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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 Bduerle 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 Borje
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 Vogtle, Karl Heinz Dotz
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2 D. H. Busch

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
arelatively 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~%. 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

Fig.1 Example of a rotaxane [140]. Reprinted with permission from Wiley-VCH. Copyright
1997
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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*, Ru?*, Zn?*, or Fe?*),
or -t 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 o, -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
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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

N
e
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B
~
O/\B U ~—

™ /

B /\A P /\B
+ AT
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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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A [\ BH nt  base (>39
( N + M7 /ng'
H A Be

M"™ first combines with one of the reactants

< Mn+ + > — @) +2X-
A

M"™ then holds the nucleophiles in place to react with the second reactant
REQUIREMENTS:
Complex is inert to substitution at the metal ion
Donor atom A is unreactive while bound to the metal ion
Donor atom B is a nucleophile and reacts while bound to metal ion

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
aring 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.



First Considerations: Principles, Classification, and History 9

v o= @

e ——e
o (§) N @

o Ke><e

1)

. QRS

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. ¢ 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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Br

Br

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. -1 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 -1t template of Stoddart [16]. As shown, the
m-nt 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.
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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, -1 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 lon 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 knota