separate an equimolar mixture of N-Z-L-Glu,
N-Z-L-aspartic acid and N-Z-glycine, while the NIP was not. Finally, the aim of
the study was achieved by showing that the MIP was also capable of retaining 12.

We have since turned our attention to the preparation and use of polymeris-
able 1,3-diaryl mono-ureas (Fig.11) [41,42].These monomers provide for strong 
interactions in polar media, which may be further tuned by the appropriate
choice of substituents on the phenyl groups. A “base” value for this interaction
strength is provided by 1-(4-vinylphenyl)-3-phenyl urea (13); complexation of 13
with benzoate (in DMSO-d6) gives Ka ca. 1,300 M–1.

Placement of electron-withdrawing groups (NO2, CF3, etc.) on the 3-phenyl
ring lead to significant increases in binding, e.g. binding of 14 to benzoate gives
Ka ca. 9,000 M–1.We have used monomer 15 (Ka with benzoate ca. 8,000 M–1) to
create another MIP against N-Z-L-glutamic acid. Once again, base-modified
mobile phases are necessary for the recognition properties of the MIP to be-
come “activated”. However, in comparison to the 11-based polymers, far greater
binding strength is observed. Thus, addition of water (6%) to the mobile phase
leads to elution of the template from the NIP, though not the MIP. At a water
content of 7%, the template also elutes from the MIP, but is much more retained
than on the NIP. In equilibrium binding experiments, a significant difference
between the uptake of the imprinted enantiomer and its antipode was observed
(the difference in uptake amounting to an impressive amount of ca. 13 mmol g–1

polymer).

3.2
Introducing Secondary Functions to Non-Covalent Binding Monomers

As well as enhancing binding strength by the design and synthesis of novel bind-
ing elements, there is also the possibility to introduce interesting secondary
functions to the monomer, e.g. signalling subunits, cross-linking ability.

In this context, the preparation of monomers that can give a readable 
signal of the binding event within the polymer would surely advance the use of
MIPs in sensory applications and some examples of non-covalent functional
monomers possessing such properties have begun to appear.



The first example of this kind was reported by Turkewitch et al. [43] Im-
printed polymers were prepared against cAMP incorporating a fluorescent dye,
trans-4-[p-(N,N- dimethylamino)styryl]-N-vinylbenzylpyridinium chloride, as
an integral part of the recognition cavity. This served as both the recognition
element and the measuring element for the fluorescence detection of cAMP in
aqueous media.

Another recent example of a monomer exhibiting both binding and sig-
nalling properties came from Takeuchi’s group [44]. Imprinted polymers 
exhibiting selectivity for 9-ethyladenine were prepared by combining MAA
and vinyl-substituted zinc(II) porphyrin as functional monomers (see also 
the following section). Compared to MIPs using only methacrylic acid or zinc
porphyrin as a functional monomer, the terpolymer showed higher affinity
and selectivity for the template. Interestingly, these polymers showed fluores-
cence quenching correlating with the binding of 9-ethyladenine, and the
quenching was significant in the low-concentration range, suggesting that the
high-affinity binding sites contain the porphyrin residue.

Monomer 1 has been shown, by ourselves [27] and Takeuchi [45], to be flu-
orescence active. In our work, addition of the template 1BU to a chloroform so-
lution of 1 leads to quenching of this fluorescence [33]. This is also carried
through to the polymeric systems, i.e. the MIP and the control NIP, as seen from
equilibrium binding experiments (although the emission maximum is shifted
in the polymers, a phenomenon which is discussed below). The quenching of
fluorescence agrees well with the quantity of IBU rebound to the polymers. Fur-
ther, the quenching of fluorescence for the MIP is far greater than that seen for
the NIP, again in agreement with the earlier chromatographic and rebinding 
experiments. Addition of non-template species leads to far less fluorescence
quenching on the MIP, but only minimal alteration of the response of the NIP,
thus showing the existence of selective sites within the MIP. Monomer 3 shows
similar effects, but there is a more pronounced selectivity in the fluorescence
quenching response of the MIP, again consistent with the earlier results ob-
tained from chromatographic testing.

Conversely, Takeuchi et al. have recently reported that MIPs prepared against
barbital using 1 as the functional monomer exhibit enhancements in their fluo-
rescence emission when template binding occurs [45].While interesting, the in-
herent fluorescence of the barbiturate molecule appears to have been overlooked.

The urea monomer 15 exhibits a chromogenic response to carboxylate
binding in solution, with a bathochromic shift in the absorbance maximum
being observed (from 349 nm to 364 nm) [41]. Although this shift is small, it
is sufficient for the binding event to be seen with the naked eye. These effects
are also carried through to the anti-N-Z-L-Glu MIP, which exhibits a stronger
chromogenic response than the NIP. We are currently investigating the use of
the urea moiety as a platform for the generation of binding monomers, which
show larger responses (chromogenic or fluorogenic) on binding.

Other examples of non-covalent functional monomers combining both
binding and reporting ability are rare. Shea et al. [46] have reported some 
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Fig. 12 Novel cross-linking functional monomers by Spivak et al.

interesting examples recently, but their use in MIPs has yet to be demon-
strated.

Monomers 1 and 3 are also, potentially, cross-linking monomers. That they
are incorporated into the polymeric matrix via polymerisation of both their
C=C bonds is indicated by the change in the fluorescence emission maximum
of the monomer units once polymerised; the polymers showing emission max-
ima very similar to those of saturated models [27]. These measurements show,
at least qualitatively, that “double” incorporation of 1 and 3 into the polymer 
matrix occurs. This is probably an added factor in their success as binding
monomers in molecular imprinting.

Most of a MIP is made up from cross-linking monomer. More recently, in
recognition of this fact, Spivak et al. have introduced a series of small-molecule
cross-linkers containing carboxylic acid or amide residues for use in imprinting
protocols (Fig. 12) [47–49].

The results of imprinting using such cross-linking monomers, compared to
more “traditional” protocols, have been reasonably impressive. The use of 16
leads to enhancements (cf. using methacrylic acid as functional monomer) in
enantioselectivity when imprinting nicotine and chiral amines [47]. Further,
MIPs prepared using 17 showed much better enantioseparation of N-protected
amino acids than those formulated with the more traditional cross-linker,
EDMA [48]. Most recently, this group has coined the term “OMNiMIP” (One
MoNomer MIPs) after the discovery that monomer 18 could be used alone (i.e.
in the absence of other functional or cross-linking monomers) to create MIPs
showing good enantioselectivity, albeit for a limited range of target species
[49]. Also, as these monomers function via weak interactions, the problems 
relating to binding site heterogeneity and the need for low polar media during
imprinting are not overcome using this approach.

3.3
Binding Site Monomers in Metal-Mediated Imprinting

The use of functional monomer–metal ion–template complexes in imprinting
protocols is rare, which is surprising given that metal ion–ligand complexes are
generally extremely strong, even in water. One problem perhaps lies in the prepa-
ration of well-defined ternary (or higher) metal ion complexes. Indeed, there 
are few examples where the structures proposed to be present in the imprinting
mixture have been definitively confirmed, e.g.by crystal structure determination.



Notable early examples of this technique came from the group of Arnold,
particularly the use of polymerisable Cu(II)-iminodiacetic acid complexes for
the imprinting of benzimidazole-containing molecules [50]. More recently,
Striegler has used the Cu(II) complex of a polymerisable ethylene triamine 
ligand as a functional monomer for the imprinting of carbohydrates (mono-
and disaccharides) with some success [51–53]. However, the use of Cu(II) com-
plexes can lead to problems in free radical polymerisation protocols, especially
with regards to incomplete polymerisation of monomers.

To avoid such problems, the group of Shea used polymerisable Ni(II)-ni-
trilotriacetic acid (NTA) complexes for the preparation of MIPs capable of
recognition of histidine residues in small oligopeptides [54, 55]. Histidine is
known to form an octahedral ternary complex of considerable strength with
Ni(II) and NTA in water (Kd=0.0093 mM). The 1:1:1 ternary template complex
(19) between His-Ala, Ni(II) and the polymerisable NTA ligand (20) is depicted
in Fig. 13.

This ternary complex was characterised by absorption spectroscopy and
mass spectroscopy. It is notable that both the imprinting step and the subse-
quent rebinding experiments were performed in purely aqueous media. In the
rebinding step, uptake of His-Ala was found to exceed that of His-Phe, while
minimal binding of Ala-Phe was observed. This implies firstly that there is 
restricted access to the binding cavity in the case of the larger dipeptide and,
secondly, that the terminal His-residue is required for binding. On imprinting
His-Phe, no selectivity for the two dipeptides was observed, indicating accessi-
bility to the binding site for the smaller dipeptide. Further, when a pentapeptide,
His-Ala-Ala-Ala-Ala, was imprinted, the uptake of both His-Ala and His-Phe by
the MIP was found to be greater than that of the template (and His-Ala-Phe and
His-Phe-Ala-Ala-Ala). Finally, kinetic binding studies, using His-Trp as a fluo-
rescent probe, indicated that the rebinding was reasonably fast, leading to equi-
libration in ca. 1 h.

As mentioned in the previous section, Takeuchi’s group used a polymeris-
able Zn(II)-porphyrin complex, in combination with methacrylic acid, for the
preparation of MIPs against 9-ethyl adenine [44] and (–)cinchonidine [56]. The
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Fig. 13 Formation of template complex in the imprinting of His-containing peptides



proposed complexes, 21 and 22, are shown in Fig. 14. There appears to be a high
degree of co-operativity in each of these systems, as MIPs made with each
monomer individually were shown to be less effective in uptake of the template.
In the case of (–)-conchinidine MIP, the uptake of (+)-cinchonine was lower
than that of the template, indicating a certain degree of diasteroselectivity. In
both systems, it was demonstrated that rebinding of the template was accom-
panied by a change in UV-Vis and/or fluorescence behaviour, while the re-
sponse was much lower for the non-template species tested. Thus, a secondary
signalling property is introduced by incorporation of the metal ion complex
into the binding cavities of the polymers. However, it should be mentioned that
very little characterisation data for the proposed complexes was provided. Fur-
ther, the polymerisation was performed in chloroform and rebinding studies
were carried out predominantly in dichloromethane. It would be interesting to
see if the proposed ternary complexes could be of use for imprinting in more
polar media.

König et al. have recently published on the use of a polymerisable Zn(II)-
cyclen complex in the imprinting of creatinine; the template complex 23 is 
depicted in Fig. 15 [57].

This report is one of the few in which the structure of the imprinted com-
plex has been definitively confirmed (by X-ray crystallography). Also notable
is that imprinting was carried out using water as the polymerisation solvent
and that the rebinding experiments were conducted in water at physiological
pH. In solution, the Zn(II)-cyclen complex is known to bind to thymine in 
preference to creatinine, with the association constant being ca. 34 times higher.
Imprinting of the complex led to a MIP capable of reversing this preference,
with creatinine absorbed ca. 3.5 times more than thymine. Further, the MIP
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Fig. 14 Proposed complexes in the imprinting of 9-ethyladenine and (–)-cinchonidine 
using a polymerisable Zn(II)-porphyrin functional monomer possessing secondary sig-
nalling properties in combination with methacrylic acid. R1 = CH2=C(CH3)COOC6H4

– ;
R2 = (CH3)2CHC6H4

– .
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Fig. 15 Ternary template complex used in the imprinting of creatinine

could be used in repeated absorption-desorption cycles with little loss in ac-
tivity. Control polymers lacking the metal ion displayed no significant affinity
for either creatinine or thymine, while a flavin absorbed non-specifically to all
polymers.

A further recent example has come from the group of Wulff [58, 59]. This
may be viewed as a combination of non-covalent and metal-mediated im-
printing approaches. Thus, a functional monomer possessing both an amidine
group (for acid binding) and a Zn(II)-aza-macrocycle complex, separated by a
suitable spacer, has been used in the preparation of catalytically active MIPs,
as will be discussed later.

3.4
Molecularly Imprinted Dendrimers

Very recently, in a new approach to binding site design, Zimmerman et al.
have introduced the idea of imprinting in dendrimers, whereby one macro-
molecule is furnished with a single binding site (similar to the case of en-
zymes) [60]. While the synthetic effort is certainly greater than in traditional
imprinting protocols, there is the benefit that homogeneous binding sites may
be formed using this technique. Developments in this work have been reviewed
recently [61].

4
Catalysis with Imprinted Polymers

Given the receptor-like molecular recognition properties displayed by several
imprinted polymers, the idea of combining the recognition event with a chem-
ical transformation in an enzyme-like fashion seems obvious. This approach to
heterogeneous catalysts was first proposed by Wulff in the early 1970s, but only
the last couple of years has seen promising advances towards this end [14].



Enzymes catalyse a large variety of chemical and biochemical reactions with
high reaction rates and specificity under relatively mild conditions. Thus,
chemists have sought to create mimics that could match the catalytic properties
of enzymes. Early approaches to enzyme mimics were based on macromolec-
ular receptors, e.g. cyclodextrins or crown ethers containing suitably placed
functional groups to mimic the amino acid residues known to be involved in the
catalytic mechanism [62]. Such models were able to mimic the main features 
of enzymes (i.e. substrate selectivity, Michaelis-Menten kinetics and turn-
over) although commonly showing modest rate enhancements using activated 
non-natural substrates and non-aqueous environments. However, no such sim-
ple model system shows catalytic activity on a par with the biological coun-
terparts.

Catalytic antibodies have come closer in this regard and have been regarded
as the most successful enzyme mimics [63, 64]. Here, antibodies are elicited us-
ing antigens containing stable transition state analogues (TSAs), for the reaction
to be catalysed, as haptens. These mimic the shape and charge of the transition
state of the reaction to be catalysed and define the active site of the antibody.
This builds on the idea of Pauling [65] and Jencks [66] that enzymes owe their
enormous power to catalyse a reaction mainly to their ability to lower the
energy required for passing the transition state of the reaction.

Based on similar concepts, MIPs showing catalytic activity have been devel-
oped. Here, first of all, a proper cavity equipped with catalytically active func-
tional groups is required. This should furthermore exhibit binding and shape
complementarity towards the substrate or the transition state of the reaction.

There are two main strategies to achieve this (Fig. 16). The most common
method is to place suitable functional groups in the cavity by choosing the 
substrate or the product of the reaction, or alternatively analogues of these,
as the template. In line with catalytic antibodies, however, the most successful
approach is the use of stable transition state analogues (TSA) as templates.

The second strategy is to incorporate a low molecular weight metallorganic
catalyst as a complex with a template molecule (e.g. the substrate, its analogue
or a transition state analogue) to form the active sites in the polymer. In this
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Fig. 16 Two approaches to achieve molecularly imprinted catalysts (MIC). a Bio-inspired MICs
by constructing catalytically active sites using stable transition state analogues. b Chemo-in-
spired MICs by imprinting of a metallorganic catalyst in a complex with, e.g. a transition state
or substrate analogue

a b



case the polymer plays the role of improving an already established solution
catalyst. Thus, apart from achieving simple immobilisation of the catalyst, the
imprinted site may allow the introduction of further catalytically active or
binding functional groups and to provide shape selectivity in the reaction. In
this manner the selectivity and activity may be improved in the resulting 
heterogenous catalyst.

These two main strategies for creating MICs will be described in more de-
tail below. Under the first group we will focus on models inspired by hydrolytic
enzymes. These constitute by far the most widely studied and developed group
and also the group that has come closest in mimicking the key features of
enzymes. As stated in the introduction we have limited the review to include
systems based on organic network polymers. Comprehensive reviews of earlier
work can be found elsewhere [14, 67].

4.1
Bio-inspired MIPs Catalysing Hydrolysis Reactions

In the chemistry of enzyme mimics one general strategy is to generate a host that
is capable of binding to a transition state analogue (TSA) of a reaction. Upon re-
moval of the template the host should behave as an artificial enzyme for the cho-
sen reaction [68]. This strategy has met with considerable success in the field of
catalytic antibodies [64], which further inspired research to produce imprinted
catalysts based on the same principle. The first examples of catalytically active
MIPs were published in the 1980s. Thus templates similar or identical to previ-
ously used antibody haptens were used to create an imprinted polymer [14]. The
functional monomers in these systems have to fulfil several requirements that are
somewhat oppositional. On the one hand, the functional monomers have to form
a stable complex with the template molecule during the polymerisation step,
leading to their incorporation into the polymer matrix in the correct orientation
and position. On the other hand, the interactions must be readily reversible in 
order to allow release of the template to form the empty cavity. Further, during
the catalytic process these groups must bind the substrate and/or the transition
state and provide catalysis allowing for fast kinetics and product release.

The earliest and most extensive efforts towards MIP-based catalysts con-
cerned the mimicking of serine protease enzymes. This is mainly due to the 
extensive knowledge available concerning their mechanism of action and the
structure of the active site and intermediates [69]. A further factor is the fact
that serine proteases, lipases, cholesterases and other hydrolytic enzymes share
similar catalytic machineries and mechanisms. Chymotrypsin, an enzyme with
a well documented catalytic mechanism, has been the model of choice in these
efforts [68].

Most reports up to now have concerned imprinted polymers that mimic
their hydrolytic activity by incorporating some or all of the key features of the
active site, e.g. the Ser-His-Asp catalytic triad, transition state stabilisation and
a stereoselective binding pocket, into the synthetic polymer.
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In the first report by Leonhardt and Mosbach, imidazole residues were 
employed as the catalytically active groups to hydrolyse activated amino acid
nitrophenyl esters (Fig. 17) [70]. A complex comprising 2-vinyl imidazole and
a substrate analogue coordinated to Co(II) was copolymerised with DVB. The
MIPs showed a four- to eightfold rate enhancement of the hydrolysis of BOC-
Leu(or Met)-p-nitrophenylester over the control polymer containing statisti-
cally distributed imidazole groups.

With the hope of creating more active catalysts, the use of stable TSAs as
templates came soon after the first reports on catalytic antibodies. By using a
phosphonic acid as a TSA template for the hydrolysis of 4-nitrophenyl esters,
polymer catalysts developed by the groups of Mosbach [71] and Ohkubo [72]
showed modest rate enhancement (ca. sevenfold for Ohkubo’s catalyst) with
reference to the uncatalysed solution reaction. The lack of proper controls in
some of these reports makes it difficult to ascribe these effects to the presence
of templated sites alone.

More recently Ohkubo and co-workers synthesised polymers imprinted with
a racemic TSA corresponding to the hydrolysis of Z-Leu-4-nitrophenyl ester 
using N-acryloyl-L-histidine methylester as the functional monomer (Fig. 18)
[73, 74]. MIPs were synthesised using different cross-linkers and by using
styrene as a hydrophobic co-monomer. Thus polymers were obtained giving
faster hydrolysis for the L-isomer over the D-isomer by factors of 1.15–2.54 and
showed catalytic rate enhancements of 3.4–29, depending on the cross-linkers
and co-monomers used (see Table 1).
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Fig. 17 Template complex and substrate in esterase mimic by Leonhardt and Mosbach

Fig. 18 rac-TSA and substrate used by Ohkubo et al.
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Using a hybrid covalent/non-covalent imprinting approach, Sellergren and
Shea developed polymers incorporating most of the catalytically important 
features found in chymotrypsin (Fig. 19) [75, 76]. The MIP catalysts were 
constructed by copolymerisation of MAA, EGDMA and a template monomer
consisting of a phenol-imidazole monomer linked via a labile phosphonate 
ester linkage to a phosphonic acid analogue of BOC-D-phenylalanine. After
template removal this would leave behind a site equipped with a mimic of the
Ser-His-Asp catalytic triad, a TSA complementary site and a stereoselective
binding pocket complementary towards BOC-D-phenylalanine.

The maximum rate enhancement for the hydrolysis of D-p-nitrophenyl 
ester was tenfold greater than the reaction in solution.As expected, the control
polymers showed less activity, approximately 5.7-fold or less over the reaction
in solution and a complete absence of enantioselectivity. The polymer catalyst
showed a 1.85-fold rate enhancement for the D-isomer over the L-isomer; the
control polymers (one using an achiral template and without the tetrahedral
phosphonate and the other without the phenol-imidazole functionality)
showed no preference for one isomer over the other. Notably, modest stereo-
selective rate enhancements for the hydrolysis of the non-activated ethyl ester
were also observed for BOC-D-PheOEt: Km=1.92 mM, kcat=2.32¥10–5 min–1 and
for BOC-L-PheOEt: Km=1.96 mM, kcat=1.91¥10–5 min–1.As seen in Table 1, these
Km-values are lower than those observed for the corresponding p-nitro-
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Fig. 19 MIP chymotrypsin mimic prepared by Sellergren and Shea. As substrates either
p-nitro phenyl ester (lower left) or ethyl ester (lower right) were used



phenylester substrate (Km=5.4 mM). This indicates that the ethyl substituent of
the TSA template has given rise to a shape complementary site where the ethyl
ester fits better than the p-nitrophenylester.

Much stronger esterase activity was reported by Wulff and co-workers 
using a polymerisable amidine, in particular N,N¢-diethyl(4-vinylphenyl)ami-
dine (7) (see also Sect. 3.1), as functional monomer in combination with a
phosphonate TSA template (Fig. 20) [35]. This follows in part the findings 
that the charged guanidine group of arginine plays an essential role in the
mechanism of esterolytic antibodies [77]. The authors reasoned that a com-
plementary shape to the transition state analogue itself may not be sufficient
for catalysis and that an appropriately positioned amidine functionality, with
similar properties to that of arginine, could be envisaged to provide additional
electrostatic stabilisation of the transition state oxyanion. Thus the 7-phos-
phonate TSA complex provided an “oxyanion hole” for transition state stabil-
isation similar to that found in serine proteases. This monomer was henceforth
used in several systems to create active polymers as described in the following
section.

In the first application, the basic hydrolysis of a phenyl ester (Fig. 20) 
was shown to be accelerated >100-fold in the presence of the MIP catalyst [35].
This was accompanied by Michaelis-Menten kinetics (Km=0.60 mM; kcat=
0.8¥10–4 min–1). The low kcat value reflects a poor turnover; in fact, in addition
to the template, the product was also found to competitively inhibit the reac-
tion. The postulated mechanism is shown in Fig. 21. The bound substrate 
(b) is converted into the tetrahedral intermediate (c), which in turn breaks
down into the acid and alcohol (d). Product inhibition was attributed to the car-
boxylate group (X=CH2), which binds strongly to the amidine residue (see
Sect. 3.1).

To avoid the product inhibition in further studies Wulff et al. investigated the
hydrolysis of carbonates and carbamates, which liberate CO2 and alcohols, with
no significant affinity for the amidine site [37]. Thus, the hydrolysis of diphenyl
carbonate and diphenyl carbamate were catalysed by the MIP (imprinted with
diphenyl phosphate and DEVPA) with rate enhancements of 588 and 1435,

340 A. J. Hall et al.

Fig. 20 Left: Two equivalents of 7 forming hydrogen-bonded ion pairs with one equivalent
of TSA. Right: Phenylester substrate
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Fig. 21 Proposed mechanism of the basic hydrolysis of esters, carbonates and carbamates
(X=CH2, O, NH) in the cavity

respectively, compared to the rates of the uncatalysed reactions. Relative to that
of the control polymer, the MIP catalyst showed rate enhancements of 10 and
24, respectively.

As an alternative to the classical technique to produce MIPs as crushed
monoliths, an aqueous suspension polymerisation technique for creating MIPs
in bead form was introduced (see also Sect. 3.1) [78]. The pseudo-first order rate
constants showed enhancements by factors of 293 for carbonate and 160 for car-
bamate, compared to the uncatalysed reactions. These results were somewhat
poorer than those given by the MIPs produced as crushed monoliths. On the
other hand, the rate enhancements with respect to the control polymer were 
24-fold for carbonate and 11-fold for the carbamate, which showed an im-
provement compared to the enhancements obtained with the crushed mono-
liths (tenfold for carbonate; 5.8-fold for carbamate).

Again based on 7, Emgenbroich and Wulff recently reported on an enzyme
model exhibiting enantioselective esterase activity (Fig. 22) [79]. Two enan-
tiomerically pure stable a-amino phosphonic monoesters (L-LeuP and L-ValP)
were connected by stoichiometric non-covalent interactions to two equivalents
of 7. The complex was thereafter copolymerised with EDMA and the resulting
polymer freed from template generating enantioselective catalytic sites. The

Fig. 22 Complex of chiral TSA L-LeuP with 7 and chiral substrate



catalyst prepared by imprinting of L-LeuP enhanced the hydrolysis of the 
corresponding substrate L-Leu by a factor of 325 relative to that of a buffered
solution. Relative to a control polymer, the enhancement was still about 80-fold,
showing one of highest imprinting effects in MIP-based catalysis. The poly-
mers exhibited Michaelis-Menten kinetics, allowing the Michaelis constant KM
and the catalytic constant kcat to be estimated. The ratio of the catalytic effi-
ciency kcat/KM between the hydrolysis of the two enantiomers, representing 
the enantioselectivity, was 1.65. This derives from both selective binding of
the substrate (KML/KMD=0.82), and selective formation of the transition state
(kcatL/kcatD=1.36). Thus, these catalysts show good catalysis together with high
imprinting and substrate selectivity. They also showed strong competitive in-
hibition caused by the template, which further reflects the enzyme-analogue
behaviour of the model.

Based on a similar principle, Resmini et al. developed guanidine function-
alised soluble polymer microgels imprinted with a TSA for the hydrolysis of ac-
tivated carbonates [82]. In contrast to the heterogeneous systems the resulting
gel was soluble in DMSO/buffer 9:1 allowing direct monitoring of the kinetics
by UV-Vis spectroscopy. The Michaelis-Menten kinetics, for the hydrolysis of
the p-nitro phenyl carbonate, gave a rate enhancement of kcat/kuncat=530.

The inapplicability of water-soluble substrates and the mass transfer prob-
lems with conventional MIPs prompted Goto et al. to investigate a “surface 
molecular imprinting technique” [83]. Briefly, the MIP was prepared by poly-
merising water-in-oil (W/O) emulsions containing the functional host mole-
cule (oleyl imidazole), the template (N-t-Boc-L-histidine) and the cross-linking
monomer (DVB). Co2+ ions were used to coordinate the imidazole residues 
of the host molecule. The host-guest complex was formed at the interior surface
of the water droplets, and the surrounding organic layer was polymerised.
Subsequently the ability of the monoliths to catalyse the hydrolysis of N-t-Boc-
L-alanine p-nitrophenyl ester was investigated. Using a substrate analogue a 
1.8-fold rate enhancement was found for the imprinted polymer over the control.

The latest generation of catalytic MIPs from Wulff ’s group mimic car-
boxypeptidase A, an exopeptidase catalysing the hydrolysis of C-terminal 
peptides [58, 59]. The enzyme contains a stereoselective binding site comple-
mentary to peptides containing C-terminal large hydrophobic amino acids and
nearby a catalytically important zinc ion coordinating the water or hydroxide for
the hydrolysis reaction. The bio-insipred catalytically-active monomer is again
based on the amidine monomer 7 but with one of the N-ethyl groups substituted
with a chelating ligand site for Zn2+ or Cu2+ (Fig. 23). By using a pyridyl-con-
taining TSA that can form a coordinative bond to the metal a catalytically-
active polymer was prepared by polymerising the complex with EDMA as cross-
linking monomer.

The resulting activities are very high and show rate enhancements of up to
3,264 compared to the background reaction in solution. However, the imprint-
ing efficiency, compared to the control polymer, is only 62. According to the
mechanism, the authors assumed that the Zn2+ ion coordinates to a water mole-
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Fig. 23 Preparation and function of imprinted carboxypeptidase A mimic by Wulff et al.
a Cavity imprinted with the template and functional monomer in presence of Me2+ (Me=Zn,
Cu). b Substrate carbonate in the cavity attacked by the metal-coordinated hydroxide

cule, causing an increase of the acidity of the water. The resultant a-coordinated
hydroxy groups can then attack the substrate. In a following paper they changed
the metal ion to Cu2+ [59]. This change led to further dramatic effects in the 
catalytic enhancement of the resulting polymer, up to a kMIP/ksolution≈77,000. By
comparing with a control polymer they detected an imprinting effect of 80,
whereby only a small part of the catalysis is caused by the imprinting effect.Also,
the enzyme-like catalysis showed extraordinary turnover numbers with
kcat=28 min–1, thus outperforming all previous MIP-based catalysts. By com-
paring the Michaelis-Menten kinetics for the polymer with the background 
reaction a catalytic activity kcat/kuncat of up to 110,000 was calculated. For 
carbonate hydrolysis this is the fastest enzyme mimic presented and is even one
order of magnitude better than catalytic antibodies, although, admittedly, the
antibodies exhibit higher rate enhancements compared to controls.

4.2
Chemoinspired catalytically active MIPs – Imprints of metal catalysts 
or their analogues

An alternative approach to imprinted catalysts is via the incorporation of a low
molecular weight catalyst that already exhibits activity in solution. To achieve
this the catalyst needs polymerisable groups that are located remote from the
active centre. Next, a complex is formed with a suitable template molecule. The
template may be the substrate (or analogue), a TSA or the product (or ana-
logue) of the reaction. This depends on the reaction, the accessibility of the 
required molecules and their ability to coordinate to the catalyst. By imprint-
ing such a complex, a cavity is formed that is complementary to the catalyst and
the bound template. After template removal, the formed cavity supports the
binding and recognition of the substrate molecules. Thus, in addition to sim-
ple catalyst immobilisation, the formed cavity introduces shape selectivity,



which may also result in enhanced activities. Clearly, given the wide field of
metallo-enzymes, this approach may also be classified as “bio-inspired” (see
previous section). However, the literature reports so far are based on metall-
organic complexes, which exhibit high solution activity per se.

The first examples of the combination of inorganic catalysts with the im-
printing technique were published in the mid 1990s. The group of Lemaire pre-
sented a polyurethane-supported Rh-catalyst, imprinted to promote hydride
transfer to form alcohols by using the product as template (1-(S)-phenyl-
ethanolate) [84, 85]. The enatioselectivity of the homogeneous catalyst of max-
imum 67% (e.e.) was hereby slightly improved (e.e. 70%) by the cross-linked
polymer support. Without cross-linking the catalyst was less effective.

Severin et al. reported on a defined polymerisable ruthenium-complex with
a TSA template as one of the ligands (Fig. 24) [86, 87]. The crystal structure in-
dicated the phosphinic acid complex to be analogous to the six-membered
transition state of the transfer hydrogenation catalysed by Ru. After incorpo-
ration of the complex into a polymer matrix, then template removal, the 
resulting imprinted catalyst was active in catalysing the hydrogenation of
aromatic ketones. The selectivity of the MIP was demonstrated with a com-
petition experiment with seven similar substrates where the substrate, being
the analogue of the TSA, showed the highest activity.

In a further development of these catalysts the authors used a rhodium(III)-
complex with a chiral chelating ligand [88]. The resulting MIPs (Fig. 25) showed
a high enantioselctivity (up to 95% e.e.) for the transfer hydrogenation of ace-
tophenone derivatives, whereas the control polymer imprinted without the TSA
showed similar e.e. but only half the yield compared to the MIP.

In an effort to enhance the stereoselectivity of the platinum catalysed ene 
reaction shown in Fig. 26, Gagné and co-workers synthesised platinium(II)
complexes between a polymerisable chiral diphosphine ligand and chiral bi-
naphtol (BINOL) ligands [89]. Removal of BINOL would leave behind a chiral
BINOL shaped cavity. This resulted in an immobilised precatalyst that could be
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Fig. 24 I) Hydrogen transfer to aromatic ketones catalysed by ruthenium half-sandwich 
complexes. a) Proposed transition structure. b) TSA mimicked by the phosphinato complex.
II) Imprinted Ru-catalyst in complex with TSA-template (R2=H, CH2C6H4CH=CH2)



activated for asymmetric catalysis. Poisoning experiments using the chiral poi-
son (R)- or (S)-1,1¢-binaphthyl-2,2¢-diamine showed that the generated active
sites exhibited similar reactivity and selectivity for the ene reaction. However,
the enantioselectivity was unfortunately poor, reflecting the relatively large in-
fluence of the chiral diphosphine ligand in controlling the enantioselectivity of
the reaction rather than the cavity shape.

Cammidge and Gagne have recently reported molecularly imprinted cata-
lysts for the Suzuki coupling shown in Fig. 27. In both approaches palladium
catalysts containing phosphine ligands were imprinted. Cammidge et al. used
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Fig. 26 a) Polymerisable catalyst complex with S-BINOL as template ligand. b) Empty cav-
ity remaining after template removal. After activation the polymer can catalyse the shown
ene reaction

Fig. 25 TSA mimicked by the phosphinato complex imprinted Rh-catalyst in complex with
TSA template
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Fig. 27 Suzuki reaction catalysed by Pd-MIPs

Fig. 28 Pd-catalysts complexed with template for the catalysis of Suzuki couplings by a) two
phosphine ligands with benzene-1,2-diol as template and b) a chelating bisphosphine ligand
with 4,6-dinitro-benzene-1,2,3-triol as template in a ternary complex with a primary amine
stabilised by a crown ether

a Pd-complex with two polymerisable phosphine ligands and a benzene-1,2-
diol as template ligand [90]. The imprinted catalyst gave a higher yield (81%)
compared to the homogeneous catalyst (56%). Importantly, the catalyst was
reusable with no reduction in the yield, whereas the homogeneous catalyst lost
activity on repeated usage (45% at second use).

Gagne et al. used a bipodal phosphine ligand and 4,6-dinitrobenzene-1,2,3-
triol as a template ligand [91]. In addition to this complex a primary amine,
stabilised by a polymerisable crown ether, was added to form a polymerisable
ternary complex via non-covalent interactions, thus creating a hybrid crown-
ether functionalised active site during the imprinting step (Fig. 28). Using this
original approach they improved the activity of the resulting MIP catalyst by
factors of up to 2.5.

5
Perspectives

The number of reports of the use of “non-traditional” functional monomers 
in molecular imprinting has grown steadily in recent years. While we hope to



have demonstrated that there are obvious benefits to be gained from the prepa-
ration of new binding monomers for both recognition and catalysis, such 
developments are still at an early stage within the field. Undoubtedly this will
change in the near future as more researchers in the field discover the advan-
tages in binding site homogeneity and affinity that these monomers can bring
to their macromolecular receptors. The recent examples of MIPs exhibiting 
enzyme-like catalysis convincingly demonstrate these benefits. By combining
the type of chemistry described in this review for construction of the binding
or catalytic sites with techniques to generate the polymer as beads, nanoparti-
cles, microgels or thin films we envisage a new generation of imprinted recep-
tors or catalysts exhibiting strong improvements compared to state-of-the-art
materials.
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Petruš L, Petrušov M, Hricovíniová (2001) The Blik Reaction. 215: 15–41
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